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PREFACE

NEW:Update 2001, scheduled to be hosted by the National Institute of Standards and Technology in
Gaithersburg, Maryland, was held October 14-17, 2001 as a part of their Centennial Celebration.
However, the September 11™ terrorist attack forced the move of the workshop to the University of
Maryland, College Park. There we received the excellent coordination of Professor Isabel Lloyd and
the Department of Materials and Nuclear Engineering.

The 16th Annual NEW:Update was built on themes, activities and presentations based on extensive
evaluations from participants of previous workshops as we continued efforts to strengthen materials
education. About 150 participants witnessed demonstrations of experiments, discussed issues of
materials science and engineering (MS&E) with people from education, industry, government, and
technical societies, heard about new MS&E developments, and chose from ten mini workshops in
state-of-the-art laboratories. Faculty in attendance represented high schools, community colleges,
smaller colleges, and major universities. Undergraduate and graduate students also attended and
presented.

We were fortunate to have excellent support from our hosts. Dr. Said Jahanmir, of the Materials
Science and Engineering Laboratory, coordinated NIST researchers, and Dr. Lloyd made most of the
arrangements at the University of Maryland and coordinated the workshop schedule for the many
scientists, engineers, professors and other staff by providing funding, opening their facilities, and
developing presentations and activities.

NEW:Update 2001 participants saw the demonstration of about fifty experiments and aided in
evaluating them. We also heard updated information relating to materials science, engineering, and
technology presented at mini plenary sessions.

This publication provides experiments and demonstrations that can serve as a valuable guide to faculty
who are interested in useful activities for their students. The material was the result of years of research
aimed at better methods of teaching materials science, engineering, and technology. The experiments
developed by faculty, scientists, and engineers throughout the United States and abroad added to the
collection from past workshops. There is a blend of experiments on new materials and traditional
materials.

Experiments underwent an extensive peer review process. Afier submission of abstracts, selected
authors were notified of their acceptance and given the format for submission of experiments.
Experiments were reviewed by a panel of specialists through the cooperation of the International
Council for Materials Education (ICME). Comments from workshop participants provided additional
feedback that authors used to make final revisions, which were then submitted to the NASA editorial
group for this publication.

Dr. Robert B. Pond, Sr., Professor Emeritus of Johns Hopkins University, was honored by Dr. Lyle
Schwartz, President of the Federation of Materials Society, as “Outstanding Materials Educator” for
his decades of service to strengthen materials education.

The ICME encourages authors of experiments to submit their work to the Journal of Materials
Education (JME). The JME offers valuable teaching and curriculum aids, including instructional
modules on emerging materials technology, experiments, book reviews, and editorials, to materials
educators.
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Critiques were made of the workshop to provide continuing improvement of this activity. The
evaluations and recommendations made by participants provide valuable feedback for the planning of
subsequent NEW:Updates. NEW:Update 2002 will be held in San Jose, California.

NEW:Update 2001 and the series of workshops that go back to 1986 are, to our knowledge, the only
national workshops or gatherings for materials educators that have a focus on the full range of issues
on strategies for better teaching about the full complement of materials.

We demonstrated the second edition of Experiments in Matenals Science, Engineering, and
Technology, (EMSET2) CD-ROM with over 350 experiments from NEW:Updates. This CD-ROM
is another example of cooperative efforts to support materials education. The primary contributions
came from the many authors of the demonstrations and experiments for NEW:Updates. Funding for
the CD came from both private industry and federal agencies. Please see the information on page vi
for obtaining the CD.

Special thanks go to our national organizing committee, management team, hosts, sponsors, and
especially to those of you who developed and shared your ideas for experiments, demonstrations, and
innovative approaches to teaching.

The Organizing Committee hopes that the experiments and technical material updated in this
publication will assist you in teaching about materials science, engineering, and technology. We would
like to have your comments on their value and your suggestions for improving them. Please send
comments to Jim Jacobs, School of Science and Technology, Norfolk State University, Norfolk,
Virginia 23504,

The use of trademarks or manufacturers' names in this publication does not constitute an
endorsement, either expressed or implied, by the National Aeronautics and Space Administration.
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The New EMSET2 CD ROM from
Jim Jacobs, Al Ncenney and
Prentice Hall Publishing

The CD ROM Experiments in Materials Science, Engineering and Technology 2 (EMSET2) will be
available soon!

For more than a decade, the National Educators’ Workshops have enabled educators to participate in
seminars of peer-reviewed experiments and demonstrations in materials science, engineering and
technology. Following each workshop, these papers were published in an annual compendium, with the
generous support of NASA.

Now, with the assistance from NASA and many other governmental, educational and industrial
organizations, we have been able to publish thirteen yearly volumes of these papers in an easily used
format, the EMSET2 CD ROM, This is an expanded and updated version of the original EMSET CD ROM.
This new version runs on all platforms and uses the universally-accepted Adobe Acrobat format for
retrieval, display and printing.

To help the user, the nearly 350 experiments and demonstrations are indexed under the following seven
categories: 1)Structure, Testing and Evaluation, 2)Metals, 3)Polymers, 4)Ceramics, 5)Composites,
6)Electronic and Optical Materials, and 7)Materials Curriculum. The user can find the material he or she
wants by browsing the tables of contents or by searching for author, title, institution, or key word. Then
the documents can be reviewed and used by displaying an exact image of the paper(s), including text,
graphs, pictures, formulae, etc. or by printing the paper as written or even by copying the text and/or
graphics into a word processor for editing.

To preview an individual demo version please reference ISBN 0130194751 and
contact:

Melissa Orsborn

Marketing Assistant

445 Hutchinson Ave. Fourth Floor

Columbus, Ohio 43235

1-614-841-3622

Melissa_Orsbom(@prenhall.com

Or

To purchase the complete EMSET2 CD ROM (available Summer 2000) please reference ISBN 0130305340
and contact:

Prentice Hall Customer Service

1-800-922-0579
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NATIONAL EDUCATORS’ WORKSHOP
NEW:UPDATE 2001
SUNDAY PROGRAM

SUNDAY AFTERNOON, October 14, 2001

Welcome and Introduction to the University of Maryland

Materials Science and Engineering at the University of Maryland (Research and UG
Program)

Lab tours and Demonstrations

Registration at Conference Center
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MINI WORKSHOPS

MONDAY AFTERNOON

WONDERFUL WORLD OF POLYMERS
Presented by Eric J. Amix
National Institute of Standards and Technology

CERAMIC FRACTOGRAPHY
Presented by George Quinn
National Institute of Standards and Technology

LIGHTWEIGHT AUTOMOTIVE MATERIALS DATABASE
Presented by P. K. Mallick
University of Michigan-Dearborn

LINEAR ACCELERATOR
Chemical and Nuclear Engineering Building

GREEN’S FUNCTION LIBRARY
Presented by Laura M. Bartolo
Kent State University

TUESDAY AFTERNOON

MICROSTRUCTURAL-BASED FEM MODELING
Presented by Mark R. Locatelli
National Institute of Standards and Technology

NEUTRON RESEARCH FACILITY
Presented by Charles Glinka and Michael Rowe
National Institute of Standards and Technology

CERAMICS ARQUND US
Presented by Johrn Blendell and Ajit Jillavenkatesa
National Institute of Standards and Technology

METALS
Presented by Robert Shuil
National Institute of Standards and Technology

K-COLLEGE ENGINEERING EDUCATION WITH LEGO BRICKS
Presented by Chris Rogers and Merredith Portsmore
Tufts University
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Ceramic Fractography: Broken Pieces Tell the Story

Mr. George Quinn
Ceramics Division, Materials Science and Engineering Laboratory
NIST

A demonstration of the fractographic analysis of fractured ceramic pieces will be presented.

Fractographic analysis 1s a valuable tool for interpreting laboratory tests wherein ceramics and
glasses are broken under controlied conditions. Fractographic analysis also is a powerful tool for
forensic investigations of ceramics and glasses that have broken in service. A surprising amount
of information may be gleaned from the fractured pieces including the stress in the part at
fracture, the mode of loading, and the exact source or cause of fracture. Several case studies
will be demonstrated ranging from advanced ceramic laboratory fractures to domestic glass or
kitchenware fractures.

‘The demonstration will feature a “discussion stereo binocular microscope” which enables
multiple viewers to simultaneously view the fractured object, either by direct viewing or by
projection on television monitors.

Fractographers are detectives!
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Ceramics and Glasses: Examples

Tools of the Fractographers Trade
Mark | eyeball
Hand lens
Stereo binocular microscope (3X- 200X, extraordinary depth of field)
Scanning Electron Microscope (50X — 5,000+X)
Other (microscopes, cameras, computers........... )

Some Fractographic Markings.
Much of fractography is pattern recognition.
3 Examples of markings:
Twist Hackle  (“Riverlines”, “delta patterns”)
Wallner Lines  (curved cracks, direction of crack propagation,
“‘impact ringing”)
Fracture mirrors (The origin of fracture, Flaws)

Quantitative Analysis
The stress in the part at fracture may be determined.
Examples:

Fragmentation extent

Mirror Sizes

Demos

Case Studies

For further information:

Book: * Failure Analysis of Brittle Materials, V. D. Frechette, American
Ceramic Society, Westerville, OH, 1990.
Web Site: www.ceramics.nist.gov

www.ceramics. nist.gov/iwebbook/fracture/fracture.htm

ASTM standards: C 1322 Standard Practice for Fractography and Characterization of

Fracture Origins in Advanced Ceramics
C 1256 Standard Practice for Interpreting Glass Fracture Surface
Features
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The following fractured parts were available for demonstration:

Broken drinking glass.
Impact origin on inside bottom where knives or forks impacted the surface.
Subsequent heating and cooling in the dishwasher propagated the crack.

Broken (4 point bending) glass rod
Classic fracture mirror. One example demonstrated on stereo scope and
second one passed around with 10X jeweler’'s loupe.

Automobile side mirrors.
Examples of Wallner lines and twist hackle. Origin was edge damage on
beveled outer rim. Cracks were propagated by thermal heating and contraction,

or alternatively, by mechanical bending from mounting stresses.

Ceramic rectangular bend bar.  4-point flexure, alumina

The white ceramic appeared washed out when viewed in the stereo scope, but
staining the surface with a green felt tip pen helped the fracture markings come
out. Origin was a large pore near the surface.

Glass disk specimens tested in biaxial (ring on ring) flexure.
Demonstrated the extent of fragmentation is proportional to the stress or energy
in the part at fracture.

Tempered automobile side window.
Destroyed by tornado impact. Pattern of fracture demonstrated along with actual

fracture origin, which was a severe impact site on the outer surface.

Case Studies discussed at end of lecture:

Auto windshield (see #6 above)

Glass windows ("lights”) in a tall office building in Boston. Failure was a multi
sequence event.
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Stereo Binocular Microscope

Wild (Leica) M-3Z or M-10
with fiberoptic light source.
Stepless magnification changes

Continuous focus
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Conventional Materials Science Microscope

Reflected light Two eyepieces but not stereo viewing
Very limited depth of field

Very small working distance

No stereo effect

Up to 1000X
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Fig. 2-14. Stages in the formation of twist hackle: (a) Cross-sectional view of the
crack surface, forming perpendicular to the axis of principal tension and running
away from the ohserver; (b) a lateral twist in the tension axis causes the crack
surface to split into unconnected segments, each perpendicular to the new axis of
tension, the average crack surface ceinciding with the original; (c) breakthrough
between the segments completes the separation of the specimen into two
fragments, forming shallow “‘risers’” in the stairway in which the initial cracks
segments are the ‘““treads’’; and (d) isometric view of the resulting surface.
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3 PHOTOS
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NOTE THE MIRROR IS ON WHAT
ORIGINALLY WAS THE
COMPRESSION SIDE.

SECONDARY BREAK

/ OFTEN AT AN ANGLE

)| YA ]

PRIMARY FRACTURE - ORIGIN

MEDIUM - HIGH ENERGY FAILURE

Q @,
[ ] )

/ N

SECONDARY FRACTURE AT A
LOAD PIN

MEDIUM - HIGH ENERGY FAILURE

PRIMARY FRACTURE OUTSIDE GAGE LENGTH
LEGITIMATE DUE TO SEVERE FLAW

@)

LOW ENERGY FAILURE

[ 4

PRIMARY - ORIGIN NEAR, BUT
NOT DIRECTLY AT A LOAD PIN

Ff‘adwe

p;‘{“"/}at t~n LWLMA.

CRACK BRANCH AND DOUBLE
COMPRESSION CURL CAUSES A
“Y* SHAPED PATTERN

e |

ORIGIN /

MEDIUM - HIGH ENERGY FAILURE

UPPER FRAGMENT IS NOT IMPORTANT AND
CAN BE DISCARDED

CRACK BRANCHES AND CURVES

L

AN A\

ORIGIN
HIGH ENERGY FAILURE

O

/ ]

/

BREAK AT OR NEAR LOAD PIN.
BEWARE OF MISALIGNMENTS
OR TWISTING ERRORS

NOTE ANGLE TO TENSILE SURFACE
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Comparison: Optical versus SEM views of the same origin
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Sometimes microcracks induced by machining (surface grinding)
the part can become the strength limiting flaws!

Diamond grit impregnated

/ grinding wheel

//”' $—_____Ceramic Part or Test Piece

The work piece is [ ]
moved back and forth /
while the wheel grinds

its surface

The diamond particles impact the surface and cause
microcracks to form.

ORTHOGONAL
CRACKS

Straight
Crack

Coplanar ~
Crack ABRASIVE

— PARTICLE

PARALLEL
CRACKS
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Ceramics Division Characterization of Fracture Origins http://fwww.ceramics.nist.gov/webbook/fracture/frac0005 htm
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itien of Fracture Srigins

Examples of Inclusions /
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Biaxial Disk Strength Testing
Ring on Ring
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Fracture Mirrors

A = o VR

.l
“ 4 L
vl 5t
Nw gk ~.‘--;I;,.~%
: A A
Y A wo
’

"
»

O oopem " o
Sheop OIS U=
\‘E_}a ',E_:-: P' ;—l]-— :I‘/\{’\‘, l“ 3(::;-‘_

Mo N

I cby - Tchy i

Fig, 1. Schematic of fracture surface of a brittle material subjecied 1o a constant subcritical Joad. o. The solid
semiclliptical line at the center represents the initial flaw size, and the dashed line outlines the critical flaw before
catastrophic failure. The inner (r(). outer {r,). and crack branching (r.s) mirror radii are shown withsubscripts 1 and 2 10
indicate that mirrors may be unsymmetric.

Ref. Mecholsky, Gonzalez, Freiman, "Fractographic Analysis of Delayed Failure in Soda-Lime Glass,” J. Amer. Ceram.
Soc. 1979, Vol. 62, #11-12 p 577 - 580.
Inner Mirror (mirror/mist) A = Ay =oVR;
Outer Mirror (mist/hackle) A, = Ager = cwfﬁo
Branch Point A, = Ay = VR,
A's have units of Force / length'® ie.  MN/m'™® or MPaVm or ksivin

Note the Hierarchy:

K at the flaw

Anner at the mirror/mist boundary
A e at the mist/hackle boundary
Abranch at the branching distance

Theories: :

Velocity Yoffe, 1951 Phit Mag, 42, 1951, p 739

Energy Johnson and Holloway, 1966 Phil Mag, 14 (1966) p 731.

Stress Orr, 1972 ‘"Practical Anaiysis of Fractures in Glass Windows. Mater.
Res.and  Sland, Jan. 1572, pp 21-23, 47

Stress Intensity Clark, {rwin, 1966; Expi. Mech, 23 1966, p 321.

Kirchner, 1987 H. Kirchner and ). Conway, “Criteria for Crack Branching in

Cylindrical Rods: Part I, Tension, and part ), Flexure, J. Amer.
Ceram. Soc. 70#6 1987 pp 413425,

Strain |ntensity Kirchner, 1986 H. Kirchner, "Brittieness Dependence of Crack Branching in

Ceramics,” J. Amar. Ceram. Soc,, 69 #4 1986, pp 339-342
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Roger Morr-e\[(an(/i l:jlagx Byrne
National Physical Laboratory,
Teddington, ‘
Middlesex, TW11 OLW, UK

Michael Murray
Morgan Matroc Ltd,
Bioceramics Unit,

St Peter’s Road,
Rugby, Warwickshire
CV21 3QR, UK

Cerm Ball W Jot
A’ bell et Lomehnes tn fﬂUM—é mj Le Gu,:’:e/ a e~

(®
Figure 4  Examples of fracture origins in mechanically tested Y-TZP femoral
heads, (a) internal origin from a pore, (b) surface origin (‘O’) at the end of the

- Le] Gachitnce
s = o Frmelpm,

FRACTOGRAPHY OF CERAMIC FEMORAL HEADS
&ou:'-u'u :[E—, ool

‘Typical bore
{ ailure origin
1 producing a
flat region of
primary crack
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LAB TESTS
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Figure 6 Piot of position-corrected flexural strength of Y-TZP test bars against
V(mirror radius)’”. The central line gives a slope for the mirror canstant of
9.95 MPa m"; the other lines represent the limits of the 90% confidence interval.
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Femoral heads, estimated fracture stresses
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Figure 7 Fracture mirror plot for femoral heads, plotting fracture mirror radii
onlo the line represeniing the mean fracture mirror constont determined in Figire
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The Quinns’ 1982 Ford Mustang
A Fractographic Case Study

The car after a full restoration in 1999,
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The car was totaled, based on the glass and body paint damage.
The rear hatch, driver’s door, two side panels, and one side mirror were destroyed.
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Ceramics Division Characterization of Fracture Origins E http://www.ceramics.nist.gov/webbook/fracture/fracture.htm i

For /Mﬂm Z;i'f:%méﬂn j

Nationd|
Stondards and

Tn;cl_;n_icuikcﬁviﬁ&s ' . Ceramics WebBook St Map

evaluated data, guide to data centers & sources, tools & resources

tien ef Frasture Grigine

The strength of many advanced ceramics reflects the flaws present in the material and the material's intrinsic
fracture toughness. Monolithic ceramics and some composite ceramics (i.e., particulate- or whisker-reinforced)
will fait in a brittle fashion when stressed due to unstable propagation of cracks from preexisting flaws.

The terms "flaw” and "fracture origin” are used interchangeably in this context. Scientists and engineers in the
ceramics community traditionally have used these terms to describe the fracture initiation site in ceramics and
other brittle materials. These terms are used in the context of fracture mechanics whereby a singularity or
microstructural irregularity acts as a stress raiser from which fracture commences. It should be understood that
the use of the term "flaw" does not imply that a ceramic product has been prepared improperly or is somehow
defective.

Strength-test results must be interpreted in the coniext of these flaws, whether the strength testing has been
done for quality control, materials development, or design purposes. Fractographic observations should be
coupled directly to strength results. Fractographic montages and labelled Weibull graphs are an excepfionally
versatile means of accomplishing this. See ASTM C1238 for more details on Weibull analysis of strength data.

Amernican Society for Testing of Materials (ASTM) developed C1322 "Standard Practice for Fractography and
Characterization of Fracture Origins in Advanced Ceramics”. This practice provides an efficient and consistent
methodology to locate and characterize fracture origins in advanced ceramics. The table below outlines the
fracture origin characterization scheme and the linked figures show examples of the most common types of
flaws observed in advanced ceramic materials. (See Fracture Origin Characterization and the Flaw Catalog.}

Any questions or comments about ASTM C1322, the fracture origin examples given here, or fractography of
ceramics can be addressed to Jeffrey Swab (jswab@arl. mil) or George Quinn {geog@nist gov).

Background and Gerneral Information
Fractographic Montages

Labelled Weibull Graphs
Photographic Recordkeeging

2 & & O

Fracture Origin Characterization and the Flaw Catalog

The fracture origin in each specimen/component shalt be characterized by the following three attributes:
identity, location, and size as summarized in the table below.

[ IDENTITY [ LOCATION  ~ [-.. SEE -

Nomenclature and %_anal Tocation of an [Estimate of the T
inherent spatial - md«wdual originin a-.:: i
dlstnbutton e spgciﬁc-specimen;;

-Volume-dlstnbuted Volume-located-.

=Surface-distributed . *Surface-located . dlstnbuted ongln
s ol e Near-Surface- iocated -Depthandwndthof
S surface—dlstnbuted :

-Edge—located

Please note that the descriptive terms "volume" and "surface” may have two distinctly different uses.
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Lyle Schwartz, President of Federation of Materials Society
Recognizes Robert B. Pond, Sr.
for his contribution to materials education
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Robert B. Pond, Sr.

Jim Jacobs and Robert B. Pond, Sr.
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Martha Goodway
Archeometallurgist
Smithsonian Center

For
Materials Research and Education
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MATERIALS SOLUTIONS TO
MEDICAL PROBLEMS

Justin Hanes
Johns Hopkins University
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ENERGY CONCEPTS MATERIALS SCIENCE
AT MAURY HIGH SCHOOL

Duane Bushey and Merrill Rudes
Maury High School and Energy Concepts, Inc.
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MATERIALS RESEARCH AT NIST -
CENTURY OF PROGRESS

Dale Hall

Deputy Director
Materials Science & Engineering Laboratory
National Institute of Standards and Technology
Bldg. 310, Room B309, MS 8500
Gaithersburg, Maryland 20899-8500

Telephone: 301-975-5658
e-mail dale.hall@nist.gov



Dale Hall
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Manufacturing Physics
Engineering A ‘

e Enhance US
Information indUStrial

Fire. Ressarchy A °""°”  competitiveness
' and economic
, growth through
Chemical B ..o0gy  Critically-needed
Technology Services Standards,
measurements,
""" and data

Materiais Science

] . Electronics and
and Engineering

Electrical Engineering

* Highly leveraged measurement and research
capabilities supporting trillions of dollars in
products and services

ler National Institute of Stondards and Technology



Establishment of NBS

Revimdiad

T R I K
THEMBVENINGIETAR | MONDAY, MAROH. 11,1901

CORRECT MEASURES!

Function of the New Burean of
Standards.

LABORATORY TO BE ERECTED

Prof. Stratton, the Director, De-
tails Need of Establishment.

—_———e.

A HANDICAP REMOVED

— e g

A new bureau of the government. author-
izedd by the luxt Congress, will be established
in this city In the near future and will give
employment to n number of persons, It Is
to be s known ax the nattonal bureau of
standards and ts to be under the control of Director Ntration.
the Treasury Department. A separate bulld- |
Ing for a iIaboratory, to cost not to exceed
250000, I= to be erected on a site to be pur-

aintantn, to be appolnted by the Recretary
of the Treasury: One physicizt, at an an-

chared at a cont of 523,000, nuat salnry of UMM ane chemlat, at KN

Mr., Samuel W. Btratton of Chlcago has ' two arslstant phyriciata or chemists, each
been appointed by the President to be chlef at an anuual malary of $2.3%; one fahoratory
of the bureau at an annual malary of $5.000, assistant, at $1. 400 one Inhoratory assistant,

At L. 2M0; one geereiary, at §2.000: ane clerk,
Prof. Stratton is to have the following as- at S8 ape messenger, at §iM_one en-




1915 Organization Chart

BUREAU OF STANDARDS#=DEPT OF COMMERCE

WM.C.REDFIELD. Secy

AND RESEARCH
INSTITUTION.

ESTABLISHED '\

BY CONGRESS
TO SERVE &
1 THE GOVERNMENT & THE PEOPLE
OUTLINE OF THE WORK OF THE BUREAU INTERESTS SERV THE BUREAU

Materials research in 1915 involved Metals, Cement,
Ceramics, Paint, Ink, Paper, Fibers, Yarns, Fabrics,
Rubber and Leather Goods



NBS Railway Scale Test Car for Standardization
of Railroad Track and Master Scales
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Looms, Spinning Frames, and Warpers
to Test Cotton as a Substitute for Wool
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Testing of Leather to Enable
the Search for Substitutes




The Dynamometer Laboratory for
Testing the Durability of Vehicle Tires
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NIST Maintains Scientific Integrity
Despite Political Pressures
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Director Austin Exhonorated by
Secretary of Commerce Weeks
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Happy Days!
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NBS

Completes

High-Flux
REACTOR

Because neutrons are deflected only by collisions with
other partioles and not by electric charge, they have wide
experimental application in studies of the nature and
properties of matter. “Fast” (up to 10 MeV) neutrons
are used to etudy nuclear reactions. Crystallographic
arrangements of atoms are explored by “slow” (about
0025 eV), or “thermal,” neutrons.’ “Cold” neutrons
(having energies on the order of 0.001 €V) are uniquely
suited to the study of the dynamics of molecular systems,

The intense thermal neutron beams provided by the
reactor will eonstitute a powerful too} in the analysis of
the structure of solids and liquids by neutron diffraction.
This technique can be applied to investigate various aspects
of crystal structure, such as the location of hydrogen atoms,
magnetic erystal properties, intermolecular force con-
stants, and chemical bond strength.

» NBY tachiticians inspect one of the
3 bewin ports of the Burean’s
new, 10-megmwatt nuclear reactor,
‘which has jast been completed.
B The fadisactivity will be
confined by the 2-m thick
conerete wall ta @ small
space at the height of the
ports. The ports will be
plugged, or open only to
shielded experimental
areas, so that no
rrdiation hazards will
be present.  Fuel will
be loaded and operation
monitored and controlied
from the Jevel abore.

Charles Hook, of the
NBS uafl, stands on

the upper grid plate in
the Bureat's reactor to
show size of the fuel
transferarea. Thisarea
will be campletely sealed
by a wop plug, before

the reoctor is placed

in operntioq, and

the cavity around

it alsa closed.

NBS Technical News Bulletin

'of purposes, such as activation analysis and tracer |

w

oit; aa well as for distribution as radioactivity sta
n addition, studies of the cffects of radiation
terials will be carried out with the reactor by in-pi
ﬁihﬁon of hulk matter, The information obtained
way should be of great value, both for basic kne
in solid state and chemical physics and for applica
‘radiation processing and altering the properties o
tural materials,

*. Basically, the reactor consists of an enriched ©
core, moderated and cooled by heavy water and cor
in a large aluminum vessel. Thermal and bic
shields surround the core vessel and attenuate the
tion (which reaches a level of 10" neutrons/cm
to biological and instrument tolerance level. T
beam tubes, or ports, rumning outward from th

November 1966



Encasement of the Declaration of
Independence and Constitution

ATIPM TAS P TR Sk ok T

Lestie . Stnith, left, and Richard horer with 2 model casement tor the
Declaration of Independence, the Constitutian and the Bill of Rights.

1999
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NBS and the American Dental Association Health
Foundation Developed the Panoramic X-ray
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Materials Science and Engineering Lab

L.E. Smith, Director
D.E. Hall, Deputy Director

NIST Center for . Center for Theoretical

Neutron Research and Computational
Materials Science

J.M. Rowe, Director
cto J.A. Warren, Acting Dir.

]

éMateriats Reliability 8  Metallurgy ; . Polymers Ceramics

F.R. Fickett, Chief ' C. Handwerker, Chief ' E.J. Amis, Chief S.W. Freiman, Chief

Promote U.S. economic gFowth by working with
-industry to develop and use a measurements .
and standards infrastructure for materials -
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"Trends in Materials Science and Engineering

« Rapid technical advances in electronic materials,
nanotechnology, smart materials

e Scale of materials research and measurement getting smaller
» Growth of biomaterials and “soft” materials

» Greater emphasis and excitement in functional materials

» Fundamental physics to predict materials properties

e Increased use of computation and modeling for all aspects of
materials research and engineering .

-Integration of modeling scales
e Characterization is expensive; need to share unique facilities
» Products contain combinations of materials

e Use of information technology as a tool for collaboration and
knowledge dissemination

N lg Nationat institute of Standards and Technology
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ey Markets

Electronics

Optoelectronics
Wireless Communication
Electronic Commerce

Health Care
Medical Instrumentation
Artificial Replacement
Tissue Engineering

INTT NARY
MACROMOLFCULAR
SciENCE AND ENGINED

1 'ﬁt
yi

Automotive
Lightweight Materials
Energy Storage
Electronics

Magnetics
Data Storage
Superconductors
Thin Films

Nanomaterials
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INIST Center for Neutron Research

» A National user facility, serving
-2/3 of U.S. users in 2000
-50 U.S. industrial laboratories
-115 U.S. universities

e Leadership areas

NIST Coid Neutron Instruments in the Guidehall

-The most cost effective neutron source in world

-Measurement of nanoscale structure
-Unigue U.S. probes of polymers and molecules

-Forefront research on protein dynamics, chemical
sieves and catalysts
N E- Natlonal Institute of Standards and T;chnofogy
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,wnter for Theoretical and
Computational Materials Science

-Integration of NIST science

-Collaborations among industry,
academia, government

« Focus Areas Molecular Dynarmios Melt Simulatons
-Object Oriented Finite Element Software (OOF)
-Prediction of phase behavior
-Simulations of filled polymers

-Phase field modeling of microstructure
ler Natlenal Instltute of Standards and Technology



Modeling Software

« Computes macroscopic properties
of materials from their complex
microstructures

» Operates on data from real images
or simulations of microstructures

» Provides user friendly and web
accessible public domain software

« Significantly reduces amount of laboratory s
experimentation o

1W

1999 Technologies
of the Year Award

NEerlonel Instltute of Stundards and Technology VISU al 1ze and Q uantlfy




,,4.__ffolder Interconnect Design Team

" Industry Uses Tools to Design Smaller,
More Reliable Electronic Packages

Technical Challenge:

» With many electronic devices having upwards
of 100,000 solder interconnects, accurate
prediction of solder joint reliability is critical

MSEL Response:

» Convened Solder Interconnect Design Team
(SIDT) and held workshops for leaders in the “Gull Wing” Solder Joint
electronlcs Industry on PC Board Simuilation

» Created software tools that model the shape, spreading, reaction,
and solidification of solder, allowing the prediction of joint reliability

« Disseminated tools through collaborative workshops, and the Theory
Center web site

Impact:

» Companies are using SIDT tools in their in-house modeling programs
to improve their electronic packages

N Er Natlono! Institute of Standards and Technology



IThe Ceramics WebBook
Sharing Information

e Evaluated data
-high temperature superconducting
materials database

-structural ceramics database

-property data summaries for
advanced materials

» Guide to data centers and sources
-NIST-based
-external

e Tools and resources

-software
-other materials resources

“» 1000.0

9‘ 100.0 1600 °C
4]

& 100
Q
@ 1.0 ¢ A
o 0 Compression %
QO 0-1 [T NN N

45 50 55 6.0
107, K’

http://www.ceramics.nist.gov/webbook/webbook.htm

NEr National Institute of Standards and Technology



> special report (> Specintroport i

B Materials A La Combi COMBINATORIAL CHEMISTRY
Despite the challenges, a growing number anE"NINE THE

of corporate and other labs see promise SGIENTII-'IG MEI'HIID

R i studying materials combinatorially Recent concepts and advances in this dynamic field involve
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Electrolysis of Water in the K-12 Classroom

Dr. H. Alan Rowe
Professor of Chemistry
Norfolk State University
Norfolk, Virginia 23504

Key Words
Electrolysis, oxygen, hydrogen, electrodes

Pre-requisite knowledge
From none to a general theory of electrolysis depending on the level of the student to
which the experiment is presented

Objective
To understand the reactions that occur when water molecules are subjected to an
electrical current

Equipment and Materials

3” x 3” piece of cardboard, two pencils sharpened on each end, 100 ml beaker, two
wires with alligator clips on each end, salt, 9volt battery, optional materials —other
metals and salts

Introduction

When an electrical current is passed through water, hydrogen and oxygen gas is
produced. Since distilled water is a non-electrolyte, a source of ions must be added to
conduct the current. Optionally, bromothymol blue or other appropriate pH indicators
can be added to test for the acid/base changes at each electrode.

If models are available have the students make 2 water molecules and then reassemble as
per the equation above

Construct the electrolysis apparatus by placing the two sharpened pencils 17 apart
through the ptece of cardboard. Use the alligator clips to attach the wire to the
sharpened pencils and the 9V battery.



Procedure:
1) Putdistilled water in the beaker. Predict what will happen when the electrodes are

attached. Attach the electrodes to the battery (be sure the wire has a good connection
to the graphite of the pencil) and record your observations and conclusions.

DISTILLED WATER IN BEAKER WITH GRAPHITE ELECTRODES

PREDICTION(S):

OBSERVATION(S):

CONCLUSION(S):

2) Put a small amount of sodium chloride [about 0.25g, about % teaspoen in a cup (250
ml ) of water and connect the apparatus. ]

DILUTE SALT IN BEAKER WITH GRAPHITE ELECTRODES

PREDICTION(S):

OBSERVATION(S)

CONCLUSION(S):
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3) Add a large amount of sodium chloride ( about 2 g, or 2 teaspoons) and connect the
apparatus

CONCENTRATED SALT WITH GRAPHITE ELECTRODES

PREDICTION(S):

OBSERVATIONS(S):

CONCLUSION(S):

4) Several other variables can be studied. Different objects can be used for the
electrodes [galvanized and non-galvanized nails (the formation of insoluble Zn salts
are observed), copper, steel, different coins, etc)]. Different materials can be used for
the electrolyte. In all of the above activities, after observing for a few minutes the
connections can be reversed and the results noted.
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Comments

At the cathode (negative electrode), sodium and hydrogen ions are available for
reduction. Since hydrogen ions are reduced far more easily than sodium ions, they will
react to form hydrogen gas

2 H' (aqueous) +2 € ----meemem- - H, (gas)

At the anode (positive electrode), hydroxide and chloride ions are available for oxidation.
Hydroxide ions are oxidized more easily than chloride ions in dilute solution so they will
react to form oxygen gas.

TR0 T ) I — > 0:(g) +2H,0 (liquid) +4 ¢

[Hydrogen and oxygen gas should be expected to be produced in what ratio ?]

While there is no net change in pH, there is a localized change. Examining the equations
above there should be a loss of hydrogen ions at the cathode and a loss of hydroxide ions
at the anode. Added bromothymol blue is blue, green, and yellow at pHs that are basic,
neutral, and acid, respectively. [Which electrode will become more acidic? Explain]

TESTS FOR GASES PRODUCED

Hydrogen and oxygen gas have low solubilities in water and will appear as bubbles.
Chlorine gas, ifit forms, is more soluble and will not form bubbles until the water is
saturated. [Give the balanced equation for the production of chlorine gas at the anode]

[fthe gases are collected, oxygen gas will cause a glowing splint to flare, hydrogen gas
will cause a glowing splint to pop, and chlorine will cause a solution of KI to turn brown.
Both Hydrogen and oxygen gas are colorless and odorless, chlorine gas is greenish-
yellow and has a strong unpleasant odor (Take care to provide adequate ventilation).
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Teaching Undergraduates Results From Recent
Research As Part of a Laboratory Class: An
X-ray Diffraction Experiment

L. J. Martinez-Miranda
University of Maryland, Dept. of Materials and Nuclear Eng., College Park, MD, 20742-
2115

Key Words: X-ray diffraction, powder, texture, nanocrystalline and nanometer size
sample, time-dependent structure

Prerequisite Knowledge:

What is X-ray diffraction?

What characteristics of a material can X-ray diffraction measure?
In what size range does it measure these (angstroms, microns)?
What is a powder sample?

What is a textured sample?

Objective:

How can X-rays be used to distinguish between samples prepared using different
methods, i.e., different times? How can X-rays be used to distinguish between samples of
different thickness?

Equipment:

I. An X-ray diffractometer
2. Two samples prepared at different times
3. A computer with any plotting program

Introduction:

Copper samples prepared using electrodeless deposition on Aluminum Nitrade
(AIN) substrates have been studied for interconnections. The method of deposition is less
intrusive than other methods, which require the use of catalysts on an electrically
insulated surface. The quality of the samples depends both on the direction of coating
and the time the solution is refluxed. The samples which were prepared horizontally
(parallel to the bottom of the flask) seemed to contain more Cu,O than the samples
prepared vertically (perpendicular to the bottom of the flask)'%. In both samples, the
structural evolution was that Cu was more textured for lesser times and more
polycrystalline for longer times in the reflux. The students will look at the effect of time
on the structure of the films”.
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polycrystalline for longer times in the reflux. The students will look at the effect of time
on the structure of the films®.

Samples of lead-zirconium-titanium (PZT) oxide have been prepared using pulsed
laser deposition (PLD to different thickness on lanthanum aluminate (LAQO). LAQO is
chosen because its lattice constant is almost matched to that of the a-lattice constant of
tetragonal PZT. Because it is not exactly matched, variation on the c-lattice of PZT can
be observed which in turn reflects the variation of the a-lattice parameter as a function of
thickness®. This has consequences on the properties of the PZT, in particular the
ferroelectric properties. Although the students do not look at the ferroelectric properties,
there is a discussion on how the structure is related to them and how altering the lattice
parameters (a and ¢) will affect the polarization of the film. The need for this film to be
grown in single crystal form (epitaxy) is also discussed.

Procedure:

The students begin by looking at a standard silicon sample to become familiar

(111) — Si peaks

ﬂ

(h220)

(311)
J (331)

\ (400)

T v L v 1 v L 4 T

20 ‘ 30 40 ' 5lO 60 70 80
2th (deg)

Intensity (arb. units)

Figure 1. Results of the scan in a standard silicon sample.

with the structural analysis of powders. They do a 6 — 20 scan, illustrated in Figure 1.
Students are asked to compare the peaks observed with those given in the X-ray cards
(which they are asked to bring) and to see how the intensities compare.

Two films of cupper prepared at 20 minutes and 30 minutes are analyzed, using

8-28 scans. Depending on class size, one group does the analysis for the 20 minute film
and the other the 30 minutes. They have gone to the library to find the card for Cu. We
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also ask them to get the cards for Cu,O and for AIN. They have used the cards to
compare the scans obtained for the crystalline sample and to see that the relative
intensities compare with the ones cited on the cards.

After obtaining the 8—20 scans, they compare it to the cards and identify each
peak observed. They take the relative intensity of the x-ray peaks, especially the stronger
ones, and comment on the results. If two groups are doing different samples, they get
together and compare and exchange results. They comment on the different times the
sample spent on the reflux. Their results are similar to those presented in Figure 2.

(111)
3 Cu20

{ H 20 mins
q — 30 mins

Intensity (arb. units)

2th (deg)

Figure 2. Results of the scan obtained from the Cu samples prepared at 30 minutes and 20
minutes.

The students proceed to look at a single crystalline sample. We chose LAO,
because that is the crystal on which the films of PZT are deposited. They are taught how
to center the sample such that the peak is maximized. The students go to a known peak,
at 23.4°. They proceed to rock the sample about 6, until the maximum 0 is obtained. The
value of 8 maximum is defined as one-half of 23.4°. Then they take a 820 to make sure
the centering has been done correctly and to check the maximum. The process is
illustrated in Fagures 3 and 4.

The students then study the PZT films as a function of thickness. One group
receives the SO0A sample and the other receives the 2500A. The sample is centered
according to the previous paragraph, at the same 20 as before, since the films have been
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— theta centering

Intensity (arb. units)
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11.4 11.6 11.8 12.0 12.2 124 12.6 12.8 13.0 13.2
th

Figure 3. Theta centering at 2theta equal 23.4°. The maximum theta at 12.25° is set to
11.7°, or half of 23.4°.

—— LAO (100) peak

Intensity (arb. units)

|~
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Figure 4. 0-20 scan of the 23.4° peak of LAO, after O was reset as explained in Figure 3.
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Figure 5. Superposition of the 500A and 2500A films, showing that for 500A film has a
larger c-axis parameter (a smaller 28). The 500A was a larger sample: that’s why it has a
stronger signal.

grown on LAO. A 0-20 is then taken to look at the peak from the film plus the peak at
23.4° from LAO. This last peak is recentered such that it coincides in both scans, the one
on the 500A and the one on the 2500A. The students compare the positions of the peak
to those presented in reference 4. The students discuss the evolution of the c-peak as the
films get thicker. A discussion on the effect of the substrate on the Jattice parameters of
the epitaxial film follows. Results are shown in Figure 5.

Comments:

This experiment aids in introducing the students to the effects of materials
processing on sample structure. The experiment serves as a study of textured samples
alone. Any Kind of processing that leads to a different structure can be used, as well as
any kind of material. The aim is for the students to realize how useful X-ray diffraction
can be.

The students are asked what is different about each sample, and how do they think
the structure comes about. The purpose is to get them to think about how processing
affects the structure and also the properties. The instructor can mention how properties
are affected by the orientation of the crystal. This discussion is very basic; the students
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have seen this in elementary terms in their introduction to materials class, and will see it
later in the physics of solids class.

In the part that concerns the Cu materials in the report, the students are asked to:
a. Plot both graphs; b. Write down the relative intensities of the different peaks; c.
Identify, if possible the other peaks, based on the cards; d. Comment on how the
preparation time affects the structure of the sample. They are not asked to calculate the
texture of the samples: the experiment, due to limitations in equipment is done on a
machine which cannot take angles higher than 90°. More angles are needed to measure
the texture. For the PZT films on LAO, the students are asked to: a. plot both graphs; b.
explain how they go about centering a single crystal and epitaxial film in the
diffractometer; ¢. compare the position of the c-axis peak to the one obtained from
reference 4 and given by the instructor.

When time allows, the instructor gives the students more details on the research.
For example, the instructor tells the student that studies on the samples were done with
different X-ray energies, and that these energies and the absorption properties of the
sample can limit the depth the X-rays can penetrate, into the sample which allows for a
study of the structure as a function of depth.

All of the results presented were taken as part of the class in the Fall of 2001.
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OBJECTIVES

The main Objective of this experiment is to study the distribution of temperature in a
food sample placed inside the microwave oven.

SUMMARY

Electromagnetic Distribution of the microwave field is studied by placing the food
sample inside a microwave oven. This distribution is studied in terms of change of
temperature as the microwaves are absorbed by a particular food sample. A series of
thermometers are probed in a circular fashion in the food sample. The penetration depth
of these thermometers are kept constant. The microwave oven is turned on for a certain
time and the thermometers are read as quickly as possible as discussed in the procedure
section of this paper. The distribution of temperature is related to the microwave field
pattern inside the microwave oven.
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Introduction And Theory

This paper is being written for the scientific investigators who wish to understand
in detail the concept of microwave spectroscopy and use in their research laboratories the
techniques of microwave heating. A mental or a physical picture of complete
electromagnetic spectrum as a classified array of energy sources is a valuable aid to the
scientists. In this experiment over microwave heating certain tests are performed and

conclusions are drawn about the spectrum developed within a microwave oven.

Cage O T
B 4| 2| J——
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Figure A. Electromagnetic Spectrum from radio waves to gamma rays

The picture in figure A above, is an electromagnetic spectrum and the frequency
ranges between 300 MHz to 300 GHz for the microwaves. The microwaves within the
microwave oven is 2.4 GHz. We know that in general, the food placed within the

microwave oven has water contents. The water is a polar compound and has a permanent
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dipole. Within the microwave oven these water molecules develop a dipole moment and
experience a force ( torque between the two charges separated by a distance ) and in turn
these dipoles then start oscillating with the same frequency as those of the microwaves.
With these oscillations the water molecules follow the frequency of the microwaves and
then transfer the heat content to the material. In the process of Free Induction Decay the
water particles in food sample placed inside the microwave oven get converted into vapor

phase and get induced dipole charges which promotes heating.

intensity

microseconds

Figure B. Free Induction Decay

Depending on how many spectral lines are in the region being scanned these FID's can
be simply, a singly oscillating (sinusoidal or cosinusoidal) function with a superimposed

exponential decay. However when more than one line is present in the region being
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scanned we often see two or more different frequencies in the FID pattern (such as the

one above). These frequencies correspond to differences between the natural absorbance
frequency of the molecule and the frequency of the light in the cavity. We can accurately
determine the natural frequency of the molecule by doing a Fourier Transform of the FID
and adding (or subtracting) the difference frequency from the frequency of the light in the

cavity. The Fourier Transform of this FID is shown in figure C.
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Figure C. Fourier Transform

PROCEDURE

Following procedure was used in conducting this experiment:
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Figure D. The Microwave Oven used in this experiment

1. The sample taken into consideration was frozen New York Style Cheese Pie.

2. Then the dimensions{diameter , depth of the sample were recorded. )

3. Using a protractor and compass 9 different plots were made in an octagonal
form for placing the thermometers dipped in water initially at room

temperature as shown in the figure below:

Figure E. Distribution of Thermometer probes inside the food sample

4. The initial temperature of thermometer was recorded.
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PART A:

PART B:

Thermometers were inserted and they were marked 1 — 9 clockwise as shown

in figure E.

The initial temperature of the cheese pie was recorded for all the 9 plots.

The sample was placed with thermometers into a microwave oven as shown

in figure D, and experiment was performed in two different parts

1.

The frequency of the thermometers was kept 50 % and the time was 30
seconds and the turntable of the oven was also off.

The microwave oven was switched on and after 30 seconds of heating
the final temperature was recorded for all the 9 plots . 1t was made sure
that the temperature recording was done most efficiently.

The sample was kept in deep freezer for cooling for 5 hours. This was
done just to make sure that next time the experiment was performed
the sample reaches the same temperature as for the first reading.

The whole procedure { step 1-3 ) was repeated for 5 different tim-e;‘..

. Now this time the frequency of the microwave oven was increased to

100 % and the time was 30 seconds, but the turntable was left on.
Then the microwave oven was switched on and after 30 seconds of
heating the final temperature was recorded for all the 9 plots. It was
made sure that the temperature recording was done most efficiently.
Then the sample was kept in deep freezer for cooling for 5 hours. This

was done just to make sure that next time the experiment was
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performed the sample reaches the same temperature as for the first
reading.
4. The whole procedure ( step 1-3 ) was repeated for 5 different times.

From both the styles of observations we determined the temperature shift and tried to
determine the relation between the frequency and temperature change within a
microwave oven. Experiment was conducted a number of times by changing the variables
such as the diameter of the plots, turntable, frequency and the time interval of heating.
The data of the experiment performed has been shown as tables underneath with their

supporting graphs.

ANALYSIS:
From the experiment conducted above there are certain inferences that were drawn.
1. The temperature efficiency depended upon the probes distribution(circular,linear)
2. The thermometers labeled 8" and 9" showed the maximum temperature change.
3. The efficiency of heating was more when the turntable was left on.

4. There were certain regions that was close to the magnetron that received

maximum heat waves.

5. During the experiment between two readings food sample was placed in deep

freezer for 5 hours , so that the initial temperature was always the same.

6. When the frequency of the microwave oven was kept 100% maximum efficiency

was obtained.
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. The data taken for various runs is shown in data tables 1 — 8 and the final results

are shown in graphs 1 - 8.
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Trial 1/Table 1

Eight thermometers were placed in a circle of radius 4 cm.

The ninth thermometer was placed in the center.
The depth of each thermometer was set at 2.3 cm.
The microwave was on for 30 seconds at full power.

The turntable was ON.

Location of thermometer

Location of thermometer

Change in temperature ("C)

probe (x axis) probe (y axis)

0 -4 5.125
2.828 -2.828 4.5

4 0 4.9
2.828 2.828 5.83333
0 4 6.89286
-2.828 2.828 6.85714
-4 0 6.39286
-2.828 -2.828 6.85714
0 0 5.66667
Trial 2/Table 2

Eight thermometers were placed in a circle of radius 4 cm.

The ninth thermometer was placed in the center.
The depth of each thermometer was set at 2.3 cm.
The microwave was on for 30 seconds at full power.

The turntable was OFF.

Location of thermometer Location of thermometer Change in temperature (OCT\
probe (x axis) probe (y axis)

0 -4 416667
2.828 -2.828 5.8

4 0 5.25
2.828 2.828 3.92857
0 4 5.61111
-2.828 2.828 4.5

-4 0 4.625
-2.828 -2.828 35

0 0 4.27778
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Trial 3/Table 3

Eight thermometers were placed in a circle of radius 4 cm.

The ninth thermometer was placed in the center.
The depth of each thermometer was set at 2.6 cm.
The microwave was on for 30 seconds at full power.

The turntable was ON.

Location of thermometer Location of thermometer Change in temperature ("C)
probe (x axis) probe (y axis)

0 -4 3.4375
2.828 -2.828 4125

4 0 5

2.828 2.828 5.25

0 4 6.3125
-2.828 2.828 6.5

-4 0 6
-2.828 -2.828 5.0625
0 0 4.07143
Trial 4/Table 4

Eight thermometers were placed in a circle of radius 4 cm.

The ninth thermometer was placed in the center.
The depth of each thermometer was set at 2.6 cm.
The microwave was on for 30 seconds at full power.

The turntable was OFF.

Location of thermometer

Location of thermometer

Change in temperature ("C)

probe (x axis) probe (y axis)

0 -4 3.83333
2.828 -2.828 491667
4 0 3.14286
2.828 2.828 4.64286
0 4 4.85714
-2.828 2.828 5.08333
-4 0 3.83333
-2.828 -2.828 4

0 0 485714




Trial 5/Table 5

Eight thermometers were placed in a circle of radius 5 cm.

The ninth thermometer was placed in the center.
The depth of each thermometer was set at 2.3 cm.
The microwave was on for 30 seconds at full power.

The turntable was ON.

Location of thermometer Location of thermometer Change in temperature ("C)
probe (x axis) probe (y axis)

0 -5 4.08333
3.535 -3.535 4.6875
5 0 5.5
3.535 3.535 6.8125
0 5 7.21429
-3.535 3.535 6.88889
-5 0 6.42857
-3.535 -3.535 5.35714
0 0 5.1875
Trial 6/Table 6

Eight thermometers were placed in a circle of radius 5 cm.

The ninth thermometer was placed in the center.

The depth of each thermometer was set at 2.3 cm.

The microwave was on for 30 seconds at full power.

The turntable was OFF.

Location of thermometer Location of thermometer Change in temperature ("C)
probe (x axis) probe (y axis)

0 -5 5.83333
3.535 -3.535 5.57143
5 0 6

3.535 3.535 3.83333
0 5 4.0625
-3.535 3.535 5.42857
-5 0 4.57143
-3.535 -3.535 5.5

0 0 4
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Trial 7/Table 7

Eight thermometers were placed in a circle of radius 5 cm.

The ninth thermometer was placed in the center.
The depth of each thermometer was set at 2.0 cm.
The microwave was on for 30 seconds at full power.,
The turntable was ON.

Location of thermometer Location of thermometer Change in temperature (°C)
probe (x axis) probe (y axis)

0 -5 4.92857
3.535 -3.535 5.14286
5 0 6.5
3.535 3.535 6.375

0 5 5.91667
-3.535 3.535 6.16667
-5 0 5.85714
-3.535 -3.535 6

0 0 471429
Trial 8/Table 8

Eight thermometers were placed in a circle of radius 5 cm.

The ninth thermometer was placed in the center.
The depth of each thermometer was set at 2.0 cm.
The microwave was on for 30 seconds at full power.
The turntable was OFF.

Location of thermometer Location of thermometer Change in temperature (°C)
probe (x axis) probe (y axis)

0 -5 4.58333
3.535 -3.535 7.4375
5 0 7.57143
3.535 3.535 5.64286
0 5 4.21429
-3.535 3.535 6.66667
-5 0 42
-3.535 -3.535 6.25

0 0 4.25
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Figure 1
Average Change in Temperature (°C)
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Average Change in Temperature (°C)
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Active and Intelligent Materials

John A. Marshall, PHD
University of Southern Maine

Key Words:

Hydraulics, mechanical power transmission, and rheology.

Perquisite Knowledge:

Elementary concepts of power transmission.

Objective:

To observe the tunable characteristics of one of the most active and
intelligent materials, magneto-rheological fluids. To understand the
potential power transmission advantages of these fluids.

Equipment and Supplies:

Magneto-rheological clutch assembly and power supply.

Introduction:

Magneto-rheological fiuid is an active and inteiligent material that changes
its flow characteristics when subjected to an electrical field. Response,
which takes only miiliseconds, is in the form of a progressive gelling that is
proportional to field strength. With no field present, the fluid flows as
freely as hydraulic oil (Korane, 1991).

Magneto-rheological fluids represent a technology that has the potential to
widen the performance range of automated electromechanical and
electrohydraulic equipment. Research and ongoing developments are
refining this active material and experts predict an important future for
these fluids.

65



Importance of Magneto-rheological Fluids:

Current automation capabilities are not advanced enough to build a robot
that could play tennis. Even though cameras and computers could direct
the robot towards a ball, robot's move in an awkward, lumbering fashion
because conventional hydraulic valves cannot keep pace with the
commands of the computerized controllers.

With an active material such as magneto-rheological fluid, this type of
response time is possibie. This technoicgy will aliow devices that can
operate instantly and without mechanical valves. Increased productivity
and better product quality through more dependable and responsive
automated equipment is just a small part of what this maturing technology
can deliver.

How This Active and intelligent Material Functions:

Magneto-rheological fluids are composed of two primary components.
They are the carrier fluid and the suspended particles. The carrier fluid
needs to be a good insulator, compatible with the materials they contact.
Typical particle materials include polymers, minerals, and ceramics (Scott,
1984).

When a magnetic field is applied to the active fluid, positive and negative
charges on the particles respond by separating, so each particle then has
a positive end and a negative end. Particles of the magneto-rheological
fluid then link together in the same manner that the north pole of one
magnet is attracted to the south pole of another magnet (Duclos, 1988).

Potential Applications:

Magneto-rheological fluids can activate from solids to liquids so fast, they
will work well with fast-acting computers. These characteristics suggest a
number of unusual engineering applications such as fluid clutches and
vibration isolators (Duclos, 1988).

According to Hans Conrad, professor of materials science and
engineering at North Carolina State University, magneto-rheological fluids
will lead to a whole new generation of brakes, automatic transmissions,
actuator devices, hydraulic valves, pump parts, and motors (Conrad,
1992).
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Procedure:

Safety Considerations:

1. Protective eye wear is mandatory for all those in the lab area.

2. Read the operating instructions that accompany the active
magneto-rheoiogical clutch assembly and power supply.

3. Obtain a "Material Data Safety Sheet" on the fiuid from the
supplier. Read the sheet completely and ask questions to any
information you do not understand.

Observing the tunabie clutch assembily:

1. With the power supply off, notice how easily the shafts can be
rotated by hand.

2. Increase the power output through the range of 4, 8, 16, 32, 60,
and 80 % and record your findings on the data sheet.

3. Vary the cycling frequency through the range of 4, 8, 16, and 32 Hz
and notice the pulsating sensation while rotating the shafts.
Record your findings on the data sheet.

Sample Data Sheet:

Record below the characteristics of the clutch when varying the power
output.

Record below the characteristics of the clutch when varying the cycling
frequency.

Instructor Notes:

1. The power being transmitted through the clutch increases
proportionaily when the power output is increased.

2. The impulses of power transmission increase as the cycling
frequency is increased.
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University of Maryland MRSEC Research Experience
for Undergraduates: Cultivating Tomorrow’s
Researcher

Jennifer Stott®, Donna Hammer®, E. D. Williams®® and L. J. Martinez-Miranda®®
a. Materials Research Science and Engineering Center
b. Dept. of Physics
c. Dept. of Materials and Nuclear Engineering
University of Maryland, College Park, MD 20742

Key Words: Scientific research, engineering research, undergraduate program
Prerequisite knowledge:

None, specifically.
Freshman chemistry, physics, first year materials

Objective:

What is involved in doing a research project?
What other aspects we must consider when doing research: communication, awareness of
what other people are doing, how research is done in other environments.

Equipment:
Varies with the project.
Introduction:

The University of Maryland MRSEC Summer Research Experience for
Undergraduates provides the students with a well rounded educational experience doing
materials research. Supplemental activities enhance the laboratory experience and
provide students with opportunities to advance into graduate school and careers in
science. Approximately 6 — 8 sophomores and juniors with science and engineering
backgrounds participate in the 10-week program. The REU offers a diverse range of
research topics and includes a weekly seminar series, industrial tours of several
neighboring facilities, and a tutorial on how to conduct oral and poster presentations.
Research programs are available in Physics, Chemistry, Materials Science, and Electrical
Engineering. The students get to present their research results twice during the course of
the program.
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Procedure:

The 6 — 8 students are selected by national competition. This competition is not
limited to large universities, with graduate programs. People from small colleges which
do not necessarily have a research program in place are especially encouraged to apply.
They choose three projects in order of preference, from which one is chosen by the
faculty in charge. If there are many students who ask for the same project as their first
choice, the advisors are consulted. The students come to the University with their
projects already assigned. In their orientation, they meet with their advisors, who
summarize the project. They begin to work the next day.

The advisors are informed ahead of time that there are certain activities which the
students need to attend. These are the seminar series and the tour series. The seminar
series is presented by faculty in the MRSEC, some of whom are not advisors and work in
projects different than what the students are working. The faculty are advised that the
audience will be mostly undergraduates and that they must prepare the talk such that
people with only basic knowledge in the field will be able to understand it. Occasionally,
the talk may be accompanied by a mini-tour of the faculty’s laboratory. The purpose of
the tours is to introduce the students to how research is done at different laboratories and
how experiments with a small amount of sample are taken to industrial quantities.

The students have the opportunity to present their work twice as part of the
seminar series. They are given a seminar on how to present their results considering time
limitation. Many of the students have presented work before, but many have not
presented it under the strict time limitations required here or in any professional meeting.
Others have not presented at all. Generally, they have a poster and an oral presentation,
so they get to practice for both. In addition, they must present a final written report.
They are provided with a set of instructions on how to prepare the report, and in addition
are told to look into the articles they have read as references for additional style and
language requirements in their field. This helps not only the students, but also the
advisors, who get a write-up on the Summer research that can serve a student coming in
the fall to continue the work or to do related research.

Comments

At the end of the 10-week period, the students are given a series of questions
aimed at evaluating how successful the program has been. The purpose of this is to find
ways to improve on the offerings and if they have served the purpose we intended them
to serve. They are also encouraged to write telling us about their progress. Some
comments we have received during the years include (not exact citation):

“Idon’t know if I will go to graduate school or do research, but now I know what it
involves and will be able to make an informed decision.”



“Before coming to the program, I was in a program that really did not encourage me to
continue. After the program, I made my own program (approved by the dean), and feel 1
can continue now.”

“The tour (of NASA) inspired me to apply to NASA when I finished.”

“The tour of (Grace) industrial laboratory helped to see how things are scaled up. 1
thought that was ‘really cool’.”

“I had never presented anything in class. I am so nervous.” This student did a great
presentation. She appreciated the opportunity to do it.

Other students have told their friends about the program, and these have in turn
applied. In this last application pool, we received applications that referred to our
specific activities (the presentation of a report, the tours) as a reason for applying to
Maryland.
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Room Temperature Creep
of Pb-Sn and Sn-Ag-Cu Eutectic Solders

Assistant Prof Matthew C. Osborne
MIDN1/C Monica Hurley
Associate Prof. Angela L. Moran
Department of Mechanical Engineering
U.S. Naval Academy
Annapolis, MD 21402-5042

Key Words: Lead (Pb), Tin (Sn), Copper (Cu), Silver (Ag), Creep
Prerequsite Knowledge:

Objective: To provide the students with a fundamental understanding of time-temperature-load
behavior of materials and the creep behavior of two similar metal alloys.

Equipment: Wood and nails to build a frame, Solder, Dial Indicator, U-joint

Introduction:

When a metal or an alloy is under a constant load or stress, it may undergo a
progressive plastic deformation over a period of time. This time-dependent strain is called creep.
Creep occurs at different rates, the rate being dependent on the stress level, material properties,
and the application temperature. If a constant stress level is applied to a material, an increase in
temperature can increase the creep rate. This characteristic is termed as a thermally activated
process. Creep rate is also affected by the microstructure of the material, its prior processing and
mechanical history, and its composition. When considering long term applications such as steam
plants, nuclear power plants or gas turbine engines, it can be seen that creep rate is an extremely
important property of a material to understand, for it can be regulated and controlled by the
materials processing, environment, and application.

Creep tests are run to determine the creep rate of a material. These tests are either
run at a constant temperature with varying stresses, or at a constant stress with varying
temperatures. The change in length of the specimen over a period of time is plotted against time
increments, which is termed a creep curve (see Fig. 1). The slope of the creep curve is creep rate
of the material (de/dt). During primary creep, the metal strain-hardens to support the applied
load and the creep rate decrease with time as further strain hardening becomes more difficult.
During secondary creep, processes involving highly mobile dislocations counteract the strain
hardening so that the metal continues to elongate at a steady rate. During this stage the creep
resistance of the metal or alloy is the highest. Then for a constant-loaded specimen, the creep
rate accelerates in the tertiary stage of creep due to necking of the specimen and also to the
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formation of voids, particularly along grain boundaries. The complete time it takes for the
specimen to fracture is termed the rupture time. Either a higher stress of a higher temperature
reduces the rupture time and increases the creep rate. In essence, the creep test measures the
resistance of a material to deformation and failure when subjected to a static load below the yield
strength at an elevated temperature, or to a constant temperature at a varying stress. The
temperature at which creep becomes significant is generally considered to be approximately 0.4
Tm where T, is the absolute temperature so for lower melting point materials such as lead —tin
solders, creep can become an issue at room temperature.

The experimental tests described in this paper were designed to give quantitative results
which allow students to see room temperature changes in a commonly used material. This
experiment compares common solder materials with a new solder alternative, a mixture (alloy)
of tin, silver and copper. Figure 1 gives a typical creep curve of strain vs time.

Common lead (Pb)- tin (Sn) solder can be found in a range of mass fractions of Pb and
Sn. This study used 38% Pb by mass and 62% Sn by mass which results in a single melting
point of 183°C. The lead free alloy tin (Sn)-silver (Ag)-copper (Cu) is a combination of 95% Sn
by mass, 4% Ag by mass and the remainder is Cu. The Sn-Ag-Cu alloy has a melting point of
219°C.
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Figurel. Example Creep Curve with Labeled Regions
Experimental Methods:
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The Sn-Ag-Cu alloy was provided by OMG. The Pb-Sn was manufactured at USNA by
melting Pb and Sn pellets mixed in the appropriate mass fractions. Melting was done in a small
crucible in a furnace at 400°C to produce ingots which were subsequently cut into %” thick
blocks measuring 1”x 2” in size. The cut blocks were rolled (or pressed) to a 1/16” thick 3’ long

strip approximately 1 ¥4 wide. These were then punch cut according ASTM D 1708 to form the
specimens shown in Figure 2.

Figure 2. Cut Sn-Ag-Cu Tensile Specimens

The specimen is hung from a frame using special fixtures to allow for application of the
load and to prevent the specimen from slipping as shown in Figure 3. The grip is made of
aluminum, the pins are made of brass which prevent the specimen from sliding out of the grips.
The thumb screws and steel strip inserts apply pressure to the wide flat face of the specimen so
that the soft solder is not pulled by the brass pins.
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Figure 3. Specimen Mounting in Grip Fixture.
The complete experimental set-up, with grip fixtures at both ends of the specimen, is
shown in Figure 4. The upper grip fixture is connected to a small U-joint to prevent specimen
bending. The entire load is aligned parallel to the long axis of the specimen. The lower grip
fixture is attached to an aluminum hangar for the weights. The hangar is composed of a threaded

rod dtid a disc with a threaded hole in its center. The hangar hangs free in space. The weight of
the bottom grip fixture and hangar is 1.8 Ibs.
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Figure 4. Creep Experiment in Test Frame

To measure deflection, a dial indicator is mounted next to the hanging specimen as seen
in Figure 3 or directly above the weight as seen in Figure 4. Rigorous experimentation would
not measure deflection in such a manner since errors are inherent when not measuring directly
from a gage section. For demonstration purposes, the errors are considered unimportant but can
be discussed as follows. These errors are minimized for this type of material since creep is
essentially non-existent in the Al parts as they are operating at 0.314 times the melting point
while the Sn-Ag-Cu and Pb-Sn solders are at 0.596 times and 0.643 times, respectively, their
melting points. Generally in materials, the closer one comes to the melting point the softer and
more easily a material will deform. The only true error will be the deflection measured from the
fillet section as the gage section transitions to the clamping section. This error is expected to be
small since the gage section is much larger than the filleted sections.

Procedure and Results:

The specimens were mounted as described above and data was recorded at different
intervals depending upon the time to failure. The specimen loadings were 30 and 20 Ibs. for the
Sn-Ag-Cu solder and 20, 10 and 5 1bs. for the Pb-Sn solder. All tests were performed at room
temperature." Typical results are presented in Figure 5 thru 7. Figure 8 has images of the failed
specimens.

! A walk in freezer can provide low temperature effects and a Plexiglas enclosure with a small heater can provide 2
higher temperature effect.
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Figure 5. Creep Strain vs. Time for Pb-Sn solder at Room Temperature (20°C)

Figure 6. Creep Strain vs. Time for Pb-Sn solder at Room Temperature (20°C) (Expanded view

of Figure 5)



Figure 8. Creep Strain vs. Time for Sn-Ag-Cu solder at Room Temperature (20°C)



As can be seen 1n these figures, two different solders with close melting points have very
different creep behaviors. Also by examining Figures 5-8, one can see that the steady state creep
rate increases as loading increases, the slope is higher. The Pb-Sn failed the quicker than the Sn-
Ag-Cu solder but it had much greater deformation. This effect can also be seen by examining
the failed specimens in Figure 9.

Figure 9. Creep Specimens after failure at 20 Ib. loading and at Room Temperature (20°C)

Summary:

This experiment was designed to provide the students with a fundamental understanding
of the time-temperature-load behavior of materials and the creep behavior of two similar metal
alloys. It is hoped that the students will take note of the following:

- When a metal or an alloy is under a constant load or stress, it may undergo a
progressive plastic deformation (creep) over a period of time.

- Creep occurs at different rates, the rate being dependent on the stress level, the
material properties, and the application temperature.

- For constant — stress tests, alloys having different melting temperatures will exhibit
different strain — time behavior.
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Windmill-Powered, Propeller-Driven Boat Design-Build Engineering Project

CDR Matthew A. Carr, USNR '
Mechanical Engineering Department, United States Naval Academy, Annapolis, MD 21402

Abstract: This engineenng project answers the question: “Can a boat use wind power to
propel itself directly into the wind?” The solution is a model boat with a windmill mounted on it
that is connected to a propeller that, in turn, propels the boat. This project is designed as a
team competition and is suitable for students ranging from high school physics through college-
level engineering students. Concepts taught and/or reinforced by this design-build experience
include: fluid statics, buoyancy and stability; strength of materials; machinery design, friction,
and power transmission; and fluid drag resistance of various shapes. This article is structured to
provide a general overview of the supporting theory and key terminology, resources for
additional information, project rules for the student teams, and a supplies list for executing this
project. Where possible, the references cited are commonly available at public or larger high
school libraries.

Introduction: Anyone with sailing experience knows that a sailboat cannot sail directly into the
wind. However, can a boat use wind power to propel itself directly into the wind? The answer is
“‘yes,” if properly designed and constructed, and can be done on a model scale with the skills of
most college-track high school students.

Project Considerations:

Facilities. This project requires access to a body of water of sufficient depth to aliow the boat
propellers to clear the bottom and of sufficient length to allow a reasonable run. This is easily
met by an in-ground swimming pool, but can also be conducted in self-supporting, shallow,
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plastic pools with a recommended length of at least six feet and a depth of at least six inches. A
multi-speed fan (large desk-top, box, or pedestal fan) provides the “wind.” Electric power for the
fan is necessary. Students need to be informed of the dimensions of the pool for consideration
in their design. The length of the required run must be adjusted for the available facility, but a
run of at least three feet is recommended for scoring purposes.

Materials. Materials for the boat hulls may either be provided in a kit form or left to the students’
resourcefulness. Suitable materials for the hulls may be wood (balsa or construction lumber),
plastic (soft drink bottles or PVC pipe sections from a plumbing supply store), or foam
(Styrofoam or other insulation boards from a building supply store). Materials for the rest of the
boat structure typically include wood dowels, coat hanger wire, and cardboard. The windmill and
propeller are typically made from soft drink cans, balsa wood sheets, Venetian blind slats, and
pre-molded plastic fan blades and model airplane or boat propellers. Power transmission is
typically via a straight steel rod, with threaded ends, mounted on an angle such that the windmitl
is on one end and the propeller is on the other. The rod may include small bearings or plastic or
Tefion tubing bushings to reduce friction. Other useful materials include graphite powder, duct
tape, super glue, and a plumber’s epoxy stick. (Plumber’s epoxy is clay-like and is hand-molded
into the desired shape. The action of kneading the clay sets off a rapid curing process.) The
material cost to build each boat should be less than $15 to $20, if materials such as foam are
purchased in sheets and cut down to blocks and provided, recycled materials such as wire coat
hangers or soft drink containers are used, and excluding tools.

Tools. This project may be constructed with hobby craft hand tools that include a small hammer
and various punches (nails are a suitable substitute), tin snips, coping saw, razor knife, wire
cutters/pliers, sand paper and a sanding block. A hand-held power drill and various small dritl
bits are helpful, but not necessary if foam is used for the hulls. If construction lumber were used,
then access to a band saw or scroll saw would be helpful.

Safety. The fan must be located adjacent to the pool. The fan must be restrained from falling
into the water. Electric power for the fan should be provided via a ground-fault interrupting
circuit breaker or extension cord. The extension cord should be kept dry.

Terminology and Definitions:
Boat. Also known as a "vessel.”
Hull - The “body” of a boat.

Catamaran — A boat with two parallel hulls aligned in the direction of motion. Note that most
of the designs will probably be catamarans.

Trimaran — A boat with three parallel hulls aligned in the direction of motion; the center hull
typically being tonger than the other two.

Bow — The front of the hull.
Stem - The rear end of the hull.
Aft — Toward the stemn of the vessel.

Displacement — The weight of the entire vessel. Archimede's Principle states that a floating
object displaces a volume of fluid that will weigh the same as the floating object.

Propeller. Good visual aids for a boat propeller are either a set of fan btades from a desk fan or
a small boat propeller from a marine parts store. '

Propeller — A propeller is analogous to a screw and “advances” through the fluid in much the
same way as a screw advances through wood. The typical propeller used on boats is a
multi-blade screw propeller with two, three, or (sometimes) four or more blades (Naval
vessels typically have five or more blades on their propellers). The blades attach to the
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“hub” of the propeller. The hub is connected to the propeller “shaft.”

Blade — Each blade attaches to the hub at its ‘root.” The opposite end is called the “tip.” The
‘face” is the blade surface generating pressure. The “back” is the surface opposite the
face. Suction is generated on the back of the blade.

Blade Angle — Also known as the “pitch angle.” The angle measured between the blade, at
some radius from the hub, and a line perpendicular to the shaft. If the blade angle is zero
degrees, then no pressure is generated on the blade face and no thrust is produced as
the propeller rotates. if the blade angle is 90 degrees, then ali the pressure is directed
sideways and not aft.

Pitch — The axial distance that the propeller theoretically advances in one revolution. The
pitch of a “fixed pitch” propeller can not be changed during operation. A “controllable
pitch” propeller can be changed during operation, such as with a turboprop airplane. A
solid propeller (one piece) may also be classified as “constant pitch” or “variable pitch.” A
constant pitch propeller has the same blade angle at each radius away from the hub.
The blade angle is different at each radius for a variable pitch propeller.

Slip — The difference between the theoretical and actual advance per propeller revolution.
(This effect will be addressed in the actuator disc theory discussion.)

Design Rules: (instructor to adapt as necessary) Each team shall design and build its own
boat. Total length shall not exceed XX inches (instructor specify, recommend 30). Width and
height limitations are XX and XX (instructor specify; USNA chose the dimensions to fit inside an
available display cabinet). Power transmission from the windmill to the propeller may
incorporate direct-drive, gears or belt drives, with or without speed reduction. There is no limit
on the choice of materials, but the total material expenditure, including sales tax paid, shall not
exceed $XX (instructor specify) for the team. Note - if larger quantities are procured and only a
portion used, the total cost of the item shall be counted. Free or scrap materials may be
obtained from XX (instructor suggest sources such as local technical support shop or other
sources), but the owner's permission is required to use any free materials not retrieved from
scrap or recycling containers. Remember that the top finishing boats will be placed on display,
so that the boats and their component parts will not be returned. Expenses shall be shown on a
spreadsheet and included as an enclosure to the design report. Receipts shall be maintained
and copies turned in as an enclosure to the design report.

Competition Rules: (Instructor to adapt as necessary) A static tank (describe the tank) will be
used for the competition and will be available (instructor’s judgment) for preliminary testing. A
multiple speed fan (instructor describe the fan) will be provided and placed adjacent to the tank.
Each team may set the speed of the fan for their run. The speed and direction of the fan many
not be changed during the run. The team may add a nozzle to the fan (typically duct-taped
cardboard), but once placed the nozzle may not be removed during the run. The boat may be
placed at any location, s;, not touching the walls. The run time will start when the boat is
released at s;. The time will stop when the boat crosses s;, as measured by a string stretched
perpendicularly across the tank (or contact with the tank wall or as viewed by a judge, at the
instructor's option). Two runs may be made on the day of the competition. The boat may be
modified between runs, but all modifications must be accomplished and subsequent run
completed within the class period. The best score of the two runs will be the score for the
competition. If As < 3 ft, the grade isa D. Ift < 5 sec, the grade is a D. If the boat capsizes
twice, the grade is a D.
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Contest Scoring: The team's score is based primarily upon the performance factor, G. The
value of G is determined from the following equation.

G=100"(s; -s)/t=100*As/t

Where, t =time of travel (seconds); must be greater than 5
s; = initial distance from the reference point (ft)
sy = final distance from the reference point (ft)

As = §; - §¢ (ft); must be > 3 ft

Each team shall submit a design report and their lessons learned in memorandum format for the
balance of the grade on this project (See Reporting Requirements section, below).

Construction Pointers to Students: Hulls have been made from foam blocks, plastic bottles,
PVC pipe, and balsa wood. Propeller shapes have been purchased, or fabricated from scrap
aluminum or tin can lids. This project can be built with common hand tools. Students may find
tin snips useful in fabricating propeller shapes. Good [ocal sources of materials for this project
include hardware stores, arts and crafts/hobby stores, and marine parts stores. Students may
find it advantageous to tour these types of stores with a concept in mind in order to get ideas on
materials and shapes available to facilitate boat construction. Bearings, should they be desired,
are available on-line from model parts companies (Small Parts Inc., Boca Bearings, et. al.).

Key concepts to consider in your plan include drag of both the air and the water on your boat
and friction in the machinery components. Also consider what happens to the drag and
propeller/windmill forces when the boat starts to turn.

Preliminary testing, well in advance of the competition, is vital to achieving the optimum
performance from your vessel. Plan on adjusting or even rebuilding your team’s vesself from
what you will learn from a properly conducted series of tests.

Reporting Requirements: (Instructor adapt) (1) Four weeks prior to the competition, submit a
concept sketch of what your team intends to build. (2) Two weeks prior to the competition, each
team provide a written progress report of what you have done and describe your plan to
complete and test your entry prior to the day of the competition. (3) On the day of the
competition, each team is to submit a design report in memorandum format describing your
vessel, how it is constructed, and how it was tested. Include the financial spreadsheet as an
enclosure. (4) Within the week following the competition, provide lessons learned from this
experience by each person on the team and specifically answer what you would do differently
given the opportunity to do it over again.

Prizes and Awards: (Instructor adapt) The total score of this competition is worth XX. (Also
suggested) The instructor will treat the top place team to dinner. The top team from each class
will have their boat and team photograph placed on dispiay.

Theory and Derivation:

W. J. M. Rankine (1869) and R. E. Froude (1889) applied momentum theory to
conceptualize the ideal propeller. The propeller was modeled as an actuator disk or mechanism
that imparted an increase in pressure to the fluid passing through its cross-sectional area. The
theory ignores how this increase in pressure is achieved. We know that fluid flows in response
to a pressure gradient, thus the propeller and windmill terms can also be looked at using
upstream and downstream velocities. Applying actuator disc theory for both the propeller and
the windmill, the propeller equations are written in terms of the axial “interference factor,” a,

a=%[V,/V,-1) (1)

where, V, is the water entry speed relative to the propeller's plane, and
V, is the water exit (wake) speed relative to the propeller's plane.

In other words, the change in velocity of the water entering and exiting the propeller's control
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volume is directly related to the interference factor.
The thrust, T, is
T=2ApV?*(1+a)a (2)

where, A is the propeller circumscribed area,
D is the water density, and
V is the velocity of the vessel (Note that V; =V, see Equation 1).

The power absorbed, P, is

P=2Ap\V®(1+a)a (3)

The efficiency is the ratio of useful work obtained to the work expended.
n=TV/P=1/(1+a) (4)

Similar relations can be set up for the windmill. The power generated is
Puw = 2 Aw pw (U+V)? (1-a4)? &y, (5)

where, U is the wind velocity,
(U+V) is the relative velocity of the wind to the vessel (and to the windmill),
A, is the windmill area,
D,, is the air density.

and the windmill's drag, Dy is

Dw= 2A,pw (U"'V)z (1-aw) aw (6)
and the windmill interference factor is
a, = %2 [1 - (Ua+V)I(U+V)] (7)

where, U; +V is the relative leaving velocity.
If the boat is in steady motion, the forces must balance, so that
Propeller Thrust = Windmill Drag + Air Drag on Hull + Water Drag on Hull (8)

Assuming that the hull is low riding so that the air drag is negligible as compared to the windmill
drag (this is really important to the success of the boat), we can now consider whether the boat
can travel against the wind, i.e., whether V>0 is possible. For the limiting case, V=0, there is
also no water drag and the combination of (2) and (6) then yields the force balance.

2ApV2(1+a)a= 2 A, pw (U+VY (1-a,) aw (9)

Furthermore, if the power generated is fed into the propeller neglecting friction and actual
inefficiencies, then equations (3) and (5) may be equated to yield

2Ap VP (1+a) a= 2 A, pu (U+V)’ (1-3,)° au (10)
Dividing (10) by (9) resuits in

V (1+a) = (U+V) (1-a,) (11
or
V = (U+V) [(1-aw) / (1+a)] (12)
Since the ranges of the interference ratios are
O<a,<% and O<a<w (13)

V>0 is possible.
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For the theoretical optimum windmill condition, a = 1/3, so that
V=2U/ (3a+1) (14)

in the absence of drag or inefficiencies. The necessary propeller/windmiil area ratio can be
estimated from

AJA, = [pu/p] [(1+a)/a] [a/(1-aw)] (15)
where, for a,, = 1/3 and p,/p = 1833, then the area ratio is
AJA,, = [1/1700] [p(1+a)/a] (16)

Since reasonable values of “a” are on the order of a = %%, a fairly large area ratio is indicated.
This reduces to a diameter ratio of about 23.8.

Now, we know that there are a variety of windmill designs and not all of them will posses the
same efficiency. For windmills, the efficiency term is called the power coefficient, C,

C; = Pactual / Pigea = 48, (1'aw)2 (17)

The power coefficient of an ideal wind machine rotor varies with the ratio of blade tip speed to
free-flow wind-stream speed and approaches the maximum of 0.593 when this ratio reaches a
value of 5 or 6 and coincides with a,, = 1/3.

Supplementary Reading:
The following references apply to this specific project.
Experiment #37, Experiments in Fluid Mechanics, R. A. Granger, 1988.

Engineering Applications of Fluid Mechanics, Hunsaker & Rightmire, McGraw Hill, 1947, pp.
382-383.

The following reference provides useful background information for various aspects of this
project. Annotations describe the content used in this project.

Marks Standard Handbook for Mechanical Engineers, 10" Ed, Avallone & Baumeister, 1996.
Section 3.2 - discusses friction.
Section 3.3 - discusses vessel stability.
Section 9.1 - discusses wind power.
Section 11.3 - provides ship and propeller taxonomy.
Section 11.5 - discusses actuator disc theory and airplane propellers.

Students may also find useful books on wind-powered machines under the wind energy,
aiternative energy, or renewable energy key words.
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Experiments for First Year Engineering Students Using Sn-Bi Alloys
Mark A. Palmer!, Kurt Wainwright, Lung C. Fok, Benjamin Jones
Virginia Commonwealth University

Abstract

An introductory course, the completion of which will enable first year students to make design
decisions based on experimental data and using their knowledge of structure and processing
identify possible alternative materials has been developed at VCU and RPI. The order of topics
selected for this course is based on the paradigm that Processing effects Structure which effects
Properties which in turn determines Performance and is the basis for design. To make this course
successful laboratory experiments and hands-on exercises have been incorporated into the studio-
based recitation which is the key learning experience. Alloys based on Sn and Bi have been used to
demonstrate eutectic melting and diffusion in the solid and liquid states

. validate the Sn-Bi phase diagram through determination of the amount of proeutectic
constituent,

. demonstrate coarsening of second phase particles,

. demonstrate sintering using Sn-Bi solder paste,

. and demonstrate grain growth using Sn.

The success of these experiments/demonstrations and how they were integrated into a course
without a separate lab or lab grade will be discussed.

This was funded by the National Science Foundatiord CCLI Program
Introduction

A second semester first-year course, Applied Materials Science (or Materials Chemistry II) was
taught at Virginia Commonwealth University. This course evolved out of a course originally
developed at Rensselaer Polythechnic Institute. The course seeks to respond to several of the
criticisms regarding freshman engineering education specifically, that much of the dissatisfaction
and disinterest in engineering occurs during the first two years of an engineer8 education when
they are exposed to the scientific concepts they will apply during their careers’. These criticisms
include,

1. A vast majority of engineering students who described the quality of teaching as
poor overall, and that the focus on weed-out objectives and use of poor teaching
practices in the first two years had given them a shaky foundation for higher level
work.

2. A lack of student-teacher dialogue, which was perceived to reflect faculty
indifference. Large classes which are mainly one-way lectures, compared
unfavorably to the high school experiences of many students. Recitations taught by
non-faculty did not adequately address this.

3. A disjointed laboratory experience frequently annoyed students as did cook-book
laboratory exercises which were perceived as busy work?.
4, An ineffective use of instructional technology.

The typical experience therefore is inappropriate for beginning engineering students. Bloom, a
noted educational specialist identified a hierarchy of educational levels, each one required to the
next, and each higher level being more rewarding®. The first four of these of these are

"Now at Kettering University
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Knowledge (memorization of facts),

Comprehension (restating learned facts),

Application (simple one-step application of abstract concepts),
Analysis (breaking down a problem into parts and solving it),

W

The large introductory courses characterized by the criticisms mentioned earlier focus on the first
three levels. Consider however, that first graders learn at the knowledge level, fourth graders at the
comprehension level, junior high school students at the application level and high schoolers at the
analysis level in English and social studies courses. One cannot be surprised that college students
do not respond well to being treated like children.

The course description for our course is: The students will learn how to specify materials for a given
performance criterion based on experimental date. Mechanical, chemical (corrosion) and electrical
property-performance issues will be discussed, as will the fundamental scientific principles needed

to understand how structure and processing effects these properties *, In order to do this students
need to be exposed to the interplay between processing, structure, properties and performance.
There are two approaches to presenting this material, the tetrahedral ® and the chain® approaches as
shown below.

Performance
presented that processing affects structure,
\ l / structure affects properties and ultimately
Properties performance.
Figure 1: Tetrahedral approach where the
constant interplay of performance, properties,
structure and processing are emphasized.

We feel that the chain approach is the most pedagogically sound and therefore present the material
in the following order: Structure —> Processing —> Property-Performance Relationships. One cannot
tell students how structure is changed without first describing structure and therefore a discussion

of structure must precede processing. Once these two issues are covered the students can spend the

last one-half of the course applying the theory.

To successfully do this we integrated the laboratory into the course, expanding upon earlier work’,
and identified a set of experiments and demonstrations to enhance the discussion of phase diagrams
(structure), coarsening, sintering and grain growth (processing). Because Sn and Bi are low melting
temperature metals all of the experiments could be performed on a hot plate®.

Experiments and Demonstrations
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The following experiments and demonstrations were developed and fully integrated into the course.
Structure
Phase Diagrams
Demonstration of Melting Point Depression
Estimation of Relative Amount of ProEutectic Constituent

Processing
Grain Growth of Sn

Coarsening of ProEutectic Constituent
Sintering of Eutectic Sn-Bi Solder Paste

Melting Point Depression

As shown in the phase diagram on the right Sn and Bi both have melting temperatures above 200°C
and a eutectic at 585n-42Bi and 138°C®. Thus when placed on a hot-plate at 200°C chunks of Sn and
Bi will not melt. However, when placed in contact diffusion occurs and a liquid forms at the
interface. Then melting occurs quickly. Once the alloy is completely mixed, it readily melts at 200°C.
Because Sn and Bi have comparable densities equal size chunks can be used.

Following the demonstration the students were asked the following question on the second test.
When two different (oxide-free) metals are placed on a hot-plate ot a temperature below the melting
point of either material they will not melt. Yet when placed in contact with each other a liquid forms
at the point of contact, and then the metals melt more rapidly. Explain both observations. At least
80% of the students were able to explain that the mixing of atoms caused melting point depression,
and about 35% of the students were able to explain that once liquid formed diffusion occurred more
rapidly. :

Estimation of Relative Amount of ProEutectic Constituent

Determining the amount of proeutectic constituent is a challenge to most students, however during
solidification the proeutectic constituent is the most recognizeable. Students were told to prepare a
Sn-Bi alloy, measure the amount of proeutectic and compare it to that predicted by the phase
diagram as part of the homework assignment. An internet tip was written to guide them through
the process should they have trouble. In addition in class they were assigned a team problem to
estimate the proeutectic,

Representative Micrographs Showing Proeutectic Constituent in Sn-Bi Alloys

. e
' K E]

Note the proeutectic is fairly easy to spot.
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Grain Growth of Sn

Since Sn melts at 232°C grain growth will occur quite rapidly at 200°C which is 94% of the melting
point. Sn can be melted readily on the hot-plate, cooled quickly and the grain boundaries can be
exposed using very dilute nitric acid. The Sn was placed in a furnace, although a conventional
toaster oven could have been used, for periods between 1 and 4 hours. Results of one experiment are
shown below.

Grain Growth of Sn at 200°C for 4 Hours

Appreciable grain growth is evident after a short time period.

Coarsening of ProEutectic Constituent

The proeutectic constituent will coarsen at 100°C, students took an initial micrograph and processed
the material for up to two hours. Results of one experiment are shown below.

Coarsening of Proeutectic After 90 Minutes at 100°C

It is evident that the size of the particles has increased.
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Sintering of Solder Paste

Eutectic Sn-Bi solder paste is readily available from a number of commercial sources. Prior work
has demonstrated that it is possible to sinter solder pastes at low temperatures *'°, It is important
that to use paste and not powder as the flux will prevent the material from oxidizing. Students took
an initial micrograph and then placed the solder paste on the hot plate for up to 3 hours. Results of
one experiment are shown below.

Sintering of Sn-Bi Solder Paste at 100°C for 90 Minutes

Note that after 90 minutes it is evident that extensive necking has occurred and pores have begun
to form.

Discussion

Students were required to answer questions about the laboratory experiments on homework,
quizzes, tests and the final examination. To assist them on homework a series of internet tips was
provided so that they could work outside of class".

Structure Experiments

Graded performance records demonstrate that the students mastered the reading of phase diagrams
with roughly one-half of the students being able to caleulate the amount of proeutectic. 50% of the
students were able to explain why a 1040 steel would be more fatigue resistant than a 1077 because
of the presence of proeutectoid ferrite when asked on the final examination. When asked to rate
how well the following learning objective was satisfied, To understand how multiphase systems are
formed, and predict the material properties of such systems the students rating was: (3.8+0.8)/5.0.

Procesging Experiments

Students chose to complete one of the three processing experiments described and were required to
analyze their data as part of the following homework assignment. However, nothing can quantify
the excitement expressed by the students when they realized that solid state motion had occurred.
This confirmed to them that surface energy does exist and that once sufficient energy is provided
for atomic motion the microstructure will evolve to minimize surface area.
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Graded performance records demonstrate that on the following test over 50% of the students could
explain coarsening, grain growth, and annealing and the effect on mechanical properties. On the
final examination students were able to explain sintering, but did net make the connection to small
grain size. When asked to rate how well the following learning objective was satisfied, To
understand, the principles of material processing and how processing effects structure the students
rating was: (4.2+0.8)/5.0.

Conclusion

This set of simple and inexpensive experiments can be used to teach students two of the most
difficult topics in introductory materials science courses. Following a suggestion by reviewers of the
assessment package, student teams will present their results to the class at the end of the term.

This will allow them to demonstrate their communication skills and help them prepare for the final
examination.
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Formation and Conversion of Calcium Phosphates-
A Novel Approach to Prevent Cavities and Dentin Sensitivity

Ming S. Tung
American Dental Association Health Foundation
Paffenbarger Research Center
National Institute of Standards and Technology
Gaithersburg, MD 20899

Key Words: Amorphous calcium phosphate, Apatite, Cavities, Dentin sensitivity, Gel,
Carbonate.

Prerequisite Knowledge: General Chemistry.

Objective; To demonstrate the chemical principle of a novel approach to prevent cavities and
dentin sensitivity.

Materials:

1. One mL of calcium chloride solution (1.5 mol/L) and one mL of dipotassium hydrogen
phosphate solution (1 mol/L).

2. One mL of 33 mmol/L of calcium chloride and 50.6 mmol/L of acetic acid at pH of 2.5
and one mL of 50.6 mmol/L of potassium carbonate, 7.4 mmoVl/L of potassium dihydrogen
phosphate and 12.6 mmol/L of phosphoric acid at pH 0f 9.7.

Introduction:

About 95 percent of the tooth enamel is inorganic calcium phosphate crystal,
known as apatite. Dental cavities and dentin sensitivity are due to the dissolution or loss of the
apatite crystal, demineralization. To prevent and heal these problems, the tooth mineral is
deposited back to where it is lost by a novel process of rapid remineralization, the
recrystallization of apatite. This is accomplished with a new, clinically feasible method: rapid
formation on and in the tooth of amorphous calcium phosphates, which then crystallize to
apatite slowly after application.' The highly concentrated calcium phosphate solutions are
applied in two ways: two-step gel and one-step carbonated mouth rinse. Two-step application
forms the calcium phosphate gel on the tooth by applying a calcium solution on the tooth
followed by applying a phosphate solution. The one-step application rinses a carbonated
calcium phosphate which is mixed before application.

107



Chemical Reactions:?

1. Two-step gel application.

When a highly concentrated calcium chloride solution (1.5 mol/L) is mixed with a highly
concentrated potassium phosphate solution (1 mol/L) at high pH (pH = 9.5), the initial phase
formed is a gel of calcium phosphate, which then converts to the apatite through an
intermediary of amorphous calcium phosphate.

3 CaCl, + 2 K3PO4 + y HyO — (Caz (POy)2),oyH0 (gel) + 6 KCI
(Ca3 (POs)2)x®yH20 (gel) — Ca; (PO4),03H,0 (ACP) + (v-3) H,0
5 Ca3 (POy4),»3H,0(ACP) — 3 Cas (PO4)3(OH)(apatite) + HyPO4+12H,0

2. One-step carbonated calcium phosphate solution application.

Two solutions are mixed and then used as mouth rinse. One contains 33 mmol/L of calcium
chloride and 50.6 mmol/L of acetic acid at pH of 2.5, and the other contains 50.6 mmol/L of
potassium carbonate, 7.4 mmol/L of potassium dihydrogen phosphate and 12.6 mmol/L of
phosphoric acid at pH of 9.7. Both solutions are stable under atmospheric pressure. Upon
mixing, a carbonated calcium phosphate solution is formed; this solution is highly
supersaturated with respect to the carbon dioxide and the calcium phosphate. As carbon
dioxide evaporates, which is the same as removal of carbonic acid, the pH of the applied
solution increases and the amorphous calcium phosphates precipitate rapidly, and then converts
to tooth mineral. The reaction can be observed visually in one minute.

3CaCly+2KHPO4+2K,CO3+ HyO — Cas(PO4)203H,0(ACP) + CO, T
5Ca3(P04),93H,0(ACP)—3Cas (PO4)3(OH) (apatite) +H3;PO4+ 12H,0

Demonstration:

1. Two-step gel application.

Two solutions will be mixed: one contains calcium, and the other contains phosphate. The
mixing of the two solutions initially induces the formation of calcium phosphate gel within
seconds. The gel will precipitate as amorphous calcium phosphate, which then converts to
apatite, the tooth mineral. The reaction can be observed visually in one minute.

2. One-step carbonated calcium phosphate solution application.

Two solutions will be mixed: one contains calcium and the other contains phosphate and
carbonate. Upon mixing, a highly saturated carbonated mouth rinse is formed. As carbon
dioxide evaporates (as in carbonated beverages and beers), the pH of the applied solution
increases and the amorphous calcium phosphate precipitates rapidly and then converts to
apatite. The reaction can be observed visually in one minute. The evaporation and the pressure
of carbon dioxide can be observed and felt.
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Comments:

The dissolution of tooth mineral by acids produced by bacteria fermentation in the mouth
causes destruction of the dental enamel and dentin. The calcium and phosphate ions in saliva
continuously remineralize the tooth, thus repairing this demineralization. When
demineralization is faster than remineralization, cavities occur. In vitro studies’ show that
increases in remineralization can reverse the cavities. Unfortunately, this repair takes months
since the direct crystal growth of tooth mineral is a very slow process. The clinically feasible
remineralization is accomplished by rapid deposition of amorphous calcium phosphate on and
in the tooth which then converts to the tooth mineral after application.
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Gurrent Research Topics/Faculty

.
o Plastics and Gomposite Materials

o Lightwelght Alloys
o Processing

o Dr. P. K. Mallick
o DI G. T. Kridli
o Dr. P. Mohanty



Plastics and Composite Materials
.
o Fatigue Behavior of Thermoplastics and Related

Composites
o Long-Term Behavior of Fuel Tank Plastics
o Low-Velocity Impact Damage

¢ Fatigue Resistant Joints in Automotive
Composites

¢ Grush-Resistant Composite and Metal/Composite
Structures



Lightwelght Alloys

.
o Deformation Characteristics of A 9754

o Thermo-Mechanical Treatment of AR 6061

o Fatigue of Self-Piercing Riveted Joints in
Aluminum Alloys

o Forming Characteristics of Metal/Plastic
Sandwich Panels

o Corrosion Behavior of Aluminum and Magnesium
Alloys




LTl

|
o Hydroforming: Simulation and Experiments

o Forming of Tailor-Welded Bianks: Simulation and
Fatigue Characteristics

o Rapid Prototyping hy Spray Forming and
Solidification

o Dimensional Gontrol in Injection Molding

e Press Forming of Thermoplastic Matrix
Composites

¢ Flament Winding of Thermoplastic Matrix
Composites
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Press forming (Stamping) of Thermoplastic
Matrix Composites

o Thermoplastic Composite Beams and Tubes for
Autometive Applications

L Jl,
N

Stamping Press Materials Testing Machine
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Press Formed Beams and Tuhes

Press Formed Sections

Vibration Welded
Sections
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o Filament Winding and Joining of Composite Tubes for
Rutomotive Space Frame Structures

o Filament Winding of Composite and Metal/Compesite
Tuhes for Crush Resistant Automotive Frame Rails




Tube Hydroforming

A. Roof Headers B. Instrument Panel Supports C. Radiator
Supports D. Engine Cradles E. Roof Rails F. Frame Rails. In
addition: Cross Car Beams - Headers * A,B,C Pillars - Seat

Frames - Roll Bars - Control Arms (courtesy of Vari-form)



Tuhe Hydroforming

Objectives: it e | | icknens D
o Study (both analytically as well as | Jalthickness| | Shabe
experimentally) the effects of die
geometry, material properties,
and frictional characteristics on
the quality of hydroformed
components, such as corner
filling, thickness distribution and

cracking.

@ Develop f_or_mablllty | Dic o
characteristics of tube materials Geometry Friction
. arting line
for hydroforming processes. Materia contact
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Fatigue of SPR Joints in 6111Alloy

Max. Fatigue Load / Static Peak Load

90%

80% |
70%
60%
50%
40%

30%

20%

10,000

100,000 1,000,000

No. of Cycles to Faiture

10,000,000

2-mm thick sheet,
5-mm dia. rivet

1-mm thick sheet,
3-mm dia. rivet
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Outline

Natural Trend Towards Smaller Scales

MicroElectroMechanical Systems and Nanotechnology

— Building blocks: Science and Technology

— Assembly: Forming Useful Devices

— Applications of MEMS and Nanotechnology

Implications on Education, Industry, and Research



3cl

Scale of a device is set by its task

Transportation: human scale
Biology: cellular scale
Chemistry: molecular scale
Physics: atomic scale

Information

— Processing

e Microelectronics: Double number of transistors / chip every 18 months
(Moore’s Law)

— Gathering

o Temperature, Force, Acceleration, Chemical composition sensors
— Storage

e Magnetic storage: minimum area to store 1 bit of information
— Transmission

o Optical (fiber), RF (antenna), Electrical (wire)



Impact of smaller scales

e Fabrication technology and characterization tools
— Manipulate nanoscale elements
— Measure their characteristics
— Reproducibility and tolerances
— Assemble and connect with the macro-world

¢ [Increased surface area/ volume ratio
— Dominant forces change
— Requiring new design principles
— Signal-to-noise ratio

¢ Quantum effects at nanoscale

= Leveraged to accomplish unprecedented functionality
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Building Blocks

Nature’s Elements

— Atoms

— Molecuies

— Cells

Nanoscale components
~ Nanoparticles

— Nanotubes
Microfabrication

— Lithography

— Thin films
Fabrication from Bulk
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o 1991: multi-wall |

nanotubes were
discovered in the
deposits of carbon arc

discharge.
liiima, Nature 354, 56 (1991)

1993: single-wall

nanotubes.
lijima et al. Nature 363, 603
(1993)

1995: large scale
synthesis of single-
wall nanotubes by
laser ablation of

graphite.

Smalley et al, Chem. Phys, Lett,
243, 49 (1995); Science 273,
483 (1996)
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From Smalley website, Rice U.




(from Tubes@Rice)

Scanning Tunneling Microscope
(STM) image of a SWNT on the
surface of a rope.

(Lieber group)
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Size: Nanostructures with dimensions of ~1 nm diameter (~10

atoms around the cylinder)

Electronic Properties: Can be either metallic or
semiconducting depending on diameter and orientation of the
hexagons.

Mechanical: very high strength and modulus Good properties
on Compression

Physics
— 1 D density of electronic states
— Single molecule * transport properties Ballistic transport
— Junctions
— Heat pipe and electromagnetic pipe
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Rayvleigh scattering spectra of a single thick bundle

Intensity

3-5c3
Y ¢ Metallic

Semiconducting

's vl cl

Intensity

Polarization Dependence

'y

400

500

600 700 800
Wavelength (nm)

v3 c3
4’

Rayleigh scattering spectrum
exhibits resonance peaks due
to interband transitions,
whose dipoles are shown to
be parallel to nanotube axis.

Louis Brus, Chem. Columbia U.
Z. Yuand L. Brus, J. Phys. Chem. B105,
1123 (2001).
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Assembly: Forming Useful Systems

Microfabrication: deposition and patterning at the micron
scale

— Semiconductor processing for integrated circuits (IC), based on Optical
lithography and thin film deposition

Guided assembly of nanoscale elements
— Individually placing atoms using AFM

Self-assembly
— Self-assembled atomic monolayer
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MEMS technology: down to the micron scale

Micro
Electro
Mechanical
Systems

Grown to encompass

Small scale: micron size features
Electricity and / or electronics
Moving parts

Integrated, useful devices

thermal components / functions
magnetic

fluidic

optical

chemical

biological

Based on microfabrication of semiconductor materials, extending to
a broader set of materials.

Combined material synthesis and assembly
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Microfabrication

e Lithography: create sub-micron  Etching: removing material in the
precision features on dimensional areas exposed during lithography

scales from microns to millimeters

UV LIGHT

L

MASK
L] d Plasma

PHOTORESIST » 0

e Deposition of thin films and doping: e Wafer bonding and packaging:

create multilayered structures with assemble parts and connect with the
conducting, semiconducting, and macroworld
insulating components |

Conductor Insulator

WAFER
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Applications of MEMS Technology

MEMS: low cost, small, multifunctional integrated systems:
- Ex: Sensors and actuators

MEMS as bridge between nanoscale elements and the
macroworld

— Ex: Lab-on-a-chip

MEMS as tools for nanoscale research
— Ex: Probing in cellular biology

Nanotechnology can enable:
— Nanostructured materials by design
— Nanoelectronics, optoelectronics, megnetics
— Bio-nanosensors and drug delivery
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MEMS Growing Applications and Markets

e Pressure measurement
— Automotive, biomedical, industrial
e Inertial measurement
— Accelerometers, rate gyros
e Optical MEMS
— Optical switches, displays
e Microfluidic
— Ink-jet, biolab chips, mass-flow sensors
e RFMEMS
— Cell phone components, devices for radar

o Other

— Microrelays, sensors, disk heads

Source: System Planning Corporation Market Survey (1999)

1996 2003
(in million $US)

550 1600
450 1000
30 700
450 3800
- 80
750 1700
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SURFACE MICROMACHINED COMPONENTS

Polysilicon surface-
micromachined

gear transmission

(Sandia National Laboratories)
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Micromachines:

Fluid-to-Electrical Energy Conversion

Micro-turbine (MIT)
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INTEGRATED MEMS +IC

SENSOR LOAD
RESISTOR

[SENSOR

CARRIEH

T"E""’O*,
T8

L)
- w

An integrated micromachined accelerometer with:
'— signal processing electronics
— micromachined proof-mass
— motion sensing capacitance elements

(Analog Devices)
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Micromachined device for measuring traction forces of cells

pad well cantilever
\ / Z

=

/ 10 ym

10pum

Michael P. Sheetz, Biol. Sci., Columbia U. / MCNC, Research Triangle Park, NC

Galbraith, Catherine G., and Michael P. Sheetz. 1997. AMicromachined Device Provides a New Bend on
Fibroblast Traction Forces. Proc. Natl. Acad. Sci. 94:9114-9118.

Galbraith, C. G. and M.P. Sheetz (1999). Keratocytes pull with similar forces on their dorsal and ventral
surfaces. ]. Cell Biol. 147:1313-1323.
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Micromachined device measures:
- Smaller forces than possible other methods
- Sub-cellular spatial resolution
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Applications of Nanotechnology

MEMS: low cost, small, multifunctional integrated systems:
- Ex: Sensors and actuators

MEMS as bridge between nanoscale elements and the
macroworld

— Ex: Lab-on-a-chip

MEMS as tools for nanoscale research
— Ex: Probing in cellular biology

Nanotechnology can enable:
— Nanostructured materials by design
— Nanoelectronics, optoelectronics, megnetics
— Bio-nanosensors and drug delivery
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Columbia Center for Electronic Transport in
Molecular Nanostructures

USRS S W —

ROWAN

UNIVERSITY

BARNARD

Motivation: Miniaturization of conventional electronic
devices will stagnate in early 21 century.
What will be the next technology?

mimees e . -
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Hypothesis: Molecules provide an attractive alternative as

switches. Molecular recognition is a starting point
for self-assembly.

How can we exploit molecules for electronics?

ho .'.;; .......
' G.E. Moore
|

Proposal: Fundamental research on tailored molecules as primitive

electronic components with self-assembly into larger units.
What new principles and concepts will arise?

Heart of the Columbia University Nanocenter:

- Fundamental physical understanding of charge
transport in molecular materials.

- Synthesis of new materials.

» Collaboration with leading industrial capability.

Scientific directors:

Horst Stormer
Ronald Breslow
Managing director:
James Yardley




Understanding of electron transport in confined systems...

3 nm wire

ST

i

S

; Molecular

Mplecular \  assembly
wire

13
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w

fe3EesE

Nanotube transistor

. ..toward development of the molecular transistor.

T
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Fig. 5. Lithographic channets as small as 7 nm (Witett, Lucent Tech,)

Scaffold

Molecular
tripod



81

Implications

o Education
— New fabrication technology and materials
— Quantum effects and surface forces of increasing importance
— Multidisciplinary training necessary

e Commercial

— Provide paradigm shifts in a growing number of areas, by allowing
unprecedented functionality at reduced costs

e Research
— New building blocks
— Tools to synthesize, characterize, assemble nanoscale elements
— Modeling of nanoscale phenomena
— Integration for applications in the macroworld
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FISHING LINE KNOT TYING CONTEST:
A FRESHMEN EXPERIENCE

Wayne L. Elban
Dept. of Electrical Engineering and Engineering Science
Loyola College
Baltimore, Maryland 21210

and

Douglas L. Frantz
Dept. of Physics, Earth Science, and Geography
Community College of Baltimore County, Catonsville Campus
Baltimore, Maryland 21228

ABSTRACT: A procedure is described for conducting a knot tying contest for freshmen
engineering/physics students using commercial 6 (and 4) lb-test nylon monofilament fishing lines.
A bench-top universal testing machine is used to obtain room temperature determinations of
tensile breaking load for knots tied to a swivel or hook. Emphasis is given to exposing students
to materials testing methodology, modifying a standard test fixture configuration to accommodate
the knotted samples, and (optional activity) using elementary statistical analysis to assess knot
quality. Results from testing samples with a variety of knots, including double overhand, modified
double overhand, Palomar, Improved Clinch, Perfection, and Harvey are presented. Experimental
determinations of knot efficiencies are compared to values appearing in the literature.

KEY WORDS: Uniaxial tensile testing, fracture, stress concentration, thermoplastic polymers,
nylon, monofilament fishing line.

PREREQUISITE KNOWLEDGE: High school mathematics and physics.
OBJECTIVES:
(a) Experimental Goals:

1. to design and tie fishing line knots in order to enter contest for freshmen
engineering/physics students;

2. to measure the breaking load (i.e., fracture force) of various fishing line knots
tested in uniaxial tension; and

3. to improve on the design of fishing line knots.
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(b) Learning Goals:

1. to become familiar with uniaxial tensile testing, a prominent technique for
characterizing the mechanical response of materials;

2. to become familiar with measuring dimensions using a dial caliper;
3. to become familiar with the strength properties of common engineering materials;
4. to become exposed to stress concentration and its effect on material

deformation/fracture behaviors; and

5. (optional activity) to become exposed to rudimentary statistical analysis of
experimental data (Instructor Note 1).

EQUIPMENT AND MATERIALS: (1) Chatillon model LRX universal testing machine (bench
top model with 500-1b capacity); (2) Wedge-action grip (Chatillon modei TG15N); (3) Bollard
wire, yarn, and thread grips (Chatillon model TG12N); (4) Metric universal dial caliper (Brown
and Sharpe 559-579-13); (5) Ruler; (6) Extruded nylon monofilament fishing line [Berkley Trilene
XL 6- (and 4-) Ib test (or equivalent)] (Instructor Note 2); (7) 1" x 1-3/4" x 1/4" oak lath with
eyehook screwed into the center of the thin dimension (Instructor Note 3); (8) Interlock swivels

[Berkley size 7 (or equivalent)]; (9) Fishing hooks [Mustad 9672 3X-8 (or equivalent)]
(Instructor Note 4).

SAFETY PRECAUTIONS: Care must be taken to avoid being stuck if fishing hooks are
used instead of interlock swivels when tying knots. (Instructor Note 4)

INTRODUCTION:
A. CONTEST RULES (Instructor Note 5)

The objective of this competition is to obtain the knot with the highest fracture force using
commercial nylon monofilament fishing line tied to an interlock swivel or fishing hook. It is
expected that participation will result in an improved understanding of the important engineering
concept of stress concentration and its effect on the strength of polymers and its use in designing
with these materials. Listed below are the various constraints and rules that must be adhered to
with your entries.

Materials:

1. All knots must be tied using only the fishing line and swivels/hooks supplied in
your Kkit.

2. Each kit consists oft
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(a) Five (5) two-foot long pieces of fishing line;

(b) Three (3) No. 7 interlock swivels or 3X-8 fishing hooks; and

(c) Booklet entitled "A Guide to Knots and Lines: Angler's Reference" [1]
describing several popular knots used for the type of line provided.

Physical Constraints:

1.

3.

4.

An entry (one per individual) shall consist of no more than three (3) knots. These
may be of any type - all the same or a variety. Two (2) additional lengths of line
have been provided so practice knots can be prepared.

Each knot must be tied to a single swivel/hook with at least 18 in. of line available,
so that the knot can be tested as described below.

No foreign substance, such as adhesive or glue, may be added to the knot or line.

It is expected that each contestant will tie his’her own knots.

Loading:

1.

Each knot will be tested in tension using the department's universal testing machine
(Chatillon model LRX) operating at a crosshead speed of 1 in./min. Equipped
with a couple of different types of grips, the tester is computer controlled and has
computer data acquisition capability.

The line is elongated at constant rate until one of three events occurs:

(1) knot fails;
(2) line fails, leaving knot intact; or
(3) line fails at the gripping fixture, again leaving knot intact.

Generally, a grip failure occurs at a load significantly below the test rating of the
line as specified by the manufacturer and is considered to be a test artifact.

Regardiess of failure location, the maximum tensile force is recorded for each of
three knots maximum per entry. Only the highest force per entry is used to rank
order the entries and for the awarding of prizes. This allows for a maximum
number of contest winners.

Qualifications:

1.

2.

All knots are subject to the above constraints, and any knot failing to meet any of

the constraints will be disqualified by the judges.

All decisions of the judges are final.
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B. BACKGROUND TOPICS

Nylon is a prominent example of a large class of industrially important materials known as
thermoplastic polymers, which usually have a linear structure. Typical uses for nylon include
outdoor fabrics, carpet fibers, and monofilament fishing lines (introduced by Berkley in 1957 [2]).
The continuous extrusion/drawing process used to manufacture fishing line has been briefly
described [3] previously. The most significant feature of the drawing operation is the resultant
alignment of molecules along the filament longitudinal axis. Consequently, the highest tensile
strength is realized in this direction as desired, for example, in nylon monofilament fishing line.

Stress concentration [4] arises in a material sample experiencing a point applied force or in
one of varying cross-sectional area subjected to a uniform applied force. For example in the latter
case, a tensile specimen consisting of a bar with reduced cross section in the center has the highest
normal stress where the area is smallest. This effect is assessed using a stress-concentration
factor, k,, which is given as

K = O/ O (1)

where o, = maximum normal stress, and
G, — average normal stress at the smallest cross-sectional area.

This ratio provides a quantitative measure of the effect of sample geometry on the local stress at
the smallest cross-sectional region. As a result of the stress concentration that occurs at a pre-
existing surface flaw (e.g., nick) or a knot, nylon monofilament fishing line exhibits a notch
weakening effect. [3]

It is useful to gage the performance of a knot in fishing line, say, by comparing its fracture
force with that of the same line without a knot. These two forces allow the calculation of a knot
efficiency, 1., Which is defined as

nknot = Fknm/Fo’ (2)

where F,, = fracture force of knot, and
F, = fracture force of line without knot.

For 6-1b test Berkley Trilene X1 fishing line tested [3] previously, a single in-line overhand knot
had an average efficiency of 54.9%. From analogous sets of measurements obtained by other
researchers [5] for a variety of 30- and 50-Ib test nylon monofilament lines, knot efficiencies were
somewhat higher, typically in the 60-70% range. In kernmantle climbing rope, a different class of
structural material, efficiencies ranged [6] from 60 to 80% depending on the knot, all of which
were more complicated than a single overhand knot.

For repeated experimental measurements of a given quantity, such as knot fracture force,

the arithmetic mean or average [7] is generally considered to be the best estimate of the so-called
"true" value for a particular set of experimental conditions. However, calculating just the average
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conveys no knowledge about the distribution or spread in the data set. To assess this
characteristic, statisticians rely on a calculation of root mean square deviation or standard
deviation [7]. This parameter provides a measure of the uncertainty due to fluctuations in the
measurements.

The purpose of this activity is to provide a "hands-on" experiment designing, preparing,
and evaluating various knots tied using nylon monofilament fishing line, To this end, a
quantitative evaluation of knot fracture force will be made from uniaxial tensile testing. The
current experiment follows on from last year's National Educators’ Workshop (NEW) paper [3]
describing a procedure for characterizing the fracture behavior of commercial nylon monofilament
fishing line. Further, it relates to a previous year's NEW paper [8] that provides a very nice
description for evaluating the load reducing (stress concentrating) effect of knots in various lines
and threads.

PROCEDURE.:

A. INTRODUCTORY TENSILE TESTING OF AS-MANUFACTURED LINE (Instructor Note
6)

l. Measure the diameter of each specimen using a dial caliper prior to tensile testing.

2. Perform tensile testing (specimen gage length = 4% in.; crosshead speed (CHS) = 1 in./min
-- Instructor Note 7) on five (5) specimens minimum of line (without knot) using bollard
grips.

3. For each specimen, note whether failure occurred in the line as desired or where it was
clamped corresponding to a testing artifact. In this case, the data should be discarded.

B. KNOT DESIGN

1. Recognizing that knots inherently degrade the strength of nylon monofilament fishing line
[3.5} and other materials [8], attempt to identify desirable features of a knot that can serve
as a basis for designing a strong, high performance knot.

2. Review various widely used knots appearing in the literature [1,9,10] and on Web sites
[11-13] to determine whether and how these design features have been used.

3. To commence designing knots and to become familiar with handling/tying fishing line,
prepare several double overhand knots for initial testing.

4, Once the double overhand knot is tested, consider ways to improve it's performance and
prepare several modified double overhand knots for testing. (Instructor Note 8)

5. Tie knots of your own design or select knots to tie from the literature to enter the contest.



C. TENSILE TESTING OF KNOTS

L. Perform tensile testing (same specimen gage length and CHS employed previously) using
a top bollard grip and a bottom wedge-action grip with eyehook/lath assembly to provide
the necessary sample fixtures (Figure 1) for the knots provided.

2. For each specimen, note whether failure occurred at the knot as desired to evaluate its
fracture force or elsewhere (where it was clamped or in the line away from the knot). In

the latter cases, the data should be discarded in the analysis that follows.

D. ANALYSIS

Perform the following analyses.

L. Tensile testing measurements:
a. Tabulate the measured values of fracture force.
b. Calculate {7] the average and (optional activity) standard deviation, o, for this

value if a minimum of five (5) specimens of the same type were tested.

2. Fracture strength of as-manufactured hne:

a. Calculate fracture strength, o,, for each line specimen without knot using the
engineering stress relationship (e.g., Eqn. (2-1), Ref. [14]):

o= Fd(nd,"/4), 3)

where F,= fracture force in force-displacement curve, Ib,, and
d, = initial diameter of specimen, in.

b. Calculate [7] the average and (optional activity) standard deviation, ¢, of this
determination.
3. Knot efficiencies:
a. Calculate the efficiency of a given knot using Eqn. (2), where both forces have
units of lby.
b. Calculate [7] the average of this determination.

COMMENTS with Data Sheets and Plots:

All of the experimental steps were repeated to verify that the results are reproducible. The
greatest uncertainty is associated with the quality of knots that were tested and not in the
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Figure 1. Sample fixture arrangement used in uniaxial tensile testing of
fishing line knots.
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measurements themselves. The data sets appearing in this section are considered to be
representative for Berkley 6-1b test line and the various knots that were evaluated. A complete set
of measurements obtained for Berkley 4-Ib test line appears in the Appendix. (Instructor Note 2)

Tensile Testing of As-Manufactured Line: Force measurements taken from experimental curves
(e.g., Figure 2) are given in the first data set of Table 1 for Berkley 6-1b test line without knots.
The average fracture force was 7.96 lb; (35.4 N), corresponding to 133% of the line's rating.
Four of the six specimens broke in the middle, while fracture in the remaining two occurred at a
bollard but away from the clamp. As such, the bollard that takes up the filament before it is

clamped in each grip successfully isolates the specimen from the deleterious effect of clamping.
Thus, all of these measurements are valid.

Fracture Strength of As-Manufactured Line; The average fracture strength was computed to be
141,000 psi (972 MPa). For comparison purposes, this value appears in Table II along with
(ultimate) tensile strengths for several other materials [ 15-19] that have familiar applications. The
relatively (and surprisingly) high fracture strength of the fishing line is attributed to the polymer
molecules becoming aligned during the drawing operation along what is to become the tensile

axis. As such, a relatively high percentage of strong intramolecular bonds oppose the applied
force.

Tensile Testing of Knots and Their Efficiencies; Force measurements taken from experimental
curves (e.g., Figure 3) are given in the remaining data sets of Table I for various knots in the 6-lb
test line. The double overhand knot yielded an average maximum force of 3.10 Ib; (13.8 N),
corresponding to an efficiency of 39.0%. For this knot, failure occurred by filament pull through
rather than by breaking. Modifying this knot by providing an additional loop in the swivel to
decrease line slippage increased the average maximumny/fracture force to 4.77 lb; (21.2 N),
corresponding to an improved knot efficiency of 59.9%.

All of the standard knots except the Perfection failed at loads that exceeded the line's rating. The
average fracture force for the Palomar, Improved Clinch, and Harvey knots were 6.58 lb; (29.3
N), 6.76 1b; (30.1 N), and 6.66 Ib, (29.6 N), respectively, corresponding to very similar knot
efficiencies (82.6, 84.9, and 83.6%). The Perfection knot exhibited poorer performance on the
order of the modified double overhand knot; the average fracture force was 4.82 lb; (21.4 N),
resulting in an efficiency of 60.6%.

With the exception of the double overhand knot which did not actually break, alt of the knots had
higher average efficiencies than the in-line single overhand knot evaluated [3] previously. Thus,
these current knots have improved designs that lessen the deleterious effect of stress
concentration.

(Optional activity) Insights from Standard Deviation: Referring to the standard deviation values
appearing in Table I, the only knot whose standard deviation approached that of line without a
knot was the double overhand. The greatest fluctuation from the average value occurred for the
modified double overhand knot and is attributed to the two distinct failure modes that occurred as
denoted under Comments in the Table. Of the standard knots, the Improved Clinch had the
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Figure 2. Force-displacement curve for Berkley Trilene XL six-pound test
nylon monofilament fishing line (specimen T6X10401).
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Table I. Force Measurements for Berkley Trilene XL Six-Pound Test Nylon Monofilament Fishing Line
Having Various Knots

Knot Type

Without Knot

Double Overhand

Modified Double
Overhand

Specimen
Designation

T6XL030!

T6X1.0401

T6XL0501

T6XL0601

T6X10701

T6XL0801
Avg.:
G:

T6XL0901

T6XL1001

T6XL1101

T6X1.1201

T6XL1301

T6XL1401
Avg.:
G:

T6XL1501

T6XL1601

T6X1.1701

T6XL1801

T6XL1901

T6XL2001
Avg.:
G:

Fracture Force*

(Ib)

7.588
8.077

8.077

7.731

8.097

8,199

7.96 [35.4 N]
0.24 [L.1 N]

2.909%*
3.092%*
3.153%*

3.581 %

2.99] **
2.889%*

3.10 [13.8 N]
0.26 [1.1 N]

4.842%+
3.764%*
3.479%*

6.246

5.290

5.005

4.77 212 N]
1.0 [4.5 N]

Comments

Fractured at center
Fractured at top of bottom bollard (away from grip)
Fractured at side of bottom bollard (away from grip)
Fractured at center
Fractured at center
Fractured at center

Knot pulled through without fracture
Knot pulled through without fracture
Knot pulled through without fracture
Knot pulled through without fracture
Knot pulled through without fracture
Knot pulled through without fracture

Knot pulled through without fracture
Knot pulled through without fracture
Knot pulled through without fracture
Knot pulled through partially and fractured at knot
Knot pulled through partially and fractured at knot
Knot pulled through partially and fractured at knot
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Table 1. Force Measurements for Berkley Trilene XL Six-Pound Test Nylon Monofilament Fishing Line
Having Various Knots, Cont'd.

Knot Type

Palomar

Improved Clinch

Perfection

Specimen
Designation

TeXL2101

T6X1.2201

T6XL2301

T6X1.2401

T6XL2501

Tex1.2601
Avg.:
c:

T6XL2701

T6XL2801

T6X12901

T6XE3001

T6XL3101

T6XL3201
Avg.:
c:

T6XL3301
T6XL3401
T6XL3501
T6XL3601
T6X1.3701
T6XL3801
Avg.:
o:

Fracture Force*

(Ibp)

7.100
6.734

5.717

6.917
7.243%**
6.429

6.58 [29.3 N]
0.54 [2.4 N]

6.836

6.653

7.772

7,161 %%
5.554

6.978

6.76 [30.1 N]
0.80 [3.5 N]

4.842
5.574

4171
6.429%**
4,781

4740

4.82 [21.4 N]
0.50 [2.2 N]

Comments

Fractured at knot
Fractured at knot
Fractured at knot
Fractured at knot
Fractured in line (~9/16" away from knot)
Fractured at knot

Fractured at knot
Fractured at knot
Fractured at knot
Fractured in line {~3" away from knot)
Fractured at knot
Fractured at knot

Fractured at knot
Fractured at knot
Fractured at knot
Fractured at knot; eyelet fixture rotated
Fractured at knot
Fractured at knot
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Table 1. Force Measurements for Berkley Trilene XL Six-Pound Test Nylon Monofilament Fishing Line
Having Various Knots, Cont'd.

Knot Type Specimen Fracture Force* Comments
Designation (Iby
Harvey T6XL4501 5.391 Fractured at knot
T6X1L460! 6.368 Fractured at knot
T6XL4701 6.937 Fractured at knot
T6X1.480] 6.765 Fractured at knot
T6XL4901 7.283 Fractured in knot
T6XL5001 7.161 Fractured at knot
Avg.: 6.66 [29.6 N]
o: 0.70 |3.1 N]

* Obtained from computer analysis of force-displacement curve.
** Maximum force reported rather than fracture force since filament pull through occurred rather than fracture.
*** Value not included in statistical analysis for reason cited under Comments coiumn.
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Material

Aluminum

Copper

Plain-carbon steel

Stainless steel

Polyethylene

Nylon

Nylon

Table II. Tensile Strengths of Various Common Engineering Materials

Designation/Condition

2014/Heat treated (T6)

C11000/Cold-worked

1010/Cold-worked

430/Cold-worked

High density

Monofilament

Application

Airplane structures

Electrical wiring

Car fenders

Kitchen equipment

Milk bottles

Gears

Fishing line

* Fracture strength reported, corresponding to the maximum strength.

Tensile Strength,

psi (MPa)

70,000 (483)

50,000 (345)

53,000 (365)

90,000 (621)

4,000 (27.6)

11,800 (81.4)

141,000 (972)*

Reference

15

16

18

19

Current work
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Figure 3. Force-displacement curve for Palomar knot in Berkley Trilene XL
six-pound test nylon monofilament fishing line (specimen T6XL2201).

164



highest standard deviation, indicating that its level of complexity makes it more difficult to achieve
highly reproducible performance.

INSTRUCTOR NOTES:

1. To conduct meaningful statistical analysis requires a greater number of specimens than what is
called for in the Contest Rules. An ASTM standard for tensile testing of plastics indicates [20]
that a minimum of five (5) specimens are to be evaluated.

2. The particular nylon monofilament fishing line selected for this activity was purchased only
weeks before it was tested. To relate to last year's experiment [3], 6-1b test Berkley Trilene XL
line was chosen as well as analogous 4-1b line. A complete set of data was obtained for both lines.
It is recommended that beginners use a larger diameter line since this facilitates knot tying.

3. In order for fishing line tied to a swivel’/hook to be tested using a universal testing machme, it is
necessary to alter the standard sample fixture by providing some means to attach the swivel/hook.
This was accomplished (See Figure 1.) using a eyehook screwed into the center of the
longitudinal surface of an oak lath that was cut to the proper length to fit in a wedge-action grip.
Here, it is suggested that students be exposed to this sample fixture modification issue. Student
designs to solve this problem can be sought, and a group discussion to evaluate them can ensue.

It is possible that one or more of the better student designs can even be implemented.

4. While the majority of knots can be tied to swivels, which are much safer for students to handle,
some commonly used knots are tied to hooks, particularly involving their shanks. To avoid
getting stuck while a knot is being tied, the head of the hook can be embedded into a small cork
or piece of rubber.

5. The contest rules were originally specified to be followed by engineering students as part of the
1996 National Engineers Week activities at Loyola College. The procedure has now been
expanded with the aim of providing freshmen engineering and physics students with a hands-on
laboratory experience. It is envisioned that this would involve preparing student-designed

samples for characterization and subsequent data analysis and review that allows development of
analytical and critical thinking skills.

6. Students should be shown how to operate the universal testing machine and to position
specimens in the machine prior to actual testing.

7. It came [3] to one of the author's (WLE) attention last year that nylon monofilament fishing line
1s typically tested wet (after soaking in tap water for two hours) using a gage length =12 in. and a
CHS = 10 in./min. Nylon is water conditioned because its mechanical properties decrease when
exposed to water, and hence the attempt to simulate service life conditions. While water degrades
mechanical properties, the slower CHS used in the current experiment should result in a lower
strength because of nylon's strain rate sensitivity. Further, retaining the current experimentat
conditions allows results to be related to those in last year's workshop paper [3].
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8. By performing this step, students are introduced to the iterative process (conception, prototype
preparation, testing/evaluation, and improved newer generation prototype) that design
methodology often follows.
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SOURCES OF SUPPLIES: Commercial-grade nylon monofilament fishing line, swivels and
hooks are inexpensive and readily available at numerous retail stores from a variety of vendors. It
is also possible that some fishing line manufacturers will supply complimentary small spools of test
material and accompanying information. One such example is Pure Fishing Angler Service, 1900
18th Street, Spirit Lake, lowa 51360. [3]

ACKNOWLEDGEMENTS: Special thanks to Mark A. Elban for analyzing all of the
experimental data leading to preparation of Tables I and A-I. Calling on his vast experience tying
and using a variety of fishing knots, Jonathan Thompson, Department of Electrical Engineering
and Engineering Science, Loyola College, provided helpful discussion regarding the contest rules.
Dr. David S. Richards, formerly in the Department of Electrical Engineering and Engineering
Science, helped draft the rules and administer the original National Engineers Week contest. The
identification of any manufacturer and/or product in this report does not imply endorsement or
criticism by the authors or Loyola College and the Community College of Baltimore County.

APPENDIX: A complete set of test data/results for Berkley Trilene XL 4-Ib test line appears in
Table A-I that follows. (Instructor Note 2)
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Table A-I. Force Measurements for Berkley Trilene XL Four-Pound Test Nylon Monofilament Fishing Line
Having Various Knots

Knot Type

Without Knot

Double Overhand

Modifted Double
Overhand

Specimen
Designation

T4X10301
T4XL0401
T4XL0501

" T4XL0601

T4XL0701

T4X1.0801
Avg.:
c:

T4X1.0901

T4XL1001

T4X1.1101

T4XL120t

T4XL130t

T4XL1401
Avg.:
c:

T4XL150]

T4XL1601

T4XL1701

T4X1.1801

T4XL1901

T4X1.2001
Avg.:
G:

Fracture Force*

(Ibg

6.612
6.164

6.592

6.347

6.653

6.144

6.42 [28.6 N|
0.23 [1.0 N]|

2.462%*
1.973%+
2.360%+
2.034%+
2.218%*
2.401%*
2.24 [9.97 N]
0.20 [0.90 N}

2.99] **
3.906**

4252

2.99] #*
3.153%+

4.293

3.65 [16.0 N]
0.62 [2.8 N|

Comments

Fractured at center

Fractured at top of top bollard (away from grip)
Fractured at side of bottom bollard (away from grip)
Fractured at side of top bollard (away from grip)
Fractured at top of top bollard (away from grip)
Fractured at center

Knot pulled through without fracture
Knot pulled through without fracture
Knot pulled through without fracture
Knot pulled through without fracture
Knot pulled through without fracture
Knot pulled through without fracture

Knot pulled through without fracture
Knot pulled through without fracture
Knot pulled through partially and fractured at knot
Knot pulled through without fracture
Knot pulled through without fracture
Knot pulled through partially and fractured at knot
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Table A-1. Force Measurements for Berkley Trilene XL Four-Pound Test Nylon Monofilament Fishing Line

Knot Type

Palomar

Improved Clinch

Perfection

Specimen
Designation

T4XL2101
T4XL2201
T4XL2301
T4XL2401
T4XL2501
T4XL2601
Avg.:
G:

T4XL2701
T4XL2801
T4XL2901
T4XL3001
T4XL3101
T4XL3201
Avg.:
G:

T4XL3301

T4X1.3401

T4XL3501

T4XL3601

T4XL3701

T4XL3801
Avg.:
G:

Having Various Knots, Cont'd.

Fracture Force*

(Ib)

5.961
6.205%+*
4.903

5.961

4,679

5.778

5.46 [24.3 N}
0.62 [2.7 N]

6.225
5.025

6.653

3.947

5.432
6.388***

5.46 [24.3 N]
1.1 [4.7N]

3.438
3.865

3.926

4.049

3.621

3.723

3.77 [16.8 N]
0.22 [1.0 N]

Comments

Fractured at knot with knot partially intact
Fractured in line (~4-3/8" away from knot)

Fractured at knot
Fractured at knot
Fractured at knot
Fractured at knot

Fractured at knot
Fractured at knot
Fractured at knot
Fractured at knot
Fractured at knot

Fractured in line (~1/8" away from knot)

Fractured at knot
Fractured at knot
Fractured at knot
Fractured at knot
Fractured at knot
Fractured at knot
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Table A-1. Force Measurements for Berkley Trilene XL Four-Pound Test Nylon Monofilament Fishing Line
Having Various Knots, Cont'd.

Knot Type Specimen Fracture Force* Comments
Designation (Iby
Harvey T4XL4501 5.839 Fractured at knot
T4XL4601 5.635 Fractured at knot
T4XL4701 4.801 Fractured at knot
T4XL4801 5.127 Fractured at knot
T4XL4901 4.415 Fractured in knot
T4XL5001 4.191 Fractured at knot
Avg.: 5.00 [22.3 N]
L H 0.66 [2.9 N]

* Obtained from computer analysis of force-displacement curve,
** Maximum force reported rather than fracture force since filament pull through occurred rather than fracture.
*** Value not included in statistical analysis for reason cited under Comments column.
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Determination of Redundant Work in Extrusion
Using Visio-Plasticity

Neda S. Fabris,
Professor, Mechanical Engineering
California State University,
Los Angeles, California

Key Words: Extrusion, ideal work, redundant work, frictional work, optimum die angle,
Visio plasticity

Prerequisite Knowledge: Basic knowledge of material flow in extrusion process,
understanding the difference between ideal, friction and redundant work.

Objective: Visualization of the material flow in extrusion process and influence of the
die angle on the homogeneity of deformation. Basic demonstration of the experimental
method known as visio-plasticity. Experimental demonstration of the difference between
ideal and actual work performed.

Equipment:

Self-manufactured extrusion set up with die iserts with different extrusion angles and
glass upper plate allowing students to observe the material flow in extrusion process
(machining time one hour, piece of the steel and glass). Extrusion set machined out of
steel plate, glass upper, pressure gage (appr. $10), Ply-Doh, different color, for the
extrusion media, cost app. $9.

Introduction

In the extrusion process the billet is forced through a die with a substantial reduction, the
friction between the billet and the die causes the retardation of the material close to the
die and surface of the cylinder, causing non-uniform material flow pattern. That pattern is
highly influenced by the die angle, friction coefficient between die and material extruded
and temperature of the material.

Ideal Deformation

The total work U, required to extrude the part in direct extrusion from original area Ay to
final area A ¢ (or from the original length Lo to final length L¢), is considered to be the
sum of ideal work U;, frictional work Ut and redundant work U,  i.e.,

Ut= Ui+Uf+Ur (I)

Ui is computed from the properties of material and extrusion ratio R, where R= Ag/As
Also, R can be related to the absolute value of the true strain € as

e =1In(Av/Af) =In (Lylo) =InR (2)
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For the perfectly plastic material with a yield strength Y, the energy dissipated in plastic
deformation per unit volume, u, is:

u=Ye (3)
The ideal work U; done to deform the billet is:

Ui=uAp Ly (4)
This work is supplied by the ram force F that travels a distance L, as seen in the Fig. 1
Work=F 1= p Ay Lo (5)

where p is the extrusion pressure at the ram.

Fig. 1. Variables in Direct Extrusion Process
Equating the work of plastic deformation to the external work done, we find that
u=p=Yln(Ao/ A9 (6)

Ideal Deformation and Friction

Equation (6) pertains to ideal deformation without any friction. It could be shown

[1] " that based on the slab method of analysis, the extrusion pressure p for the small die
angle o and coefficient of friction jt can be expressed as:

pP=Y[1+(tan a)/u][(R)* =-1] (7)

An estimate of pressure can be obtained from the total power P provided by the piston,
moving with the velocity V, and exerting pressure p on the material billet as:

P =pV (n Do’ /4) (8)
The power due to the plastic work of deformation is the product of volume rate of flow

and the energy per unit volume. If we assume that, because of the dead zone, material
flow in the die region takes place along a 45° “die angle” and that the frictional stress is

" Numbers in [ ] represent references at the end of the article.
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equal to the shear stress k = Y/2 of the material by equation of the power input to the sum
of the plastic deformation and frictional powers, we obtain that [1] -

p=17YhR (9)

where R is the extrusion ratio R = A ¢/Ar
If we include in this analysis the force required to overcome the friction at the billet
container interface, Eq.(9) becomes

p=Y(1,7InR +2L/Dy) (10)

Actual Forces

Equation (10) represents a simple estimate of the pressure in extrusion without
considering redudandant work i.e. the effect of the inhomogeneous deformation on the
required pressure to extrude material. It is also assumed, as mentioned before, that
regardless of the actual die angle, material always flows under 45° angles, leaving the rest
of the material in the dead end zone. Experimental evidence has shown that the die angle
influenced the extrusion pressure and the relationship is shown schematically in Fig. 2.

{ s
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‘/" et ¥
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Fig.2 Extrusion force as a function of die angle; (a) total force; (b) ideal force; (c) force
required for redundant deformation (d) force required to overcome friction

As can be seen from Fig. 2, the friction component of the force and work done decreases
with the increase in die angle due to the decrease in contact between the billet and die,
while redundant work (and force) increases with a decrease in the angle of die. There is
an optimum die angle for which the extrusion force is the minimum That angle can be
found only experimentally.

Redundant Work in Extrusion .
Redundant work is due to the internal distortion in excess of that needed to produce the

desired shape [2]. 1t is the work that goes into inhomogeneous deformation of the
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workpiece, which can cause internal defects and non-homogeneous properties of the final
product. Because the billet is forced through a die, with a substantial reduction in its
cross-section, the metal flow pattern in extrusion is an important factor in the overall
process. It is also the amount of work “wasted” in the process, so it is naturally desirable
to decrease that work, provided that other components of the work remain constant. It has
to be emphasized that it is not the case with friction work in extrusion; therefore, it is
desirable to find an optimum angle for a minimum power consumption.

The best way to understand the concept of redundant work is to visualize the flow pattern
of the material in the process. The common practice to visualize the flow pattern is to
halve the round billet lengthwise and mark one face with the grid pattern. The two halves
are then placed together in the container and then extruded. They are taken apart and
inspected.

Our Experimental Procedure

We have modified above described approach by designing the extrusion set-up with
Plexy glass cover as seen in Fig. 1. The angle of extrusion can be changed using
exchangeable dies. The material extruded is common Play-Doh. In order to visualize the
material flow, the squares of different colors of Play-Doh are used as shown in Fig. 3.
The deformation of each square during the process is easy to follow. The process is
scanned to follow subsequent deformation of the squares located in different positions of
the specimen. As seen from the figures, the flow of the material s non-uniform, and the
material undergoes a much higher deformation than the ideal deformation predicts. The
force required to push the material through the die is measured using a fluid USG, (0-
300psi) pressure gage. The set-up was scanned in frequent intervals and transformed
into image files on Dell Lap-top computer as shown on the picture in the Figure3.

Fig.3 Experimental Set-Up

Experiments have shown that the formation of dead zone in the corners of the dies is
highly dependent upon the die angle. They have also shown that the force necessary to
push the material through the dies roughly increases 30% when the die angle increases
from 30-90 degrees. Actual reading on the pressure gage for the two angles: 60° and 45°
are shown on the Fig.5 and Fig.6. They are 175 psi and 150 psi respectively. ‘
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Fig. 7. Material Flow in Extrusion

Conclusions

These experiments are in the development stage. Up to now we did not have a chance to
analyze the strains for each particular die angle. It will be interesting to relate the
deformation of each square of the model with the amount of force necessary to conduct
deformation.

This experimental approach will be also used to verify the validity of Equation 10. All
what is needed is the yield strength of the Play-Doh. Also, using this relatively simple
experimental set-up we can verify other more sophisticated models of material flow in an
extrusion-like upper-bound approach and the slip line theory presented in [2], taught by
the author of the paper in a graduate metal forming class.

Visio plasticity is a very successful method in explaining the concept of redundant work
in extrusion and the concept of redundant work in general. This powerful method is often
neglected in material and manufacturing education. The experiment is similar to flow
visualization methods used in fluid mechanics, with possibilities for even more practical
applications.
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Magnetic Field Sensing Experiments Based on a Commercially
Available Giant Magnetoresistance (GMR) Sensor
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Department of Chemistry® and Department of Physics®
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Key Words: Giant magnetoresistance, magnetic field sensing

Prerequisite Knowledge: magnetic north and south poles, magnetic attraction and repulsion of
poles, basic algebra skills, ferromagnetism and antiferromagnetism, electrical resistance.

Objective: The purpose of this lab is to familiarize students with the concept of giant
magnetoresistance (GMR)and its applications.

Equipment:

Individual GMR sensor, Figure 1a (Part Number: AA002-02)*

GMR Cylinder Position Sensor Assemblies, Figure 1¢ (Part Number: AG007-07)*
Power supply (9 Volt Battery)

Set of 5 refrigerator magnets cut to create different patterns®

Multimeter with alligator clips

2 pieces of wire (26 gauge, 3" in length)

bar magnet

liquid nitrogen and styrofoam cup
*These items can be obtained from NVE Corporation, (800} 467-7141, http://www.nve.com
Bulk refrigerator magnets can be obtained from office supply (e.g., Office Max) or sign stores.

Introduction:

The experiments being presented are based on a relatively inexpensive, commercially
available giant magnetoresistive (GMR) sensor. Magnetoresistance is a phenomenon in which
the resistance of a material changes in response to an applied magnetic field.! All metals display
a small magnetoresistance; however, magnetic multilayers with nanoscale dimensions can
display a large magnetoresistance called GMR, which is based on the magnetic reversal of
individual layers in the stack. GMR has found its way into many important applications. GMR
devices are currently being used as magnetic sensors in the read heads of computer disk drives,?
as motion sensors in automobiles,’ and in biosensing assays.4

Students will be introduced to GMR concepts and applications by:

1. using a GMR sensor to determine patterns of magnetic fields from a series of
refrigerator magnets;

2. observing the GMR effect, calculating the percentage change in resistance of a
material in response to a magnetic field, and determining how temperature affects
the GMR effect;

3. designing an application for the GMR sensor.
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Procedure:

1. Using a GMR Sensor to Detect Patterns of Magnetic Fields.

The GMR sensor, Figure 1a, can be incorporated into a circuit designed to control the
power to an LED, shown in Figures 1b and 1c¢; this device can then be used to sense magnetic
patterns. A common refrigerator magnet (RM) can be used to demonstrate this point. A flat RM
is different in design from many magnets: Instead of a single north and south pole, a dipole,
RMs are arranged in patterns that can be thought of as a set of small horseshoe magnets lined up
next to one another.” The black and white areas in Figures 2a and 3 refer to the north and south
poles of magnetic fields, oriented perpendicular to the page. When the poles are aligned in
stripes, magnetic field lines are formed, as shown in Figure 2b.

The Experiment.

A RM with a known magnetic pattern can be used to investigate the way the sensor responds
when passed over the surface of the RM.

1. Try dragging the sensor across the RM in a variety of directions.

2. Once you have established how the sensor responds to a known magnetic pattern, characterize
the other four RMs in Figure 3 in the same way.

3. How does the GMR sensor respond to magnet A of Figure 3?7 Does the GMR sensor respond
in more than one direction, and, if so, does it respond in the same way in multiple directions?

4. Match the unknown RMs to patterns A-E. What problems, if any, did you have trying to
distinguish among the magnetic patterns?

II. What is Giant Magnetoresistance?

Students can work on the following activities in groups of two or three.

GMR can be observed by measuring the resistance of a material with and without an
applied magnetic field. These values can then be used to calculate a percentage GMR using the
formula

% GMR = [(pn - Po) / po ] X 100%

where p, is the resistance without an applied magnetic field and py is the resistance with an
applied magnetic field. The percentage magnetoresistance is characteristic of the material at a
given temperature and can be calculated by two methods: dividing by p,, which provides a more
conservative value for the MR, or by py, which is often used for values that appear to saturate at
100% when calculated with p, in the denominator. The response of the GMR sensor is
dependent not only on the strength of the magnetic field, but also on the temperature. This
dependence can be examined by measuring and comparing the GMR effect at room temperature
and liquid nitrogen temperature.

The Experiment.

1. Strip the protective coating off both ends of two pieces of wire.
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2. Connect the end of one stripped wire to pin 1 of the individual sensor by wrapping the wire
around the pin several times (see Figure 1a). Repeat for pin 4 with the second wire.

3. Set the multimeter to measure ohms. Connect the leads attached to the individual sensor to the
multimeter. Does it matter which multimeter lead is attached to which pin?

4. Measure the resistance of the sensor without a magnetic field present. Record the resistance.

5. Now bring a magnet up to the sensor. Move the magnet around the sensor to find the
orientation that causes the largest change in resistance. Record the resistance.

6. Submerge the sensor in liquid nitrogen (contained in a styrofoam cup) and wait for the
multimeter readout to stabilize. CAUTION: Liquid nitrogen is extremely cold. Do not
allow it to come into contact with skin or clothing, as severe frostbite may result.

7. Bring the magnet next to the outside of the cup that holds the liquid nitrogen and record the
resistance of the sensor with and without the magnet present. Play with the position of the
magnet and the sensor, still submerged in liquid nitrogen, to find the direction that gives the
greatest change in resistance.

8. Using the resistance values, calculate the percentage of the magnetoresistance effect at room
temperature and at liquid nitrogen temperature, 77K. Compare both sets of data. What effect
does the temperature have on the resistance of the material? On the percentage of the
magnetoresistance effect?

III. Design a New Application for a GMR Sensor

The GMR effect has made a significant impact in the computer industry; these materials
are used in the read heads of computer hard drives, The use of GMR materials has enhanced
read head sensitivity, allowing the areal density of hard drives to increase significantly. Read
heads take advantage of the larger magnetoresistive response of GMR materials, which allows
smaller magnetic fields on the hard disk to be read. GMR sensors have also been used in anti-
lock braking systems to determine wheel speed. A magnetic gear wheel provides a defined
number of magnetic "teeth" for the sensor to detect per rotation that can be converted to speed.

The Experiment.

With these applications in mind, what other ways could the sensor be used?

1. Design a new application for the GMR sensor.

2. What kind of detection schemes are possible? Can you keep the GMR sensor constantly 1it?
How would you make the GMR sensor blink periodically?

3. How is the GMR sensor oriented with respect to the magnet? Does the orientation of the
magnet matter?

4. What are the advantages and disadvantages of using this design?

5. Describe the application.

Comments:

The concepts an instructor chooses to highlight are entirely dependent on the audience.
For example, the GMR sensor can be used to introduce the concepts of a wheatstone bridge,
ferromagnetism and antiferromagnetism, the composition of materials that exhibit
magnetoresistance, and the mechanism of magnetoresistance in multilayers.®
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The GMR sensor is composed of four resistors made of a GMR material and arranged in
a Wheatstone bridge configuration (Figure 4). An opposing pair of the four resistors is shielded
from the magnetic field and serve as a reference, while the other opposing pair of resistors
responds to the applied magnetic field. The sensor detects the change in resistance when a
magnetic field is present and converts this change into an output, which can be connected to an
amplifier or a transducer such as a buzzer or a light-emitting diode (LED). Figure 1b shows a
GMR sensor that has been incorporated into a circuit designed to power a yellow LED.

The GMR structure comprises layers of magnetic (e.g., Fe, Co, Ni) and nonmagnetic
(e.g., Cu, Cr) metals that are nanometers in thickness. The magnetic layers are either a single
ferromagnetic (FM) metal or an alloy of several FM metals, while the nonmagnetic layer is
usually composed of a single element. The FM layers are naturally oriented antiparallel, and the
electrical resistance of the material is relatively high. However, in the presence of an external
magnetic field, the FM layers undergo a reorientation so that the layers are FM coupled, and the
electrical resistance of the material decreases. Figure 5 shows the response of the magnetic
multilayer to the external magnetic field.”

Use the magnetic field pattern exercise to introduce the concept of magnetic sensing and
to familiarize students with the interaction between the GMR sensor and the magnetic field.
Students should discover that the GMR sensor has an axis of sensitivity that responds to the
magnetic field of the RM when the magnetic field lines are aligned with the axis of sensitivity.
When the axis of sensitivity is oriented perpendicular (rotated 90° in the plane of the refrigerator
magnet) to the magnetic field lines, there is no response regardless of the movement of the
sensor on the refrigerator magnet. Magnetic flux concentrators used to enhance the magnetic
field at the unshielded GMR resistors create this directional sensitivity of the sensor. The axis of
sensitivity is labeled for each sensor in Figure | (note that the axis is different for the two
sensors). Some magnetic field patterns (i.e., the diagonal patterns D and E in Figure 3 ) may be
more difficult to distinguish than others, so students should be encouraged to predict the
response of the GMR sensor to each of the five magnetic patterns shown in Figure 3 and find a
systematic way to examine the magnets.

Measuring the resistance of the individual sensor gives the students a direct
demonstration of the magnetoresistive properties of the sensor. At room temperature, the
resistance of the GMR sensor decreases in the presence of a magnetic field and a percentage
GMR of ~10 % is calculated. The result is similar for liquid nitrogen (LN2), where the
percentage GMR is ~14 %. The resistance with and without a magnetic field is much lower
when measured in LN2. This demonstrates metallic behavior; the resistance decreases as the
temperature decreases because of a reduction in the thermal motion of the atoms in the metal.®

Visit http://mrsec.wisc.edW/EDETC/cineplex/GMR/ to see videos of experiments I and II
as well as other demonstrations that can be performed with the GMR sensor.
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(a)

top view

~Axis of Sensitivity

Figure 1. (a) Individual GMR sensor (AA002-02) with pin #'s; (b) and (c) GMR sensor
(AG007-07) incorporated into a circuit designed to power a yellow LED .
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field lines
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front (printed) side
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(a) (b) field direction

Figure. 2. (a) Top view of the magnetic pattern of a common refrigerator magnet; and (b) a
cross-sectional perspective of the same magnet, showing the direction of magnetic field lines.

Figure 3. Possible refrigerator magnet patterns. Note that pattern A is the one shown in Figure
2.
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Vi, (supply)
A

R1 R2

R3 R4

Figure 4. The Wheatstone bridge configuration of a GMR sensor, where all of the resistors are
made of GMR multilayer materials. R2 and R3 are magnetically shielded.

(a) No magnetic field (b) H.

Figure 5. (a) The ferromagnetic layers of the magnetic multilayer, shown as light grey layers,
are coupled antiparallel through the nonmagnetic spacer metal, shown as dark grey layers, in the
absence of a magnetic field. (b) When an external magnetic field (H,) is applied, the
ferromagnetic layers reorient to form ferromagnetically coupled layers.
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Materials Science Kits from ICE/MRSEC

Qty OrdNo Item (Standard shippinginciuded) US ~ nonUS? Total
90002  Optical Transform Kit (Second Edition) $2000 4500 §
90-0025 10 copies of 35-mm Unit Cell Shide for Optical Transform Kit $§2100 $4600 §
93-003S 10 coptes of 35-mm Discovery Shide for Optical Transform Kit $2100 84600 §
93-004S 10 copies of 35-mm VSEPR Slide for Optical Transform Kit §2100 $4600 §
93-005S 10 copies of 35-mm Plane Groups Shde for Optical TransformKit  $2100  $4600 §
92004  Solid-State Model Kit —deluxe version (includes mstruction manual) $13000 $19500" §
94-006  Solid-State Model Kit —student version (includes instruction manual) $9500* $14500* §
94-007 Instruction Manual, Sohid-State Model Kit (additional copy) $2000 84500 S
99-001  DNA Optical Transform Kit 82200 $4700 S
99 0015 10 copies of 35-mm DNA, Optical Transform Shde §2200 54700 S
20-001  Exploring the Nanoworld Kit NEW? 82600 4800 S
20-002  Amorphous Metal Demonstration Kit NEW!Y 85000 $10000 S__

Product Subtotal (Standard shipping 15 included 1 the price)
Discount (If applicable, see Discount Policy below )
RUSH Shipping __add$15/item (US)or ___$30/item (non US)
Indicate items for RUSH Shipping by placing a “#" along with the quantity to be sent RUSH in the left

margin on the reverse page
Purchase Order (Attach a copy of the purchase order and add a $10 fee to cover handling costs )

Grand Total (Product Subtotal - Discount + RUSH Shipping + Purchase Order )

YCustoms and import fees are the responsibility of the purchaser
Discount Policy 10% for 10-49copies, 15% for 50 or more Appliesonly to Product Subtotal *Nodiscountson Solid-State Model Kits
Payment Policy: Orders from individuals must be prepaid Business and institutional purchase orders will be accepted with
the addition of a $10 fee to cover the cost of paperwork involved Payment must be in US funds drawn on a US bank by
magnetically encoded check, credit card, or international money order payable to ICE There will be 2$30 chargeonall returned
checks Books and kits are not available for preview Norefunds, returns, or exchanges

Method of Payment.
(] Payment®enclosed $
] Mastercard® [ Visa®
CREDITCARD#® __ (F1ll 1n phone number below )
Exprrationdate: Month _ _ Year __ Signature
Dayttme phopenumber /.
Ship to: (Pleaseprnt) Credit Card Billing Address: (Iidiferent)
Name Name
Instrtution Institution
Street Address Street Address
City City
State/Country State/Country
Z1p (Postal code) Zip (Postal code)

Return Orders, with Payment, to:

InsTITUTE FOR CHEMICAL EDUCATION Phone 608/262-3033
University of Wisconsin-Madison Toll-Free 800/991-5534
Department of Chemistry Fax 608/265 8094
1101 Unuversity Avenue - . email ICE@chem wiscedu
Madison, W1 53706-1396 Prices effective through June 30, 2001 www http //1ce chem wisc edu
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Initial Program — The Start
- Single Institution -
- Lower Division Curriculum -
 Integrated and Interwoven Components:
< Engineering Up-Front and the Intellectual Centerpiece
<« Math, Science, and Engineering in parallel and concurrently
+ Extensive Experiential Learning

< Interdisciplinary Themes

+ Concurrent integration of communication, organizational
management, group dynamics, teamwork skills, and social
responsibility
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Gateway Coalition - Broadly Defined Goals

o Extend the Drexel freshman/sophomore program to other Coalition members and to
the upper division of undergraduate engineering education.

¢ Create and maintain a curriculum that moves from a focus on course content to the
development of human resources and the broader experience in which individual
projects are connected, integrated, and multidisciplinary at lower and upper divisions.

¢ Create, build on, and extend, the program of faculty development to draw engineering
faculty to a dedicated investment in the teaching of undergraduates and enhance the
pedagogical abilities of faculty to enable the skilled practice of undergraduate
engineering education.

¢ Recruit and retain to the bachelor’s degree an increasing percentage of women and
minorities to undergraduate engineering education.

e Implement & institutionalize curriculum and related developments moving from pilot
model to implementation and incorporation into the mainstream of each institution’s
programs (Institutionalization).

¢ Use modern assessment methods to measure, assess and guide the Coalition.
e Change the Culture of the Undergraduate Engineering Educational Enterprise.

e Establish strong relationships and an active program of dissemination among schools
within the Coalition, other Coalitions, and with the wider engineering community.



GATEWAY STRATEGIES

« Curriculum
 Prof.Dev.

» Underrep. Pop.

* Technologies

* Assessment

* Linking/Sharing
(Partnerships)
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GATEWAY STRATEGIES
’——Iqs’. Culture Change

« Curriculum

» Prof.Dev.

» Underrep. Pop.

» Technologies

* Assessment

* Linking/Sharing
(Partnerships)

Phase 1 + Phase 11

Process

Product e
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Curricular Objectives

» Extending the Initial Set of Integrated and Interwoven Components
- Engineering Up-Front and the Intellectual Centerpiece
- Math, Science, and Engineering in parallel and concurrently
- Extensive Experiential Learning
- Interdisciplinary Themes
- Concurrent integration of communication, organizational management,
group dynamics, teamwork skills, and social responsibility

» Design as a motivator and driver throughout the curriculum and the use of
advanced technology as a vehicle for its development and delivery

» Shift educational focus from primarily course content to student learning
outcomes.

* Major push on multi-disciplinary, upper division courses
— Biotechnology, MEMs, & Genomic Engineering
— Engineering Horizons/Emerging Technologies
- Environmental & Earth Systems A
- Manufacturing & Concurrent Engineering/Concurrent Design
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A Closer Look at Curriculum

Lower Division

# Engineering Up-Front
Remote experimentation

# |earning Fundamentals
Tools & Tactics of Design, Introduction to the Design Process,
Fundamentals of Problem Solving, Physical Foundations of Engineering
Structure and Properties of Matter, Systems, etc.

#Bringing Multimedia into the classrooms (course modules example)

Multi-disciplinary, upper division courses

# Biotechnology, MEMs, & Genomic Engineering
# Engineering Horizons/Emerging Technologies
# Environmental & Earth Systems Engineering

‘% Manufacturing/Concurrent Engineering

Overall

# [Integrating Technology into the Educational Process
# On-Line Assessment and Evaluation Processes
# Web-Based Course Delivery



Professional Development
and the Educational Process

« Student Development
# Ethics
# Communication
#* Teamwork
 Faculty Development
# Linkages across coalition institutions for faculty teaming

in instructional design, networked facility sharing, and
student teaming for design and fabrication.

+ Outcome-based assessment
# Institutional support for new media technologies
# Collaborative teaching and learning



Upper Division Cross-
Institutional Programs using
Technology as a Bridge

Rapid Prototype Design




Outreach/Mentoring Programs

* Linking with 2 yr. higher education institutions
» Engineering to the high school
# Engineering students in the k-12 classroom
— Education minor for engineers
+ Mentoring and bridge programs

# Building on existing institutional 1nitiatives, implement specific
programs to increase enrollment and retention of
underrepresented populations.

+ Established several programs designed to support the diverse
needs of students.



Assessment Process & Initiatives

* Providing Coalition and non-Coalition institutions with a structured process to
imbed assessment and evaluation, as well as continuous improvement as a
fundamental ingredient of the educational process.

— Developed and implemented a battery of outcome-based assessment
processes including:

* Department and Faculty Workbooks

* Technology mediated assessment processes including course
evaluations, student surveys, alumni surveys, and the Team Developer, a
computer based assessment and feedback program (John Wiley & Co.)

— Opver 735 engineering and non-engineering programs are following the
structured assessment program.

— Coalition workshops have been attended by over 1000 participants from 50
engineering schools.

c0T

— Provided a turnkey complete web-based assessment program available to
any 1institution through the Gateway Web Repository.

— Ongoing collection and monitoring using Gateway metrics



Lower Division

Freshman Participating in Engineering Design Experience
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Upper Division Courses Taught by
Interdisciplinary Teams of Faculty
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Retention Rates

Gateway Coalition Retention Rates
from 1st to 2nd Year
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Gateway Coalition Retention Rates
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Students Participating in Courses that Formally
Integrate Communication Skills and Ethics
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Students Participating in
Outcome Assessment Processes
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Non-Coalition Institutions Impacted by
Coalition Initiatives
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GATEWAY ENGINEERING EDUCATION COALITION
~ Changing the Culture of Engineering Education ~
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Sustainable
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~ A Complex Integrated System ~
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Opportunities in Materials Science

Electrical

Ferroelectric/
dielectrics

Thermo-
electrics

Super-
conductors

Piezoelectrics

Magnetic

Permanent
magnets

Magneto-
resistive
materials
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strictive
materials

Optical

Nonlinear
optics
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refractives

Transparent
conductors

Phosphors

Chemical

Catalysts

Chemical
Sensors
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Deposition
i film deposibon using masks.
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Processing

temperature. pressure,
atmasphere

Measurements

scanning detecion systems

To large
scale
synthesis
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Making New Materials
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Searching for the Right Combination
in Complex Materials

For Example, Superconductors
HgBa,CaCu,0, ?




Parameters that Affect Properties of Materials

1. Compositions 4. Presence of Defects

*identity of components
estoichiometry

2. Dopants 5. Microstructures
eidentity
econcentration

3. Processing Conditions
*temperatures
*pressures
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Synthesis of combinatorial
libraries and
composition spreads

/

Rapid characterization Materials
and screening of )

. . diagnostics
physical properties




Designing the libraries and precursor
deposition

*maximize diversity
(maximize the density)

*quick turn-around

*accuracy of deposited thicknesses
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Library fabrication using precursors

1024-member
luminescent material

library
Science 279, 1712 (98)

[

Amorphous precursor multilayer Crystalline (epitaxial) film

q

Substrate Substrate






Combinatorial Capacitor Library
BaTiO; Ba,,Sr,,TiO, Ba, ;Sr, ;Ti

0%
Ce
3%
a S '

L FE
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Composition Spread of Ba, St ,Ca, TiO;

(imaging obtained with microwave microscope)

Srh €, tan o
o £ 0.100
400 0.050

300

 0.010

Low loss region: Ba 15925510 35.047C0.32.0.53T105

Appl. Phys. Lett. 74, 1165 (1999)



Precursor phase diagram
A

“One set” Of = Spatlally

depositions B ¢ addressable
’ e compositions

‘ In-situ .. gy
3 ~~~~~~~ grow“th B C
possible
Natural composition spread Discrete phase spread

I. Takeuchi, Applied Surface Science, in press
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Combinatorial Pulsed Laser
Deposition Flange

Modular
and compact
8” flange

Rotatable
heater

2D shutter
system
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Combinat

orial UHV Sputtering System

I. Takeuchi, UM
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Characterization of the libraries
rapid measurements
(scanning and/or parallel detections)
'non-destructive measurements

(non-contact)

*accurate quantitative measurements



Multi-mode Variable Temperature
Scanning Microwave Microscope

euchi, University of Maryland



Screening for Possible New
Superconductor Materials

Resonator

>
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Thin Film Library of Superconductor Materials
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Scanning X-ray Diffractometry
BaTi10;-SrT10; Composition Spread

Peak Position vs. Position on Substrate
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l. Takeuchi, University of Maryland
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Combinatorial
Materials Research:

Environmentally sound approach
Leads naturally to reduction in
resources used in research.

*Great educational tool
Covers a wide range of
compositions in one breadth.
Provides highly interdisciplinary
research and training environment.
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EXPERIMENTS IN ELECTRICALLY AND
MAGNETICALLY ACTIVE POLYMERS:
NOT JUST INSULATING PLASTICS

James V. Masi
Western New England College (emeritus)
242 Spurwink Avenue
Cape Elizabeth, Maine 04107

Telephone 207-767-3196
e-mail masij@hotmail.com
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Experiments in Electrically and Magnetically Active
Polymers: Not Just Insulating Plastics

James V. Masi
Western New England College (emeritus)
Springfield, MA 01119
(207)767-3196, masij@hotmail.com

Abstract: The advent of organic materials for electroluminescent devices has allowed a wide
variety of applications in displays, communications, sensors, and the like. The demonstration of
organic magnetic materials has offered the challenge of finding polymer (organic) materials in
which there is sufficient electronic exchange as well as stability in both thermally and
chemically. The intrinsically conductive and semiconductive polymers have allowed designers
the liberties of flexibility and conductivity to meet needs from batteries to solar cells. This paper
gives an overview of this search past, present, and future and the synthesis of promising new
complex polymer building blocks which can yield conductive, semiconductive, luminescent,
ferro-, ferri-, and super-paramagnetic materials for devices of the future in power, storage,
displays, and communications devices. The use of these materials to produce electrically active
polymeric materials has changed our way of thinking about how to fabricate devices with
properties heretofore unrealizable.

Key Words: Electrical Polymers, Magnetic Polymers, Luminescent Polymers, Molecuiar
Electronic Materials.

Prerequisite Knowledge: The student should be familiar with the basics of materials science,
metallography, and chemistry. Levels at which these experiments are performed are second
semester junior year and either semester senior year. The students are first given lectures the
properties of materials including polymers and magnetic, luminescent and conductive polymeric
materials (as shown in the appendix). They should have already had a laboratory experiment on
metatlography and sample preparation.

Objectives: The objectives of these experiments are to show how the unique properties of
polymers lend themselves to applications involving electrical, magnetic, and optical properties
and how they are incorporated in a variety of devices. These experiments contain all of the
elements of good design, with the caveat that a novelty in structure is sometimes a part of design.
The students learn the process of designing materials for the world of device applications,
analyze those already used, and suggest possible solutions to the problems involved with present
technology.

Equipment and Supplies:
(1) Metallurgical preparation and polishing apparatus (e.g. Buehler Co., Port Washington, NY).

(2) Varieties of monomers (Roche Chemical Div., Hoffmann-LaRoche Inc., Nutley, NJ; Baker
Chemical, U. of Utah Materials, Salt Lack City. National Starch (Beta Cyclodextrin).
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(3) Low voltage d.c. and 60Hz power supply (Edmund Scientific)

(4) Miscellaneous graduates, glassware, ovens (Fisher Scientific),

(5) Indium-tin oxide coated glass and plastic (Tecknit Corp., Cranford, NJ)
{6) Miscellaneous meters and power supplies.

(7) Metallurgical microscope (Olympus, Zeiss, etc.).

(8) Smali photoresist spinner (Fisher Scientific).

Introduction

Molecular Magnetic Materials

When the early civilizations made the discovery that tron was indeed attracted to lodestone, the
era of magnetism and its devices and effects was launched. After that time, the earliest device
recorded was the compass, an invention of the Chinese. Since then, ferromagnetic (Fe, Ni, Co,
etc.), ferrimagnetic (e.g. F;04), and paramagnetic materials have been used in technology
applications such as magnets, magnetic tapes and disks, magnetic resonance imaging contrast
enhancers, and magneto-optic memories, to name a few. Organic/molecular based materials,
with p or d orbitals aiding the magnetic properties, have been a source of scientific curiosity for
a number of yeal's1 , but only recently have such materials become a reality™*".

This new class of magnetic matenals is, for the most part, non-metallic, being made from simple
to complex organic molecules. Their structure can be uni- or bi-dimensional and need not have
the three-dimensional format necessary for conventional ferromagnetic, fernimagnetic,
paramagnetic, and antiferromagnetic materials. These materials can be simply fabricated from a
variety of solvents at or near room temperature. These should not be confused with bimetallic
complexes such as those formed by pyrolisis or partial oxidation.® Other work postulated the
use of a new class of pi-biradicals called the non-Kekule polynuctear aromatics, shown in Figure
1 below.” The high spin nature of these systems should drive
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Representation of pi-molecular structure of metaquinodimethane, the associated spins, and
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ferromagnetic coupling in charge transfer complexes. This is best served by having the centers

covalently bonded together, namely, a polymer system made up of repeating molecular segments
sharing the framework of the high-spin systems, quinodimethanes based on the benzene,

naphthalene, and biphenyl nuclei.

Figure 2
Possible model for magnetic spin coupling
Figure 2 shows a possible model for magnetic spin coupling where spins align in orthogonal

otbitals in a small spatial region.' Figure 3 shows six possible configurations of parallel and
anti-parallel spins, along with canted ones for reference, to describe paramagnetic,
ferromagnetic, antiferromagnetic, Ferromagnetic canted ferromagnetic, and correlated spin glass
(disordered structure). A description of the materials is given in Appendix A.
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Spin configuration directions for magnetic types

Experiment 1. Making and testing magnetic polymers

The work described here involves a formulation of a solution, the mechanism definition, and results
for this formulation. These materials are deposited on a variety of surfaces from alumina to
modified vinyl. This method enables the user to deposit a magnetic polymer on a wide variety of
surfaces and topographies.  These polymers retain the electrically insulating properties, while
exhibiting ferromagnetic behavior.

Cyclodextrins, Cyclic oligosaccharides, were discovered approximately 100 years ago. In the
pharmaceutical industry , Cyclodextrins have mainly been used as complexing agents to
increase the aqueous solubility of poorly water-soluble drugs , and to increase their bio-



availablity and stability . Cyclodextrins are produced by a highly selective enzymatic synthesis
consisting of Six, Seven, or Eight glucose monomers averaged in a donut shaped ring, which are
denoted alpha, beta or gamma Cyclodextrin respectively. The specific coupling of the glucose
monomers gives the Cyclodextrin a rigid conical molecular structure with a hollow interior of a
specific volume. This internal cavity, which is hydrophobic in its nature, is a key structural
feature of the Cyclodextrins, providing the ability to complex and contain a variety of “guest”
molecules (e.g. aromatic, alcohol, halides and hydrogen halides, fatty acids and other esters,
ferromagnetic ions, etc.). The guests must satisfy the size criterion of fitting at least partiatly
into the Cyclodextrin internal cavity, resulting in an inclusion complex. The Empirical Formula
is (C¢H10Os); and is basically a carbohydrate. A graphic simulation of B-cyclodextrin is shown
in Figure 4.

Figure 4. Simulation of 8-cyclodextrin with central hole filled with ferromagnetic material.
[courtesy MOLCAD]

Table 1 shows the important parameters associated with the -cyclodextrin used in this work. As can
be seen, the size parameters fit very well with the size of the iton jon ( 1.17A4).

Table I: Important molecular parameters of B-Cyclodextrins (CD)

B-CD
glucose residues 7
molecular weight 1135
cavity diameter (A) 6-6.6
cavity height (A) 7.9
cavity volume (ml/mol) 262

1. DISCUSSION
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Procedure
A. General
The purpose of the process is to treat and polymerize a ferromagnetically modified
cyclodextrin polymer and cast it into solid shapes for use in high-speed magnetic devices (inductors,
transformers). This is done in aqueous solutions, with alcohol added as a dispersant.
B. Materials Needed
Substrates (alumina, printed circuit G-10, modified, ceramic-filled vinyl, and glass), FeCl;,
Beta Cyclodextrin, isopropyl alcohol.
C. The solution
The solution is prepared by mixing I mole of FeCl,
With | mole of B-cyclodextrin in an aqueous solution. By weight, the amounts are: 26.9 g
FeCls, 16.2 g B-cyclodextrin, added to 50 g water. Alcohol is added, drop by drop, until the
solution becomes homogeneous in appearance.
D. Polymerization
The material is condensation polymenzed by pouring onto the glass substrates and
heating to 85 C until a thick film of the material is formed. This material has a d.p. of about
5000-and is capable of being thermally compression molded into shapes at 150 C.

A electron photomicrograph of sample of the solution dried at 85 C onto a glass substrate is
shown in Figure 5. The voids are due to shrinkage and lack of wetting. This morphology differs,
dependent on time at temperature.

Figure 5. B-cyclodextrin:Fe condensation polymerized and baked at 85 C on glass. 1000x.

The properties of the films as measured at 250MHz at room temperature were:
Resistivity : >10° ohm-m

Permeability (v, ): 70-120

Loss tangent; <107

Coils can be wound on the shapes fabricated and relative permeability can be deduced from the
inductance measured on a non magnetic core of the same dimensions.
Conclusions (magnetic)



This process offers many advantages over conventional polymerization methods. The process is
simple, low-cost, and effective. The matenials used are net toxic, no special procedures need be
used, and multiple applications can be made with great accuracy. The surface need not be a plane.
Marking, drilling, and deposition can be done on a variety of substrate topologies. The polymer used
must be non-hydrated, in order to avoid loss in the material at high frequencies due to water. Further
studies are being performed on other metal/substrate systems with other polymer systems as well.

Luminescent Polymers

Introduction

Electroluminescent devices are showing promise for applications in future flat panel displays.
Current flat panel display technology depends on inorganic light emitting diodes, backlit liquid
crystal displays, and vacuum fluorescent displays with field electron emission onto phosphors.
The problem for manufacturers lies in how to reduce the cost of illuminated displays, while
increasing their capacity and efficiency. Organic/molecular films may hold the solution to this
problem.

Observation of light emission has been observed in various polymers and copolymers of arylene
vinylene, Polyphenylene vinylene (PPV) being the most efficient to date. However, a number of
conjugated homopolymers, copolymers, and polymer blends have been investigated. These
materials have light emission over the entire visible range. '>'* Though imbalances in the
injection and carrier charge transport properties are partially responsible for low efficiencies in
polymer light emitting devices, there is hope of overcoming these drawbacks with the use of
separate transport layers, electron withdrawing groups, and electron accepting additives and
modifications. In addition to PPV, there are other materials which show promise. These are:
poly (2,6-quinoline vinylene) (PQV), poly (phenylene vinylene-co-quinoline vinylene) (PPVQV),
poly(p-pyridine) (PPP), poly(phenylene vinylene) (PPV), cyano-poly(phenylene vinylene)
(CNPPV), and poly(2,3-diphenyl-5-hexyl-p-phenylene vinylene) (DP6-PPV). Two of these
compounds are shown in Figure 6. '* A detailed description of electroluminescent polymeric
materials and structures is given in Appendix B.

2] kdad
PPV

PPP

Figure 6. PPV and PPP
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Experiment 2. Making and testing luminescent polymers

The experimental setup is shown in Figure 7. The transparent electrodes are the same as those
shown in the experiment on Liquid Crystals (NEW Update 2000). The layers are spun onto the
conductive glass using the solvents shown below. Electrodes may either be evaporated or
“painted” on with conductive silver epoxy. Construction can also be of the SCALE vanety as

shown in Figure B2 in Appendix B.

- electrod - electrod
ectrode slectode CN-PPV

+ electrode // PPV
Transparent
2 b ‘/

v v

Light output
Figure 7. Light emitting polymer diode construction

Violet: Oxydodecyl poly(paraphenylene) (DDO-PPP)
- -7 * absorption band maximum at 340 nm

-PL band in the violet; 0-0 transition at 400 nm
-Soluble in toluene or THF for processing

Green: unsubstituted Poly(paraphenylenevinylene) (PPV)

-1t -m * absorption band maximum at 400 nm

-PL band in the green; 0-0 transition at 520 nm

-Available as the precursor in aqueous solution for ease of processing

Red: Oxydodecylmethoxy-poly(paraphenylenevinylene) (DOO-PPYV)
- -1 * absorption band maximum at 510 nm

-PL band in the red; 0-0 transition at 570 nm

-Soluble in toluene
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The cyano-layer can be fashioned on any of these materials by adding potassium cyanide (1%
solution) to the monomer. The cure cycle is 110 C for 20 minutes.

Measurements of current vs. voltage can be made and log I vs V can yield the activation energies
and effective bandgap of the materials.

Conductive Polymers

The conductive and semiconductive polymers have properties which allow device, cost, and
interconnection attributes not available with conventional inorganic materials [16]. It should be
noted that there are no polymers based on carbon backbones that are intrinsically conductive to
the extent of metallic or carbon/graphite loaded polymers. These polymers are usually made.
electrically conductive by adding either electron donors or acceptors to the host polymer, either
by charge transfer complexes or dopant atoms (as in semiconductors) [17,18]. A comparison of
organic and inorganic matenals is given in Figure §.

Electrical Conductivities
Omanic thorganic
polymer mazenal
10° 4 Poly(acetylens) Copper, silver |- 10°
_ Poly(thiophen) | Marout:
E Poly{pyrrole) (SN,
T, 10° Poly(phthalocyanine) | Silicon, ZnO  }-10°
= Germaniom
3 Poly(N-alkylpyrrole) { Silicon
-] s . -5
R B
5 undoped).
o lodine
£ Poly(thiophen)- e
£ 10" undoped) Zinc oxide [ 10
w DNA
1075 Nylon -107"
PYC ‘ '
Polystyrene _
1024 PTFE Silica L10 2

Figure 8. Electrical conductivities compared

Though silver and copper are, in reality, an order of magnitude higher than polyacetylene, the
organic materials have certain electrical, electrochemical, and optical properties which make
their use preferred. Some of the methods for making potymers conductive are shown 1n Figure

9. The proposed model for charge transfer is called percolation and in shown schematically as
chain-like pathways for conduction.
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Figure 9. Percolation through polymers causing conduction

A scanning electron micrograph of trans-polvacetylene is shown in Figure 10 [16] The chain-
like structure is quite visible in this photo and supports, at least visually, the model of conductiv
pathways.

Figure 10, Scanning electron micrograph of trans-polyacetylene [16].

Some of the uses for these semiconductive and conductive polymers are: battery electrodes,
polymer electrolytes for batteries, solar cells, compatible contacts for light emitting polymers,
and high frequency window filters for microwaves, to name a few. Some of the conductive
polymers presently in use are shown in Figure 11.

As newer matenals are synthesized and new properties develop, applications will, as for most
new materials, finally find uses for these emerging polymers.
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Semiconducting and Metallic Polymers

civ-polyacatylene trangpolyacetylene
poty (p-phenylene) poly{1.8-heptadiyne)
N N 1;
H H o .
poly (propriotic anhydride)
polypyrrole
polythiophene polylquinoline)

Figure 11. Some conductive/semiconductive conjugated polymers

Polyaniline (PANI1)

-Available as emeraldine hydrochloride or as emeraldine base.

This material is easily spun onto a conductive glass substrate or an insulative substrate. The
graph of resistivity vs. 1/T should be made using either a 4-point probe or silver epoxy contacts.
By using an ITO substrate and silver epoxy on the rear of the sandwich, a photovoltaic cell can
be shown to give approximately 0.35 volts at 1 mA/10 sq. cm.

Conclusions (General)

The future of magnetic materials using molecular/organic substances as their basis will be
dictated by the ability of scientists to find new materials or modifiers which force high, coupled
electron spin densities into 1-, 2-, or 3-D network bonding using cooperative phenomena. The
potential for modifying the physical properties through conventional organic synthesis
techniques makes this class of materials very attractive to the magnetics community. The
polymer light emitting devices are well on their way to impacting the industry as easily
produced, low cost devices. They have the present drawback of having lifetimes shorter than
those demanded by the telecommunications industries and the industry as a whole. The
conductive and semiconductive polymers have properties that allow device, cost,
electrochemical, electro-optic, electronic, and interconnection attributes not available with
conventional inorganic materials. This may lead to their use in photonic, electronic, and
magnetic devices to make lower cost, high performance telecommunications, electrical, and
electronic systems.
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Appendix A. New Magnetic Materials Design

Since standard stand-alone materials gave way to polymeric techniques, the possibilities of
cooperative phenomena became more feasible. Since magnetic materials are only useful below



their Curie temperature, this temperature should be above room temperature. To obtain these
higher Curie temperatures, one must induce some order (local disorder leads to random and
inconsistent interactions). In 1985, the first molecule based magnetic materials were reported.’”
These materials were ionic salts (containing alternating donors and acceptors, of
tetracyanoethylene and tetracyanoquinodimethane, TCNE and TCNQ in a “.. DADA..”
configuration, producing high multiplicity spin radicals. A ferromagnetic [FeCp ;}-* [TCNE}-
forming chains of altermating donors (cations) and acceptors {(anions)can be modified from
ferromagnetic to metamagnetic by replacing TCNE with TCNQ or when [C3;(CN)s]" is added
magnetic coupling is no longer effective. (Cp’ is pentamethylcyclopentadienide). A symbolic
representation is shown in Figure A1.°

N
N>_<N N N N N
TCNE TCNG iC,(CH)}
Figure Al. TCNE and TCNQ salts with ...DADA...
Up to 1991, the Curie temperatures were low, only in the tens of degrees Kelvin. Though the
performance in magnetization in all forms of magnetic behavior degrade with increasing

temperature, a few materials show promise for the future.” Some of these are shown in Figures
A2 and A3.
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Figure A2. Magnetization vs applied magnetic field for some materials

Magnetizaton® ) o .
10,000 “\ —
8,000

from V(CO),

from
\catwsx
4,000 :

\ \‘ Ni crystaliine
\‘ﬁ\
2,000 \ “‘ \
o m

| -} L

o 100 200 00 400 500 L
Tempersture, X
a Beatromegnedc urit Oemied per mot.

6,000

Figure A3. Vanadium salt V(TCNE),-y(CH,Cl,) prepared from V(CO)s
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As can be seen from the figures above, the magnetic behavior, magnetization, and temperature
profile vary greatly with host (TCNE, TCNQ, etc.), salt (vanadium, iron, cobalt, nickel, etc.) and
precursor. It may suggest that there is a greater order than previously suspected, implying that 3-
D order might be more prevalent.

Some new saccharides, in the class of cyclodextrins (called inclusion compounds) are showing
promise because of their ease of ion incorporation in the “nooks and crannies” of the molecule
115].

Magnetic Testing
Impedance measurements, giving the relative permeability and dielectric constant as well, and
multi-port tests on the materials can be made on an 8700 series HP Network analyzer as shown
in Figure 8. “Donuts” were 3 mm thick, made to fit in the coaxial air line.

Figure 8
Network Analyzer/Coaxial Setup
High frequency measurements vary on these materials with the vanadium salts showing
permeabilities of 60 at room temperature at 100 MHz. More work needs to be performed on
these materials at high frequencies to determine what models are justified by these
measurements.

Appendix B. Electroluminescent Polymers

The polymers mentioned in the body of this paper have been used to fabricate conventional light
emitting diodes as shown in Figure B1.
e &0 Mact -we contact ¢ cortact Tep dectrode

ight light
Figure B1. Conventional Diode Structure



New devices called system configured a.c. light emitting (SCALE) devices are shown in Figure
B2.
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Figure B2. SCALE Device

These devices show a wide range of emission wavelengths, dependent upon the composition, as
shown in Figure B3.
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Figure B3. Vamation m output energy {color, wavelength) with composition

Some of the advantages of polymer devices include flexibility, semi-transparency, full color
range, diffuse light, large area devices, robustness, low driving voltage, and low power
consumption.
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LOW-BUDGET EPITAXY: COPPER ON SILICON

John N. Kidder, Jr. and Luz Martinez-Miranda
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Key Words:
Thin films, epitaxy, deposition, surfaces, crystal structure, copper, silicon

Prerequisite Knowledge:
Crystal structure, X-ray diffraction, principles of vapor pressure, kinetic theory of gases,
evaporation. '

Objective:

To become familiar with thin film deposition by thermal evaporation and the role
of interface energy in thin film formation. The objective is to introduce students to the
principles of thin film growth, generation of an atomic flux, deposition rate, surface
cleaning in silicon processing, surface structure and chemistry, interface energy and
epitaxy, and metallization in semiconductor technology.

Equipment and Materials:

Bell jar thermal evaporator; high purity copper wire; glass and plastic beakers; dilute HF
acid, acetone, methanol, deionized water; silicon wafer (001) orientation; scribe; steel and
plastic tweezers; scale; duster or clean dry compressed air;, safety garments, X-ray
diffractometer.

Introduction:

This exercise combines a thin film deposition experiment with X-ray diffraction
measurements. This exercise is a good supplement to undergraduate laboratory course
that includes X-ray diffraction by providing a way for students to create their own
samples for analysis. In this experiment copper thin films are deposited on (001) oriented
silicon substrates with two different surface treatments. All of the samples are cleaned
using solvents and high purity water. Some of the substrates are also etched in dilute HF
acid solution immediately prior to the deposition, which removes the native oxide from
the surface and leaves a stable hydrogen-terminated silicon surface. Copper films are
then deposited on the etched and unetched silicon substrates to compare copper films
deposited on the amorphous native oxide and the crystalline surface. To prepare for the
exercise several questions are discussed: Why would a FCC metal film form in one
preferred orientation or texture? What orientation might be expected on an amorphous
surface? What orientation of copper might be expected on a crystalline silicon surface?
How are the Cu(001) planes and Si(001) geometrically similar? These questions can be
discussed in terms of low-energy planes in a crystal and the crystal structure of copper
(face-centered cubic, a=3.61 A) and silicon (diamond, a=5.43 A). The experiment
postulates that the HF etch creates a stable surface that promotes oriented growth with the
Cu(001) planes parallel to the Si(001) surface. (see figure 1)
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Procedure:

Divide the silicon wafer into small pieces by using a diamond scribe to score the
unpolished side and apply pressure over the edge of a microscope slide. Clean the Si
substrates by soaking in acetone, methanol, and deionized water for approximately 60 sec
at each step and then blow-dry with clean dry gas. Prepare the HF etched samples by
dipping in 10-vol% HF aqueous for approximately 60 seconds. Use acid resistant (i.e.,
plastic) tweezers for this step and hold the sample by the edges. When removing the
silicon piece slowly pull it from the solution. The hydrogen terminated surface is
hydrophobic so the polished surface should be dry when pulled from the solution. Any
droplets on the surface indicate contamination or defects and these samples should not be
used. Remove residual liquid solution on the backside of the wafer and at the edges by
blowing dry. A lab tissue can be used to wick away liquid from the edges. The surface
will reoxidize after several minutes so deposition should be done immediately after the
HF etching step. The need for an exquisitely clean surface shouid be emphasized — a
lesson that reflects processing practices in the semiconductor industry,

To prepare for each deposition, wrap the copper wire on to the evaporation source
(e.g., tungsten filament). Place the samples at a fixed distance from the source (see
figure 2). We recommend placing a shutter between the source and the substrates during
the first few seconds of evaporation to block the flux of impurities emitted from the
surface of the metal source during initial heating. After loading the substrates pump the
system down to below 107 Torr. The procedure for pumping down the vacuum
evaporator will depend on what type of system is used. With a modest vacuum pump a
single deposition run can be accomplished within approximately 15 minutes, allowing
several depositions per lab session. Once the system reaches 10 Torr or less, turn on
filament power and turn up current, and then immediately move the shutter to begin
deposition on to the substrate. After a fixed time, rotate the shutter back to the position
between substrate and filament. Turn off filament power, close pump valve, and back-fill
chamber to atmospheric pressure. Remove samples.

The lab can be run as a process line with different students responsible for each
step. The students doing the solvent clean need to use safety glasses, lab coats and
gloves, and the student doing the HF etching should also use a acid lab apron and a face
shield. The copper wire should be wiped clean with a solvent and handled with gloves to
minimize surface contaminants. If possible deposit on etched and unetched substrates
simultaneously to allow direct comparison.

X-ray diffraction measurements are required to observe the orientation of the
copper films. This is indicated by a variation in the relative intensity of the Cu(111) and
Cu(002) diffraction peaks. Figure 2 shows an example of 8-28 scans for etched and
unetched samples where a significant increase in the relative intensity of the Cu(002)
peak was observed.

Comments:

Microelectronic technology is largely based on electronic devices fabricated from
layered and patterned thin films. The process for fabrication a micro-device from thin
films involves three primary steps: Deposition of a film, lithography for pattern



formation, and etching to remove material and form the selected pattern. This
experiment aims to use simple deposition equipment - a bell jar thermal evaporator - to
demonstrate and study vapor-phase thin film epitaxy using technologically relevant
materials. This exercise is a good introduction to thin film processing and can serve as a
prerequisite for a more extensive thin film processing lab. The experiment was adapted
from an article by Longiaru et al.[1] which is an excellent reference for the exercise. In
that article they used a sputtering system but we have found this experiment can also be
done using a thermal evaporator. Bell jar evaporators are generally less expensive and
more available on college campuses, and can easily be operated by undergraduate
students. We adapted a thermal evaporator system used for coating electron microscopy
samples for the deposition exercises.

It may be beneficial to process films of different thickness. This can be done in
two different ways. If it is assumed that the evaporation rate is relatively constant over
that period of time, then for fixed filament power the shutter can be opened for different
periods of time (5, 10, 20 seconds). Another method is to use different weights of wire
and leave the filament on and the shutter open for an extended time (~60 s) to completely
evaporate the piece of wire. In this case the thickness can be roughly estimated using the
mass of the wire, the distance between the source and the substrate, and the density of the
depostted material using the expression:

M(,'u wire
Film Thickness = —— [cm]
pCu (47rr )

In this expression, My wire is the mass of the wire [grams], 7 is the distance between the
source and the substrate [cm], and pe, is the density of copper (8.94 g/cm®). This
expression assumes certain assumptions such as that the substrate surface is facing
normal the source (See figure 2) and that and the dimensions of the filament are much
smaller than the distance between the source and the substrate (i.e., it acts as a point
source). The actual thickness may be offset due to the shuttering at the start of the
evaporation, but this expression can be used to generally predict the maximum thickness
and to estimate what mass of wire is needed. A typical range of thickness for this
experiment is 10 — 250 nm.

In summary, the experiment combines a thin film deposition experiment with X-ray
diffraction measurements. This exercise provides excellent hands-on activity to teach
several important topics including, kinetic theory of gases, atomic flux, film deposition,
vacuum science, surface structure and chemistry, and semiconductor processing
practices. It is an excellent module for an undergraduate matenals processing laboratory,
and provides a way for students to create their own thin film samples for characterization
experiments (X-ray diffractometry). The experiment can also serve as a platform for lab-
based lessons in vacuum science, lift-off lithography for circuit fabrication, and
experiments that study process property effects (electrical characterization, roughness).

In future work we hope to develop complementary exercises that involve other deposition
techniques. For example copper can be deposited by simple thermal CVD using



Cu(Il)2,4-pentanedionate (Cu acac) as a precursor, which is easy-to handle (not air
sensitive) and non-toxic.[2] Sol-gel spin coating is another straightforward and relatively
low cost approach for depositing thin films which would be appropriate for
undergraduate materials science and engineering laboratory curriculum.
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Magnetoimpedance: a Useful Phenomenon for Magnetic,
Electric and Stress Sensors

R. Valenzuela

Institute for Materials Research, National University of Mexico, Mexico, p.o. Box 70-360,
Mexico D.F. E-mail: monjaras(@servidor.unam.mx

Key Words: electromagnetism, magnetic domains and magnetic domain walls, magnetic
permeability, skin depth effect.

Prerequisite Knowledge: basic knowledge on atomic structure including spin moment,
basic magnetic properties of ferromagnetism.

Objective: to understand a basic electromagnetic phenomenon involving the magnetic
structure of ferromagnetic materials.

Equipment:

1. A magnetically soft ferromagnetic wire or ribbon

2. A permanent magnet (barium ferrite or metallic, NdFeB type), or a solenoid (250
turns) powered by a DC source

3. A signal generator (100 kHz-10 MHz frequency range, 1| mA RMS current
amplitude)

4. A measuring instrument such as a voltmeter, an oscilloscope, or an impedance
analyzer

5. A standard resistor (10-50 Q)

Introduction:

When a conducting ferromagnetic material (best results have been obtained with
amorphous wires and ribbons in the CoFeBSi system) is subjected to an AC current of
small amplitude (less than 10 mA RMS to avoid any heating of the sample), it shows an
impedance larger than the value corresponding solely to its DC resistance. If a DC
magnetic field is applied, the impedance decreases to a value very close to the DC
conditions. The impedance change increases as the current frequency increases, and is quite
sensitive to the DC magnetic field. This phenomenon is known as Giant Magneto-
impedance (GMI) and has attracted much interest due both to its technological applications
in magnetic field sensors, and to its basic electromagnetic nature.
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Procedure:

a) Connect in series both the resistor and the ferromagnetic material to the signal
generator (Fig. 1). The purpose of the resistor is to limit the current flowing through
the sample, which is in short circuit since it is a good conductor

b) Connect the measuring device (voltmeter) to the sample ends

c) {If asolenoid is available, put the sample inside the solenoid}

d) Establish a small current on the system (for most ferromagnetic materials, a 10 V
drop at | MHz is obtained when the current amplitude is in the mA range)

e) Observe the voltage drop when the permanent magnet is far away from the sample
(say, more than 1 m)

f) Place the permanent magnet very close to the sample (it is more efficient if the
magnetic field produced by the permanent magnet is parallel to the axis of the
sample) and observe the voltage drop

g) Move the permanent magnet with respect to the sample, increasing the distance
between them (thus decreasing the magnetic field on the sample); make a plot of
voltage as a function of distance

h) If the system includes the solenoid, carry out measurements at different levels of
DC magretic field, and plot the voltage as a function of the field

Comments:

The results should show a decrease in the voltage drop in the sample as the DC
magnetic field increases, as shown in Fig, 2 (i.e., the permanent magnet is approached to
the sample), which means that the impedance of the sample decreases under the effects of
the DC magnetic field. This effect, known as magnetoimpedance (or giant magneto-
impedance, GMI) is quite sensitive as compared with giant magnetoresistance (GMR),
since in the former, a few oersteds lead to changes as large as 50% in the impedance value,
while GMR needs at least a few tens or hundreds of oersteds to show such resistance’
changes. In fact, as can be seen in Fig. 2, GMI plot shows that the maximum in impedance
appears for a non-zero DC magnetic field, which compensates for the earth’s magnetic
field.

Impedance:

While resistances are used to measure the effects of an element in a DC electric
circuit, impedances are used to measure the changes produced by an element in an electric
circuit subjected to an AC current. Impedance, Z, is formed by a real part, Z° and an
imaginary part, Z” and is a vector:

L=72+j2 H

where j is the basis of imaginary numbers, j = V-1. For calculations, the total impedance is
used, and is calculated as :

Za=[(Z) + (Z7)1"? )
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In an AC circuit, the presence of a resistor leads to changes in the current amplitude as
shown in Fig. 3, while elements such as capacitors and inductors produce changes not only
on current amplitude, but also on the current phase, Fig. 3. The relationship between
voltage, V, and current phasors, 7, is similar to the DC expressions, except that total
impedance is used instead resistance:

I= V/th (3)

The variations in Z, therefore produce proportional variations in voltage (assuming that the
current amplitude is constant):

V= Ztot I (4)

Magnetic Structure:

Ferromagnetic materials are solids formed by atoms that possess a magnetic
moment mainly from non-paired electronic spins. Most of them have transition metals as
iron, nickel and cobalt, which have an incomplete 3d orbital where the electronic spins are
oriented in the same direction. In addition to these magnetic moments, there is an
interaction (known as the “exchange™ interaction) that favors a parallel arrangement of
spins of neighboring atoms, see Fig. 4. For antiferromagnetic matenals the arrangement
with the lowest energy is the antiparallel order.

The existence of such a parallel ordering (leading to a high magnetization state) in a
given sample should lead to high magnetic flux around all ferromagnetic materials. We
know that it is not the case, as far as many metallic objects with a high content of iron do
not show any attraction or repulsion forces between them. The explanation for this is that
the generation of a strong magnetic field outside the material needs high energy. The total
energy is decreased by changing the magnetization direction toward the opposite direction
in half the sample. Magnetic “domains” are thus formed; by combining several directions,
“closure” domains are also created to maintain all the magnetic flux inside the sample, as
shown in Fig. 5. Since the magnetization direction in domains oppose each other, the total
magnetization is zero. Magnetic domains are separated by domain “walls”, where the spins
of neighboring atoms rotate from the direction of a domain toward the direction of the next
domain, Fig. 6. In the case of materials such as pure iron, the 180° angle between opposing
domains is distributed among some 100-300 atoms [1].

In the case of permanent magnets, a non-equilibrium condition is produced to
maintain more domains with a magnetization in a particular direction than in others, and
therefore to have a stable magnetix flux outside the sample.

When a magnetic field is applied to a ferromagnetic material, it is magnetized by
means of different magnetization processes. For example, the external field can produce a
rotation of all the spins in the sample toward the magnetic field direction. In another
process, the applied field can lead to domain wall movements favoring the increase in
volume of domains with the same direction than the field, at the expense of domains with a
direction opposing the field. If the applied field is strong enough, both the domain wall
movements and the spin rotation processes can lead to the elimination of walls and the total
ordering of spins in the field direction. The sample is then “saturated”, as in Fig. 4.
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In soft ferromagnetic materials, the response to magnetic fields is very sensitive;
domain walls are easily displaced leading to large changes in magnetized volumes, and
hence to large variations in global magnetization. These changes can be measured by the
permeability, p, which is defined as the ratio between the induction, B, and the applied
field, H. Permeability units are different in the two main unit systems, c.g.s. and SI;
however, the value of absolute permeability normalized by the value of vacuum
permeability, uy, is the same in both systems, and this “relative permeability™, y,, is the
most used parameter:

pr = B/ (H po) (3)

Domain wall movements are quite fast and therefore they are able to follow applied fields
of varying frequencies. However, for field frequencies above ~500 kHz, domain walls are
too slow to be able to follow the field, and they show a relaxation. To understand this
relaxation processes, it can be recalled that in all dynamic processes several terms
contribute, as is generally expressed by a motion equation:

md*x/dt + Bdx/ds + ax = F(f) (6)

with an inertia term (related to the mass of the system), md’x/dr, a damping term
(associated with the dissipation processes), Bdx/dz, a restoring term (tending to taking the
system back to the initial condition), o, all driven by a force with a given dependence on
time. A resonance is observed when the inertia term (the mass) is comparable to the
damping and the system possess a natural vibration frequency, f.. As the excitation
frequency approaches f;, the vibration amplitude (x) increases, reaches a peak, and drops
down to negative values, before going back to zero as frequency increases further. In
contrast, when the damping term is significantly larger than the inertia term, the system
simply decreases the vibration amplitude as the excitation frequency increases over the
relaxation frequency, f;. In most soft ferromagnetic materials, domain walls have exhibited
a relaxation character.

For field frequencies above any of these two values, only spin rotation is fast enough to
follow the excitation field.

Skin Effect:
When a ferromagnetic conductor is submitted to an AC magnetic field, the strong

variations ih magnetic flux inside the material give rise to electric currents due to the
Faraday’s law of electromagnetic induction:

emfoc do/dr @)

Where emf'is the electromagnetic force generated by the rate of change in magnetic flux,
d¢ / dr. In turn, the electric currents generated produce magnetic fields that are oriented
against the applied field. The global result is that there exists an opposition to the
penetration of the AC field into the material, which can then be limited to a small surface
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fraction or “skin depth” 8. The skin depth depends on the frequency of the applied field, £,
the magnetic permeability, p, and the resistivity of the conductor, p:

8=1/[2m (uf7 p)'?] (8)

The skin effect provides an explanation for the gant magnetoimpedance phenomenon, as
follows. When a ferromagnetic conductor is submitted to an AC current of high frequency
(say above 1 MHz) there are at least two sources of impedance in addition to the DC
resistance: the coupling of the AC magnetic field (generated by the AC current) to the
ferromagnetic domain structure, and the opposition of the material to the penetration of the
AC magnetic field (due to the skin effect). If a saturating DC magnetic field is applied, the
domain walls are eliminated and the spins are oriented into the DC field direction, leading
to a strong decrease in permeability. In agreement with Eq. (7), this results in an increase in
skin depth, and therefore, a decrease in the impedance response.

Applications:

There are many technological applications of GMI, as far as this phenomenon
provides a sensitive relationship between DC magnetic fields an impedance response. The
most obvious is the fabrication of magnetic field sensors, which can be made as quite small
(miniature) devices [2]. An interesting application is a device to detect and control moving
vehicles [3]. Since DC magnetic fields can be obtained in a controlled way from coils
powered by DC currents, it is also possible to provide miniature DC current sensors [4].
Also, since the magnetization processes are affected by mechanical stresses through
magnetostriction, the deformation of the ferromagnetic material leads to differences in the
impedance response, and a correlation between impedance and deformation has been
found. GMI can also be applied in tensile, compression and torsion sensors.
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Characterizing Alloy Microstructures for Semi-Solid
Forming

Robert B. Pond, Jr
Electrical Engineering and Engineering Science Department
Loyola College in Maryland
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Scott N. Hornung
Lucent Technologies
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Key Words: Microstructures, Image Processing, Quantitative Metallography, Casting, Semi-
solid Forming.

Prerequisite Knowledge: Basic knowledge of materials science, phase diagrams, the
relationships between microstructures and phase diagrams, fundamentals of heat treatment, and
competence in metallographic specimen preparation and metallography.

Objective: To understand the three-dimensional aspects of microstructure, the relationships
between phase diagrams and microstructures and the metallurgy of semi-solid forming for
commercial applications.

Equipment:

1. Alloy A357.0 prepared for semi-solid forming (1)

2. Small muffle furnace
3. Microhardness machine

4. Metallographic equipment and film or digital camera

5. Computer, scanner (for film records) and NIH Image software

Introduction:

Properties of alloys are dependent on microstructure. The three dimensional
characterization of microstructure, although important is not often developed in a laboratory
course, because the acquisition and processing of data is usually time consuming and expensive.
However, three-dimensional microstructure characterizations can be easily made within the
scope of a senior engineering project.

In this case a commercial semi-solid forming aluminum- 7.0 silicon- 0.5 magnesium
alloy was used (A357.0) (Figure One (2)). This alloy was of interest because the thixotropic
properties of the alloy when heat-treated in the liquid plus solid phase field are dependent on the
size, shape, fraction solids, and interconnections between the primary phase particles.
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This laboratory exercise provides an easy method to examine three-dimensional
microstructures and specifically to measure and characterize the microstructures of an
aluminum-silicon-magnesium hypoeutectic alloy used for commercial semi-solid forming.

1. A specimen is heat treated and prepared for metallography.
2. The specimen surface is indexed with three microhardness indentations and successively
polished and etched.

The microstructural data is digitized and analyzed using NIH Image (3) software to present
and measure the nature of the microstructure.

[F'S]

Procedure:

The laboratory exercise is augmented by the use of the free software, NIH Image, which
originally was established and is used extensively for characterizing microbiological systems.
This software works as well for evaluating alloy microstructures.

1. The student cut a specimen from aluminum alloy stock (A357.0) for thermal treatment.

2. The specimen was heated to 590° C for 20 minutes to simulate the commercial heat treatment

prior to forming and then quenched in water to capture the high temperature primary phase

distribution.

A mount of the specimen was metallographically prepared after the thermal treatment.

4. The mount was indexed with three neighboring microhardness indentations. These

indentations provided a means to locate, orient and take sequential micrographs of the same

region.

Micrographs were made of the indented area after each micropolishing step.

The micrographs were identified, digitized and stored.

7. The computer images were processed, analyzed and displayed using the NIH Image software.
Microstructural features were used to register the successive slices through the
microstructure.

8. The fraction solids of the primary phase, their sizes, shapes and the interconnected nature of
the structure are apparent and accessible for microstructural measurements.

(F'S]

O

Comments:

The shaping of aluminum alloys heated to a two-phase, liquid plus solid condition is
facilitated when the primary alpha phase is rounded and interconnected (4). This microstructural
condition allows for the handling of heated blanks of material as a solid. Under shear loads the
interconnections between the solid alpha particles break and the material becomes a slurry,
allowing low temperature forming in casting dies.

The rendering of a three dimensional microstructure for visualization and quantification
is easily and inexpensively done in a metallographic laboratory using the free imaging software.
The successive polishing steps included one-minute of polishing on a wheel using 5 um alumina
powder followed by a minute each with | pm and 0.05 um gamma-alumina powders. The
etchant, a 1% aqueous solution of hydrofluoric acid was applied for 30 seconds with a swab.



The micrographs were taken at 100X magnification and were recorded on Polaroid film.
The prints were digitized at a resolution of 150 dpi using a flat bed scanner.

A single micrograph from a series is seen in Figure Two along with analytical results for
the fraction solids made using the NIH Image software. A montage of part of the microstructure
is seen in Figure Three. A dynamic presentation was made of the sequence of data files in the
form of a movie.

The sequential microstructures are located and oriented using three microhardness
indentations. The load used was 500 gf using a Vickers indenter. The change in size of the
indentations after polishing provides a means to measure the depth of material removal for each
polishing step. Two applications of polishing eradicated the indentations and new indentations
were placed directly on top of old ones.

The student was able to measure the fraction of primary solid of the alloy in the high
temperature condition and demonstrate the interconnected structure of the primary phase, which
explains the thixotropic behavior of the alloy. The student also experienced the use of the
laboratory and software tools while gaining an appreciation for the three dimensional aspects of
an alloy microstructure.

NIH Image software originally was available only for the Macintosh Operating system. A
Macintosh computer needs to have an operating system of 7.0 or higher and available at least 16
MB of RAM to run the software. The software accepts images in the form of TIFF, PICT, PICS,
and Quick Time files. NIH Image provides analytical capability for measuring areas, averages,
centroids, and perimeter lengths of user defined regions of interest. The software also performs
automated particle analysis and provides tools for measuring path lengths and angles. The
program is easy to use and the documentation is very useful. All the analysis was performed on a
Macintosh G3 computer using the NIH Image program, developed at the U.S. National Institutes
of Health and available on the Internet.

There is a new program for Windows operating systems that is currently available from
Scion Corporation (5). This company made NIH Image and now has developed a Windows
equivalent, which is also free.

We anticipate the use of other alloy systems for laboratory demonstrations of the
influence of many variables on the microstructures of alloy systems. The effect of heat treatment
of steels on imicrostructure, the examination of different eutectic morphologies, the
characterization of intermetallics and of porosity and other discontinuities, including pitting
profiles may be made with this technique. Measurements of composite material microstructure
and grain shapes are additional areas of interest for this laboratory exercise.
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Figure One.

The binary Al-Si diagram (2) showing silicon composition
(7%} and the semi-solid heat treatment temperature of 590°C.



Figure Two. A single microstructural slice.
The fraction liquid (eutectic area) is 22.1%.

The three Vickers indentations were used to
locate and orient the specimen for metallography.
The three circular registry marks were added later
to spatially coordinate the successive data sets.
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Figure Three. A montage of a local area of microstructure.
Interconnecting points between primary aluminum particles
and re-entrants of eutectic as a source of occluded liquid in
alpha are seen.
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P4 Carbon Fiber Preforming

P4 Preforming

Background Information

Carbon Fiber Roving Specification
Experimental Equipment and Tooling
Experimental Testing and Results

Future Research Activities
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Automotive Composites Consortium

Working Groups

Energy Management
Joining
Processing

Materials
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Automotive Composites Consortium
' P4 Preforming

Focal Projects

 Focal Project I: Front End Structure
 Focal Project I1: Pickup Box

* Focal Project I11: CF Body-in-White



P4 Programmable Powder Preforming Process

.
SRy >

Consolidation:

Preform Compacted

Hot Air Melts and | | " “ |[

Cures Binder Stabilization:

Cold Air Cools Binder

and Rigidizes Preform

De-Molding:

Glass Deposition:
Glass and Binder

Applied to Screen
via Robotic Glass

Deposition Routines

Tool Opens and Preform

Removed from Tool

P4 Preforming
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P4 Preforming Process
Technical Advantages (1)

» Low Cost
- Lowest cost raw materials: rovings
- Low scrap (<3%)
- Net shape/size (i.e. no trimming)
« High Speed
- High output chopper guns (4 kg/min)
- Fast setting binders
- 4 minute part throughput

P4 Preforming
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P4 Preforming Process
Technical Advantages (2)

P4 Preforming

« Reliability/Quality
- Fully automated, robotic preforming
- Within preform areal density consistency
- Preform to preform areal density consistency
- Consolidated net-shape, net-size preform
. Flexibility
- Variable fiber output and fiber length
- Complex shape capability
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ACC P4 Machine:
Truck Box Preforming

P4 Preforming
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Carbon Fiber Roving Specification

P4 Preforming

* Currently available ‘off the shelf’ carbon designed for

other processes

» Carbon tows not suitable for chopped fiber preforming

applications
* Carbon fiber specification developed using glass fiber

rovings as a guideline

* Specification not yet achieved by carbon suppliers
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P4 Carbon Fiber Roving Specification

P4 Preforming
N | PaGlassRoving |Sample Carbon | P4 Carbon Roving
) - ] 'OCF 357 D-AA 3120 | Roving To Date | Not available |
Densuty (g/em?3) 2.56 [ 181 1.81
Fiberﬁbl?meter | (microns) 2 'mfmm"fém - 72
Single Filament T "
| Cross Sectional Area| (m?) 1.1E-10 4.1E-11 4.1E-11
Bundle Cross | ) T
Sectional Area (m?) 1.8E-08 1.7E-07 1.8E-08
" Total Hovmg Cross -
Sectional Area | (m?) _1.3E-06  1.9E06 1.3E-06
Number of Bundles | 70 11 T R
Number of Filaments N R
' Per Bundle B 160 4182 444
Total Number of e T
Filaments 11200 46000 31111
Bundle TEX  {(g/1000 m) 44 308 33
Roving TEX  |(g/1000 m) 3120 | 330 Too93
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Carbon Fiber Rovings and

Suppliers |
P4 Preforming

* Rovings from five carbon manufacturers

have been tested

* Supplied by Fortafil, Hexcel, TOHO,
Toray, and Zoltek

* 19 different rovings in total
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P4 Carbon Fiber Ranking Criteria

P4 Preforming

 Gun/FDS Fuzz

* Chopping Quality

* Strand Integrity

* Areal Density Distribution
* Shape Conformability

* Loft Control

* Cost
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Experimental Preforming

EguiBment |
P4 Preforming

 ACC’s P4 Preforming Machine

—2 robots, 2 station

e Aplicator SMART Chopper
— Electric servo control

— Continuously variable fiber output and
fiber length

—Maximum fiber speed 10 m/s



P4 Preforming Machine




Experimental Tooling:

Flat Plaque and Shape Preform Tools

P4 Preforming

Flat Plaque Preforming Tool Shape Preforming Tool
* 700 x 700 mm * 0° 90°, 45° oriented surfaces
* Flat panels for molding and * Inner and outer radii

mechanical testing
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Experimental Preforming Method

P4 Preforming

— Stationary chopping: fiber output and fiber length
ramping program

— Flat plaque and shape tool preforming
— Flat plaque and shape tool areal density sampling

— Observation of processing characteristics during
all chopping and preforming trials

— Ranking of processing characteristics according to
preset critieria



Experimental Preforming Results

ot

P4 Preforming
Ranking Criteria (1 = Best, 5 = Worst) 3

Gun/FDS | | Integrity |Distributio| Conforma ?F,')

Manufacturer} Fuzz (x4) | Chop (x3) (x2) n (x3) bility (x2) | Loft (x3) | Cost (x2) Total o
Al -2 3 2 1 1 1 2 33 1
A2 1 3 2 2 2 1 2 34 2
B1 1 3 1 1 1 5 1 37 3
C1 2 1 2 2 3 1 5 40 4
A3 3 1 3 3 1 2 2 42 5
C2 1 1 3 3 4 1 5 43 6
B2 2 2 4 4 2 2 1 46 7
D1 2 2 4 3 2 2 3 47 8
D2 2 2 4 3 3 3 3 52 9
A4 4 3 2 3 1 3 2 53 10
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P4 Carbon Fiber Preforming:
Roving Trial Conclusions

P4 Preforming

Trials performed to date on available materials from five
carbon manufacturers

Most materials are not ‘new’ or ‘advanced’ from
previously available product forms

Individual bundle size is too large, sizing is too stiff

Roving form is not acceptable for high volume chopped
fiber preforming applications

Additional development is necessary at the carbon
supplier to improve raw material form
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P4 Carbon Preforming: Ongoing

Research
P4 Preforming

P4 Carbon Roving Development

— Develop unique rovings for P4 with suppliers

— Currently encouraging carbon suppliers to fabricate
multi-ended rovings

— Testing of 1Kk, 3Kk, 6k, 12k, 24k carbon materials to
examine effect of bundle size on preforming and
mechanical properties

— Continue with roving development and down-
selection
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P4 Carbon Preforming:
Future Work

P4 Preforming

* Support plaque molding and mechanical
property evaluation program

* Focal Project 3 ‘B’ pillar bodyside section
— Tooling manufacture
— Experimental preforming with variable thicknesses

e String binder development with carbon fiber

* Class ‘A’ surface capability
— SRIM and/or Epoxy RTM
— Glass veil vs. Carbon veil
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Materials As the Gateway (and Glue) for
Science, Engineering and Technology

(MAGSET)

A Consortium of Eleven Institutions
Addressing K-12 Education
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U. S. Needs

® A more broadly prepared, diverse
work force for the future;

® A creative, problem-solving
emphasis in education programs;

® A scientifically and technologically
savvy citizenry for the global
economy.
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K-14 Science
Needs

Literacy
Reform

- ® The typical science curriculum is “over-stuffed”

® Few curricula address “relevance to the learner;”

® Most curricula do not address equity - the needs
of under-represented and under-served students;

® There is a lack of interdisciplinary, structured,
coherent, and articulated curricula;

® Addressing all science standards with existing
curricula is problematic.

Slide 3




vlg

Materials As the Gateway (and Glue) for

Slide 4

Science, Engineering and Technology

Presentation

Why Materials?
Goals of MAGSET
Who is MAGSET?

MAGSET Experience
Reform Plan
How to Join Us
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® All citizens deal with materials every day (see,
touch, and use)

® Chemistry, physics, biology are all linked to
materials

® Materials cover the range from highest tech
semiconductors and superconductors, to bone
repair, to concrete and fly ash

® Can focus on a theme, not a discipline.
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Utilize materials as diverse as metals,
plastics, semiconductors, ceramics
“geomaterials” and biomaterials, as the
gateway and the glue in which science,
mathematics, engineering and technology
(SMET) learning can be effective for the
general population.
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MAGSET Target Groups

® All K-14 students, especially,
" Non-SMET-majors;
® At-risk populations - equity.
® All pre-service and in-service K-12 teachers.

® All SMET faculty and instructors in
Community College, 4-year College, and
University general education programs.

® Supporting infrastructure people.
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MAGSET: Local Points of Presence

connected within a National Partnership

° —B
Steering
Commitiee U1 N°§g‘g’;’:§§§§;‘ Y. Wriaht-P
U. lowa right-Pat AFB
Members Robert Yage Wade Adams
Penn State
Paul Brown,

U. Washington Judi Wakhungu
Thomas Stoebe - 4
L X olumbia U.

Arizona State U

LLeonard Fine

Rustum Roy, B / AAAS
Dale Baker, T Project 2061
D. L. Evans, Pinky Nelson

David Hestenes,

James Middleton, -
B. Ramakrishna Nat’l Lab
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MAGSET Uniqueness

® ]

Established national network of school/university
partnerships serve as points of presence for local reform;

Participants are close to the problems:
¢ Effective partnerships;
¢ Insures adaptability.
Uses National Design and Coordination Teams:
¢ Teams are diverse collections of stakeholders;
¢ Meet quarterly w/one day of overlap;

# Yearly national meeting (co-sponsored by various
professional societies).

Conducts multiple, geographically distributed pilots that are
aggregated nationally;

Focus on a theme, not a discipline, is unique.
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MAGSET Approach to Curriculum Reform

NDCT | National Design & Coordination Team | |
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MAGSET: A Start-Up Effort to Improve Science
Literacy in K-14 Education

MAGSET Project Overview
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National Kickoff

A National Forum on
Thematic, Cross-Disciplinary
Approaches to
Scientific and Technological Literacy
in K-12 Education

A national, open meeting on this approach to
science education was held in Washington D.C.
on May 3rd, 2001, to announce MAGSET and to

solicit input from a wider audience.

A Proceedings is Forthcomi‘ng
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Forum Speakers

Weicome and Introductions: Rustum Roy, Visiting Prof. of Materials,
Arizona State University

The Nation and Technological Literacy: William Wulf, President, National
Acadary of Engineering

Technology Literacy(Forum Keynote): George Bugliarello, Chancellor,
Polytednic University of New York

Why a Different Approach to Science Education for the Masses is So

Important: Rustum Roy, Visiting Prof.- of ‘Materials, Arizona State
University

The 2061 Platform: George “Pinky” Nelson: Director, Project 2061, AAAS

What We Know About How Children Learn: Dale Baker, Professor, Arizona
State University

The Diversity of Solutions to Science Education: - Robert Yager, Science
Education Center, University of lonva

MAGSET: One Approach to Thematic Cross-Disciplinary K-14 Education:
D. L. Evans, Director, CRESMET, Arizona State University

Case-Study: “Materials” Courses in K-12: Thomas Stoebe, University of
Washington
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Want to Contribute/Participate?

e To place your project/activity in the MAGSET
database, fill out the interactive form found linked to:
www.eas.asu.edu/~maagset

» National Design and Coordination Teams are being
formed. To tell us of your interests and to get on our
distribution list, send an email to

magset @asu.edu

NO:R
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INTRODUCTORY MATERIALS
ENGINEERING CLASSES
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e-mail skrause@asu.edu
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Lecture Activity Work Kits for
Introductory Materials Engineering Classes

Stephen Krause” and Shahriar Anwar
Department of Chemical and Materials Engineering
Arizona State University
Tempe, AZ 85287

Abstract: This paper describes a series of hands-on activities that use student-centered
learning for a diverse group of engineering students enrolled in larger sections of an
engineering core class, “Structure and Properties of Materials”. The “Lecture Activity
Work Kits” supplement knowledge development from the more traditional teacher-
centered blackboard lectures. The “Lecture Activity Work Kits” involve short, 10 to 20
minute, team-based classroom activities, which relate directly to the topical material in the
course at that time. Typical activities include manipulations of crystal structure models,
polymer deformation, and examination or metal, polymer, and ceramic samples. Results of
the activities are being tied to assessment of course objectives and outcomes through
student surveys, quizzes, and tests. An initial assessment of activities by students has been
quite positive. Results and techniques are being disseminated to other course faculty.
There is good progress toward improvements in student interest, participation, and
comprehension in the learning process.

Key Words: Lecture activity work kits, student-centered learning, hands-on activities.
Prerequisite Knowledge: Freshman physics.

Objectives: To involve the students in team based activities to supplement lecture material
topics such as crystal structures, crystal defects, polymers and their deformation, and
classification of materials. In particular, leam to classify materials according to their
electrical, mechanical, thermal & optical properties; learn crystal directions and Miller
indices; identify crystalline defects of vacancies, dislocations, and grain boundaries in 2-D
models; understand principle of condensation polymerization.

Equipment and Materials: 1. Materials “grab bag’ consisting of some everyday material
for less than $1 each. 2. Crystal geometry kit consisting of Styrofoam balls held together
with glue or toothpicks, for about $0.50 per model. 3. Crystal structure kit from Klinger
Educational Products (1-800 522-6252 www.klinger-educational.com/), for about $20
each. 4. Crystal Defects Kit assembled with CD ROM jewel case and BBs for about $1
each. 5. Silly putty polymerization kit consisting of Elmer’s glue and Borax solution for
about $0.25 each. 6. Metals cold working kit consisting of as-received and annealed

" Contacting author: skrause@asu.edu (480) 965-2050
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copper wires available from local hardware stores for a negligible amount per Kkit.
7. Condensation polymerization kit assembled from ball-and-stick models for about $60
per kit. Models are available from Indigo Instruments (1-877-746-4764 www.indigo.com)

Introduction

A wide variety of approaches are used today to communicate subject matter in materials
engineering and other technical courses. Although the majority of classes taught in the
Materials Engineering Program at Arizona State University rely upon the traditional
blackboard lecture method, this approach can be supplemented by methods that increase
the involvement of students during the lecture. These methods, which are not unique and
are being used to varying extents at other institutions, include classroom demonstrations
and individual or team-based exercises and experiments. A variation of these methods that
can be used is “Lecture Activity Work Kits”. These economical kits have been created for
classes of 60 to 70 students with 20 to 25 teams of 3 to 4 students each. Student
involvement and satisfaction has been measured with surveys and student comprehension
will be measured with test and quiz scores.

The Lecture Activity Work Kit Method

“Lecture Activity Work Kits” are being developed and used for inquiry-based learning in
order to promote a deeper understanding of the course material by shifting knowledge
development from teacher-centered to student-centered learning. This is being achieved by
developing team-based activities that provide direct, hands-on activities that are directly
linked to the course content in structure, processing, and properties of materials (metals,
polymers, ceramics).

A set of a more than a dozen different “Lecture Activity Work Kits” were developed for
an engineering core class, “Structure and Properties of Materials™. In the five sections of
this yearly course there are over 200 students enrolled from Bio, Mechanical, Aerospace,
Industrial, and Materials Engineering. The course teaches critical prerequisite content for
disciplinary courses in manufacturing, design, and advanced material classes. Thus, an
enhancement of the understanding of the material presented in this class will have a
positive impact on a variety of subsequent classes in each student’s discipline. The kits
were created by two undergraduate students with a small grant from the university’s
Center for Research on  Education Science, Math, Engineering, and Technology
(CRESMET). Some examples of the activities will now be described.

The Kits :

The first kit was a “Materials Grab Bag” (Figure 1), which consisted of real-world
examples of metals, ceramics, and polymers. The objects in a plastic “baggie” were sets
of: ceramic tile, marble, and chalk; metal coin, large-gage wire, and rock-climbing hook;
and polymer inner tube sample, clear fork, polyethylene dropper, and rubber band. The
student teams were asked to organize the samples into families and then specify what
physical properties were used to develop the classification system. After some time
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students began to realize differences in behavior of different families of materials based on
thermal, mechanical, electrical and optical properties. The knowledge acquired provided a
lead into upcoming material on atomic bonding (metallic, ionic, covalent, and secondary
bonding) and associated properties. The cost of each kit was a few dollars and some of the
samples were revisited with later activities.

Another two kits used early in the course were the “Crystal Structure Kit” and the “Crystal
Geometry Kit” (Figure 2). In an earlier course assessment, it was shown that students did
not develop an adequate knowledge of crystal geometry and structures. One kit used to
address this problem was the “Crystal Structure Kit”. This kit used styrofoam balls stuck
together with toothpicks and glued in place with a small glue heat gun. Small, half-inch
balls were assembled into face-centered-cubic (FCC), body-centered-cubic (BCC), and
hexagonal-close-packed (HCP) structures. Larger one-inch balls were sliced and
assembled into FCC and BCC unit cells. The student teams then used these models to
determine structural features such as atoms per unit cell and stacking sequence of layers in
FCC and HCP structures. The students found the kits helpful in visualizing three-
dimensional structures and also later, when the kits were reused to study deformation slip
systems and mechanical properties of metals. These were inexpensive kits that cost a
couple dollars each.

The “Crystal Geometry Kit” (Figure 2) used a commercial stick-and-ball simple cubic
structure purchased from Klinger Educational Products for about $20 each. Crystal
geometries were illustrated for directions and Miller index planes. The directions were
created with sticks and the planes with styrofoam cutouts for (100), (110), and (111)
planes. Visualization of the planes (and families of planes) was supplemented by a small
cardboard cube with bevels along edges and corners with all faces labeled with specific
(100), (110), and (111) planes. The students again appreciated the 3-D visualization,
although the effectiveness will be determined in test performance. .

Another kit on crystals is the “Crystal Defects Kit” (Figure 3) which is also inexpensive,
about a dollar, and enjoyable to use. It is based on Bragg’s bubble raft model of atoms in a
2-D lattice. For the model here a CD ROM case was filled three-quarters with BBs and
sealed with clear tape on the one open edge. There is room for just a single layer of BBs
and when the case is jiggled and tilted it is possible to generate an infinite variety of
configurations of the BBs, which usually include grains, grain boundaries, edge
dislocations, and vacancies. The instructor can also point out these features to the class by
placing the case on an overhead projector and pointing out the defects. The model is a bit
noisy, but that seemed to enhance the enjoyment of the activity by the students.

There are useful kits for each of the material families. For polymers four activity kits were
developed. The first two were an “Addition Polymerization Kit” and a “Condensation
Polymerization Kit” (Figure 4). In the first kit, ball-and-stick models of monomers and an
initiator were given to teams and they were asked to construct models that showed the
mechanisms of initiation, propagation, and termination for addition (or free-radical)
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polymerization of polyethylene. In the second kit (figure 4) the monomers for nylon 6/6,
hexamethyline diamine and adipic acid were given to student teams. They had to break
and form appropriate bonds in order to give reactions, which gave the condensate
molecule, water, and the characteristic amide linkage group between the two molecules.
As before, students felt this activity helped them understand the 3-D nature of the
molecules as well as the chemistry of the reactions that form polymers. These kits, which
were more expensive, were the Student Organic Chemistry Model Kits obtained from
Indigo Instruments. It took two kits, at $30 each, to make the two sets of polymerization
models. The cost could probably be cut in half if just the components needed for the
specific models had been purchased in quantity separately, since many balls and sticks
were left over.

A third polymer kit was the “Silly Putty Polymerization Kit”. With this kit a polymer was
synthesized in a plastic “baggie” from Elmer’s glue and borax solution. Solutions were
premixed and placed in plastic vials so that the activity could be done efficiently for teams
in a large class. In one vial there is 20 ml of glue plus 20 ml of water. In the other vial
there is 20 ml of a 5% Borax solution. The two vials are then poured into a baggie and
kneaded for more than five minutes. A viscous moist gel is created that students enjoy
handling. The vials can be returned and recycled for the next demonstration. Although the
knowledge content of this activity is limited the students seemed to enjoy it the most. The
cost of each kit is limited with the vials at 40c each and the consumables about 25¢ per
activity.

One last description of another kit is the “Metal Cold Working Kit”. With this kit samples
are given to all students in class since they just consist of 6” lengths of large gage, 1/8”
diameter copper wire. Large gage copper wire can be purchased from a local electrical
supplier or Home Depot. It is heavily cold-worked in the as-received condition and can be
softened by annealing at 600°C for 15 minutes. Samples of as-received and of annealed
wire are given to the students for comparison of yield strength and for cold working of
annealed material. Although this is a simple and inexpensive exercise, the students
develop an appreciation of the degree of strengthening possible by cold work.

A number of other Activity Kits have been created, but will only be given here by title.
There have been “Grab Bag Kits™ also created for polymers, metals, and ceramics. A
“Polymer Deformation Processing Kit” has been used with a Ziploc “baggie” and a
polyethylene. Other kits are being worked on for hardening of steels and precipitation
hardening of aluminum alloys. Other kits being considered are related to solar cells,
transistor behavior, electrical conductivity, piezoelectric crystals, and fracture toughness.
If anyone has activities, or suggestions on activities, in these or other areas please contact
me (skrause@ asu.edu).

Short assessments of the use of “Lecture Activity Work Kits” in comparison with previous
classes without the kits were conducted. The results are quite positive as shown below by
survey results of students in a larger class of 51 students. The responses vary from 1 to 5
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corresponding to “strongly disagree” to “strongly agree”.

1) Interest in subject matter is increased —- 4.34

2) Subject matter more easily understood — 4.26

3) Homework more easily understood — 3.64

4) Opportunities for classroom participation are increased — 4.30
5) Overall, my performance has been enhanced — 3.89

6) In the future, I would prefer greater usage of the kits — 4.13

The survey generally shows a strong endorsement of “Lecture Activity Work Kits” by
students in most areas. However, the survey also indicates that the kit activities should be
more closely tied in with homework and also course outcomes. It should be possible to
modify the activities so they are more closely linked with student work and course
outcomes.

Summary and Conclusions
A brief summary of the advantages and disadvantages of the “Lecture Activity Work Kits”
method of teaching materials engineering courses is summarized below. The advantages of
the technique include™:
* increased participation of students in class
* increased attention of students during filling in notes
* increases student involvement and opportunities for interaction in large classes
* increased highlighting of important content and concepts

increased student thinking, questioning, and dialogue

Some disadvantages of the “Lecture Activity Work Kits” technique include:

* increased time required for activities reduces amount of course content

* logistic issues in preparing, distributing and collecting kits in larger classes

* development of “Lecture Activity Work Kits” consumes some time
The main goal of this article on “Lecture Activity Work Kits” has been to illustrate the
concept and give some examples, which could be expanded upon. These kits do not
replace the other insightful, full-length, laboratory-based materials science and engineering
experiments, many of which have bee described at this conference. Rather, a series of
short activities have been created to complement lecture content, especially in larger
classes. If anyone would like the write up on any of these activities please contact me for

these (skrause@ asu.edu).

Overall, the “Lecture Activity Work Kits” technique has proven to be a useful method to
enhance communication of subject matter in materials engineering by shifting toward
student-centered learning that improves student participation in lectures and enhances
student learning. It has the flexibility to be adapted by instructors by varying the particular
kits that are used and provides a basis for instructors developing their own kits. The
modular format allows easy sharing and modification of content by other instructors
teaching courses with similar content.
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Figure 3. CrystallDefecs Kit

Figure 2. Crystal Geometry Kit

Figure 4. Condensation Polymriatin Kit
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LUDERS BAND FORMATION IN STEEL - VIDEO

Mike L. Meier, Aaron Broumas
Department of Chemical Engineering and Materials Science
University of California, Davis
Davis, CA 95616

Keywords: Microstructure, microstructural evolution, tensile testing, digital video, Luders bands, upper
yield stress, lower yield stress.

Prerequisite Knowledge: Basic knowledge of the following is required: mechanical properties of low-
carbon steels, formation and propagation of Liiders bands, tensile testing, digital video using the PC and
basic video editing techniques.

Objectives: The objectives of this paper are:

1.

2.
3.

To describe how we made a video showing the formation and propagation of Liiders bands during
tensile deformation of a low-carbon steel

Provide instructions on how to make a video for classroom instruction

Encouraged others to create and share their own videos of in-situ observations or other materials
processes.

Also, projects such as this are excellent student laboratory projects and produce course materials that an
instructor can use in the classroom, and which the student can show to friends who might be interested in
majoring in materials science and engineering.

Equipment: The equipment used to make the videos consisted of the following:

Oven — An oven capable of reaching 300°C.

Tensile testing system — in this case an Instron model 4204 (computer controlled, 50 kN capacity)
Digital camera — A CCD video camera with composite video output.

Video Capture — The computer used in this project was a 733 MHz Pentium III-based PC running
Windows 98. It had 256 MB of SDRAM and a 30 GB ATA-100 hard drive. The video capture
board, a miroVIDEO DC30 Pro, was capable of digitizing full motion video at 640x480x24 bits and
30 frames per second (fps).

Video editing software — Adobe Premiere 5.1

Optical Microscope — the microscope used in this experiment was a Zeiss-Herrberg stereo-zoom
microscope capable of providing magnifications from 5 to 75X and at a working distance of several
inches.

Hlumination — Fostec light source utilizing a quartz lamp and ring or dual-light pipe fiber optic
illuminators.

Other Microscopes — an FEI XI.30-SFEG scanning electron microscope was used to obtain high-
resolution images of the Liiders bands while a metallograph was used to obtain color images of the
Liiders bands at ordinary magnifications.
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Introduction: Liiders bands formation and propagation are fascinating aspects of the deformation of a
number of materials. This can be seen in figure 1 as the curious feature of the stress-strain curve, the
upper and lower yield strengths and yield point extension. This behavior is characterized by an initially
high yield stress followed immediately by a sudden drop in stress. With continued straining the stress
stays nearly constant for several percent strain before normal strain hardening behavior begins. This
behavior always elicits questions from students. An explanation involves a discussion that deals with how
dislocations break free of the solute atoms, a localized process which produces the Liiders bands which in
turn propagate until they cover the whole specimen. Liiders bands may appear as elongated surface
markings or depressions, often visible with the unaided eye. Many textbooks contain pictures of Liiders
bands we can show to the students, or, we can polish up a specimen and let the students watch the Liiders
bands from during a tensile test. If this is not convenient then one can use our video that shows Liiders
bands forming and propagating on the surface of a polished steel tensile specimen.

In this video project, specimens of steel were annealed, polished and tensile tested. Changes in the surface
of a specimen observed using an optical microscope were recorded using a VCR and a PC-based digital
video capture system. In this paper we describe how this was done.

Procedure:

Materials

The steel used in this experiment was a 1-inch (25.4 mm) wide, -inch (3.175 mm) thick strip of 1018
steel. These were machined into tensile specimens having a gage length of 1.50 inches (38.1 mm) and a
gage width of 0.50 inches (12.7 mm).

Heat Treating
The tensile specimens were annealed in air at 300°C for one hour then air cooled. The objective of this
heat treatment was to maximize solute locking of dislocations without causing much grain growth.

Speci ishin

After heat treating the specimens were mounted in a specially designed holder (figure 2), ground and
polished using an automated polisher/grinder (8-inch wheels, 240-600 grit SiC, 6 pm diamond) and finally
with 0.05 micron alumina on a flocked cloth (Buehler’s Micropolish B on Microcloth). The result was a
set of flat and highly polished steel tensile specimens (figure 3).

Tensile Testi
Tensile testing was conducted using crosshead speeds ranging from 0.6 mm per minute to over 6 mm per
minute. In all tests the lower crosshead was stationary while the upper crosshead moved at the specified
rate. During each test the load-elongation data was recorded and saved to disk.

Video Capture

Several tests were done to allow us to monitor Liiders bands activity at different magnifications. A stereo-
zoom microscope was mounted horizontally and focused on the surface of the specimen. The
magnification of each video segment was noted by recording images of a ruler. A color video camera was
attached to the microscope’s C-mount adapter and its output was connected to the PC, a VCR (in case the
PC video capture failed) and to a color monitor (figure 4). After making a few short test recordings to
ensure everything was working properly the video capture system and the VCR were started and a few
seconds later the tensile test was started. The video was recorded at the highest available resolution and
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frame rate (640x480x24-bits, 30 fps).

A total of seven tests were conducted and recorded, many giving poor results due to poor lighting. Proper
illumination of the specimen was difficult due to the highly reflective nature of the specimen and the low
contrast of the Liiders bands. The original setup consisted of a color camera with a macro lens and a light
source consisting of a dual light-pipe illuminator and a polarizer (figure 5). These problems were solved
by doing all recordings using the stereo-zoom microscope and a ring illuminator (figure 6). The resulting
videos were similar to microstructures seen using dark-field illumination. The specimen itself appears
dark with bright edges and the Liiders bands showed up as bright streaks on the otherwise dark specimen.

Video Processing

All video processing was done on the same PC that was used for the video capture. Adobe Premiere was
used to create the title screens, transitions and micron bars, to cut and splice the video and to assemble the
final video. The final video shows segments of three different tests. It starts by showing the whole
specimen as it is deformed. About half way through the video two segments showing the close-up views
of individual Liiders bands. The final video was produced in three formats: 640x480x24-bits,
320x240x24-bits and 160x120x24 bits, all at a frame rate of 15 fps. These videos were also accelerated so
that their runtimes would be less than the recommended three minutes.

CD-ROM
The videos, the data from the tensile tests, several frames from the videos and SEM and optical
microscope images were written to a CD-ROM.

Comments: Videos such as this one are challenging projects and fun to do with students. They have the
added benefit of producing something which can be used to help teach other students. This project
requires a thorough understanding of the phenomenon, the testing procedures, advanced computer skills
and a knack for presenting the results in a straightforward manner. It also requires a degree of creativity
and promotes a sense of ownership which motivates students to do their very best work.

This video, like the videos showing the orange peal surface develop in annealed brass that we made a few
years ago [1], was meant to be used as a short video clip in which the instructor provides the background
information and narration. The appendix at the end of this paper summarizes some of the details of the
sharp yielding phenomenon and Liiders band formation.

This video, the tensile test data, and still images may be downloaded from our web site at
www.matsci.ucdavis.edu/ meiet/NEW-Update2001. Note that the 640x480 video is a 108 MB file and the
320x240 video is in the neighborhood of 40 MB. Download times may be impractical and you will also

need enough hard drive space to store these large files. If you would like to get a copy of these videos you
can write or email the authors to request copies of the CD-ROM.
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Figure 1 Stress-strain curve for a low-carbon steel. Not the upper and lower yield stresses
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Figure 2 The fixture used to hold the
specimens during grinding and polishing.

Figure 3 Tensile specimens before and after
polishing.

Figure 4 The original setup showing the tensile
tester, the camera and illumination setup, the
computer, VCR and monitor.

339



Figure 5 The original camera and lighting
setup. The camera and macro lens are
mounted on a tripod. The illumination
system consists of a dual-light pipe quartz
illuminator and a polarizer.

Figure 6 The final setup used for the close-
up shots, The ring illuminator provided the
best results when videoing the polished
steel specimens.

Appendix

This appendix provides a more detailed description of the phenomenon of upper/lower yield point
phenomenon and of Lilders band formation and propagation. [1]

General Aspects

Consider a tensile test conducted at a constant rate of strain. Strain rate due to dislocation processes can
be expressed as

& = pbv (1)
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where p is the density of mobile dislocations, b is the magnitude of the Burgers vector and v is the average
velocity of the mobile dislocations. At the upper yield stress the strain rate is

€y = Phvy 2
and at the lower yield stress the strain rate is
€ = pbv,. (3)
Since the strain rate is constant
t= ¢ =gy @)
we can write
v

v = kt" (6)

where t is the shear stress acting on the dislocations and m is the strain rate sensitivity. Combining
equations 5 and 6 we can express the ratio of the upper and lower shear stress in terms of the ratios of the
densities and velocities of dislocations
v
= [ _U] " T (7
vy

This last equation summarizes the general aspects of the upper/lower yield stress phenomenon. At the
upper vield stress the mobile dislocation density is low but the average dislocation velocity is high. At
lower yield stress there are many more mobile dislocations but they are not moving as fast. Liiders bands
are nucleated at the upper yield stress and propagate at the lower yield stress with p, and v, representing
the deformation that is occurring in a narrow zone ahead of the advancing Liiders band.

Advanced Aspects

Please note the dependence of the ratio of upper and lower yield stress on the strain rate sensitivity m. The
strain rate sensitivity of a material is measure of the stability of the neck that forms at the UTS which is in
turn related to strain hardening index n=e g, a measure of the material’s resistance to necking. The strain
rate sensitivity can readily be measured from the Liiders strain and the initial slope of the stress-strain
curve [2].

L @)

1
m o
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The early theories of Cottrell-Bilby [3] and others were given in terms of solute atom locking of
dislocations. Initially, dislocations are pinned but at the upper yield strength they break away, the mobile
dislocation density increases, the dislocation velocity decreases and the stress decreases to the lower yield
stress. A later theory proposed by Petch [4] addressed the effect of grain size on the upper yield stress. At
the upper yield stress only a few grains contain mobile dislocations and these dislocations move quickly
relative to the average velocity for the whole specimen. As more grains acquire mobile dislocations the
velocity drops, the macroscopic stress drops and so does the stress required to penetrate grain boundaries.

A Liiders band forms and from that point on the number of active grains remains constant as it propagates
through the specimen,

The Hall-Petch equation
!

0= g+ kd 2 ®

where d is the grain size and g, is a the inherent strength of the material without grain boundaries, defines
the lower yield stress. In Petch’s model g, is expressed as

_ 1
O, = Oy+ Aoolog{ Fv—d—s] (10)

where g, is the inherent strength when all grains are deforming uniformly and N is the number of active

grains per unit volume. The difference between the upper and lower yield stresses is given by the second
term in the equation above.

As for the lower yield stress, an important factor is the extension of deformation past or through grain
boundaries. The lower yield stress was seen as the stress forcing grain boundaries ahead of the Liiders
band and the propagation of the Liiders band involves a process of generating dislocations in the next
grain, adjacent to the boundary.

Practical Aspects -

It is difficult to measure the true upper yield stress due to practical difficulties in testing, such as the
specimen design, grip design, alignment, etc. Consequently the lower yield stress is usually considered the
material’s yield strength. When these difficulties have been eliminated experiments have shown that the
upper yield stress can be twice as high as the lower yield stress.

Liiders bands, also called stretcher strains, are unsightly and may spoil the finish during sheet forming
operations. Prior rolling can minimize this, but strain aging can restore it. Strain aging sufficient to cause
stretcher strains can occur after a few days at room temperature or only an hour at 60-100°C.
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Prerequisite Knowledge: Basic knowledge of diffraction, Bragg’s Law, concept of reciprocal
lattice and its relation to the real space lattice, Fourier transform.

Objectives:

e To understand the dependence of diffraction on structure factor from crystals with different
structures,

¢ To understand the relationship between real space imaging and diffraction as Fourier
transforms of one another.
To become familiar with the capabilities of TEM in the analysis of the structure of thin films.
To learn the concept of dislocation formation in thin films.

Equipment:

1. A high resolution transmission electron microscope

2. High resolution scanner

3. One plan-view and one cross-sectional TEM samples of a Lag ¢7Sr 33MnO; (LSMO) thin film
containing MnO inclusions and deposited on LaAlO; by pulsed laser deposition (PLD).

4. A computer with image processing software and photo shop.

Introduction:

La;xSr,MnQO; (LSMO) is a magnetic oxide that shows a very large change in its electrical
resistance in the presence of a magnetic field. The elements in the LSMO are ionic, namely,
La**, Sr**, a mixture of Mn** and Mn*', and O*. The properties of the LSMO depend on the
Mn**/Mn** ratio, which can in turn be controlled by the La**/Sr** ratio and the oxygen content.
To obtain films with desirable properties it is necessary to control the composition of the LSMO.
In this project the structure of LSMO films grown by pulsed laser deposition on LaAlQs
substrates is studied for the characterization of a two-phase material. During the deposition of the
films the LSMO transforms into two phases. The transformation takes place by phase separation
in the form of self-assembled structures. One phase consists of columns of MnQ with square
base that extend from the film/substrate interface to the film surface embedded in a matrix of
LSMO (second phase). The MnO remains epitaxial with the matrix and with the LaAlO;
substrate. The columns have a different structure (cubic, a =0.445 nm)) from the LSMO matrix
(tetragonal, @ =0.38 nm, ¢=1.32 nm) in which the out-of plane interplanar distance of the LSMO
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and that of the MnO are approximately the same. In contrast, the in-plane interplanar spacings
are different giving rise to in-plane misfit dislocations between the MnO and the LSMO.

This exercise is carried out after the students in the class have performed a standard x-ray
diffraction experiment so that they are already familiar with Bragg’s Law, Miller indices, and the
concept of diffraction in general. In this project, electron diffraction patterns are obtained from
the LSMO film and substrate. The pattern from the substrate is used for calibration. Images are
obtained using objective apertures of different sizes to include the transmitted or direct (BF)
beam only, a diffracted (DF) beam only, the transmitted and several diffracted beams at the same
time. The table below shows the different types of pictures that are obtained in this experiment
with an explanation of how to carry them out.

Name Abbreviation Explanation How to carry out
Selected area SADP Pattern of the (hkl) 1. Insert a selected area aperture
diffraction pattern reflections allowed to isolate the area that we

by the structure factor want the SADP pattern from
of the sample 2. Switch to diffraction mode
and the diffracted beams are
observed on the screen
3. Take a picture
Bright field image | BF Image of the sample | 1. Obtain a SADP
using only the 2. Insert a small objective
transmitted (not aperture to select only the
diffracted) beam transmitted beam
3. Go to imaging mode
4. Increase the magnification to
~50,000X
5. Focus on the image and take
a picture
Dark field image DF Image of the sample | 1. Obtain a SADP
using only one 2. Insert a small objective
diffracted (hkl) beam aperture to select only one
diffracted beam
3. Switch to imaging mode
4. Increase the magnification to
~50,000X
5. Focus on the image and take
a picture
High resolution HREM Image of the sample | 1. Obtain a SADP
electron microscopy formed by the 2. Insert a larger objective
interference of aperture that includes the
several beams transmitted beam (at the
(transmitted and center of the aperture) and
diffracted beams) several diffracted beams
3. Switch to imaging mode and

increase the magnification to

346




~400,000X
4. Focus on the image and take
a picture

Procedure:

The class is divided in groups of five to six students so that they all can see the
microscope screen. Each group works with a graduate student or postdoctoral fellow who
operates the TEM. The students are required to obtain the following images from the LSMO thin
film sample.

a) A SADP from an area including both the MnO inclusions and the LSMO matrix.

b) A bright field (BF) image of the thin film at a magnification of approximately 50,000X.

¢) Two dark field (DF) images, one using a diffracted spot from the MnO inclusions and one
with a diffracted spot from the LSMO matrix, also at a magnification of ~50,000X.

d) A high-resolution lattice image from the film (approximate magnification of 400,000X).

Note: the pictures can be taken from either the plan view or the cross-sectional sample, or both

(if time allows).

After the demonstrations the students are asked to

a) Scan the TEM negatives obtained during the laboratory session and print the pictures. Note
the scale on each negative. Label the phases in the bright and dark field images. Examples of
the pictures obtained in a), ¢) and d) are shown in Figures 1-4.

b) Obtain the interplanar distances, d; from the diffracted spots from the MnO and LSMO using
the formula d; =LA/r;, where L is the camera length printed on the negative of the SADP, A
the wavelength of the electrons used (0.00197 nm for 300,000 KeV) and r, is the distance
from the transmitted beam to a diffracted beam.

c¢) Perform necessary image processing by adjusting the contrast to the images and

d) obtain the fast Fourier transform of the different regions in the high resolution images and the
diffraction pattern.

e) Compare the interplanar distances obtained from the diffraction patterns to the ones obtained
from the FFTs from the high resolution lattice image of each region (MnO inclusions and
LSMO matrix). To get interplanar distances using the FFTs the students use the HREM
image of the substrate for calibration.

Comments:

Prior to the laboratory demonstration the students are introduced to the operating
principles of the TEM and how the various image types are obtained. The students are also asked
to read a reference paper on the structure of LSMO films,' which contains images like the ones
they have to analyze in this experiment. They are also introduced to the differences and
similarities between a transmission optical (light) microscope and a TEM. The instructor also

explains briefly how a TEM sample is prepared so that the electrons can actually go through it
without being completely absorbed.
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To help visualize the relationship between real space lattice and reciprocal lattice the
students are asked to compare
e The FFT obtained from the diffraction pattern to the lattice image and
e The FFTs from the MnO and LSMO regions in the lattice image to the corresponding
spots in the diffraction pattern.

The instructor also demonstrates how by the different DF images one can identify which
regions of the sample give rise to the different spots in the diffraction pattern. Namely, the dark
field images obtained with MnO spots contain bright regions where the inclusions are and a dark
background for the matrix. The contrast is reversed when the spot selected for the dark field
image is from the matrix. (See Fig. 2)

During the demonstration, and later when the students print the pictures, the instructor
emphasizes the fact that dislocations can be clearly seen at the interfaces between the inclusions
and the matrix in the plan view images while they are not visible in the cross section images.
This is because the out of plane interplanar distances are continuous across the interfaces (i.e.,
the (002) MnO spot overlaps with the (006) LSMO spot). In contrast, in the plan view images
none of the MnO spots overlap with any of the LSMO spots.

The instructor describes how the LSMO film has formed a fairly regular structure of
columns of MnO in a LSMO matrix even though nothing special was done during the deposition
of the film. This is an example of self-assembled structures in a magnetic material.
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PREREQUISITE KNOWLEDGE:
Have an introduction to the atomic mass parameters and a basic understanding of the Dempster
spectrometer.

OBJECTIVES:

1. To analyze scalar quantities and propose an atomic mass nomenclature.

2. To explain in a logical sequence how the atomic mass unit and the Avogadro constant are
defined and related to each other.

3. To show how the values of these constants have been changing during the last thirty years.

INTRODUCTION:

Most textbooks in the fields of chemistry, physics and materials science present an incomplete or
a weak treatment of the origins and fundamentals of the atomic mass unit and the Avogadro
constant. Sometimes explanations do not follow a logical sequence or the key concepts are
omitted. As a result confusion or misunderstanding about these basic constants is usually
generated amongst students and even amongst instructors.

Two main problems are identified: In the first place it is not usually ciearly stated that mass
spectrometers play a very important role concerning the necessity of having a relative atomic
mass unit definition, due to the fact that absolute atomic masses cannot be experimentally
obtained with mass spectrometers. Secondly the direct relationship existing between the
Avogadro constant and the atomic mass unit is not usually well established.

It is the intention of the author that the content of this paper should be helpful as an introduction
to these topics in any basic course in chemistry, physics or materials science.

SCALAR QUANTITIES:

In order to make the demonstrations on which this work is based, it is necessary to go beyond the
traditional definitions and take into account that scalar quantities actually consist of two
components: a coefficient or numerical value and some sort of unit that defines the nature of the
scalar quantity, e.g., mass, energy, length, etc. These units are either absolute or relative. The
absolute units are the ones defined by the International System of Units (SI) and are classified
into basic and derived units. The relative units consist of absolute units modified by numerical
coefficients other than one (See Appendix A). Some examples of relative units are:
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The angtrom [A], defined as: [A]=10 ""[m]

Where: 10 ~'? is the numerical value of the relative unit [A].
The meter [m] 1s a basic SI unit.

The electron volt is also a relative unit and is defined as: [eV]=1.602 x 10" [j]

Where: 1.602 x 107" is the numerical value of the relative unit [eV]
The joule [j] is a derived SI unit.

The atomic mass unit is also a relative unit but it will be analyzed in the following sections.

NOMENCLATURE:

Regarding the atomic mass parameters representation, it is important in the first place to promote
the use of international symbols. For quantities not defined, it is convenient that symbols
proposed, at least be in agreement with most occidental languages. Two basic parameters are the
atomic mass unit and the atomic mass. In English the first quantity is usually identified as a.m.u.
(Atomic mass untt) and in Spanish as u.m.a. (Unidad de masa atomica). Nevertheless, and
regardless of the language, the international symbol that must be used is “u”. This symbol was
adapted in 1960 by the IUPAP and the [UPAC [1]. On the other hand the letters A.M. stands for
atomic mass while in Spanish the letters M.A. (masa atomica) represent atomic mass. In this
work the letter M is proposed and used as the symbol for mass. It has the advantage of avoiding
language influence.

Since the atomic mass is a scalar quantity that can be either expressed with absolute or relative
units, it is necessary to iniroduce symbolic expressions to take into account both cases. The

absolute atomic mass of an isotope ;X will be represented as M,/ X )[kg], where M (X ) is

the scalar numerical value and [kg] the absolute unit in kilograms. A and Z are the atomic mass
number and the atomic number respectively. The relative atomic mass will be represented as
M, ( X )[u], where M, ( ;X ) is the scalar numerical value and [u] the relative atomic mass
unit.

THE MASS SPECTROMETER, THE ATOMIC MASS UNIT AND THE ISOTOPIC
RELATIVE ATOMIC MASS CALCULATION:

Mass spectrometers are instruments used to find out the relative atomic mass of isotopes. Its
operation requires the use of a standard isotope to calibrate the spectrometer. The standard used

by international agreement is the '>C isotope and it is arbitrarily assumed that the absolute atomic
mass of this isotope is equal to 12 [u] In other words:

-2 o

Which can also be expressed as:

[u]=uy[ke] @)

Where: u,, is the numerical value of the relative atomic mass unit [u].
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The exact value of M, (°C ) is unknown and for that reason the results obtained with the mass
spectrometer are given in terms of [u] as is shown below.

The mass spectrometer measurements are based on adjustments of magnetic or electric fields [2].
The adjustment values “V” of the parameters that represent those fields are directly proportional
to the isotopic atomic masses. For that reason it is possible to establish the following proportional
relationship:

V() > 12-[y]
V(1X) - My(2X)-[u]

Which can be expressed as an equation, from where the numerical value of the relative atomic
mass of an isotope is obtained as it follows:

(3)
Where:

V(IZC ) = Adjustment value for the C isotope

V( ' ) = Adjustment value for the ( ;X ) isotope

At this point it is important to emphasize how relative atomic masses are experimentally obtained
without either knowing the '2C absolute atomic mass or requiring the Avogadro constant.

With the mass spectrometer it is also possible to obtain the natural isotopic abundance percentage
of the elements with a natural abundance different to 100%. The combination of these
percentages with the M, ( iX ) values gives rise to the weighted average of the isotopic relative
atomic masses, —AZN( ,X). Since more than one isotope are now involved, the symbol A is
omitted. In Appendix B it is shown how M »(, X) is obtained.

THE RELATIONSHIP BETWEEN THE AVOGADRO CONSTANT AND THE ATOMIC
MASS UNIT:

oy . 4 . . . .
By definition, one mol of an isotope (z X ) is an absolute scalar quantity with a numerical
coefficient equal to the numerical value of the relative atomic mass M, ( . ¢ ) times 107,
Expressed as an equation,

1Mol =M (7 X)107 [kg] 4

Taking into account that one mol is a mass amount composed of N atoms, each one with an
absolute mass given by M, ( D¢ ) [kg]; it then follows that,

M, (2 x)107 [ke)= M. (1 X ) [ke]- N (5)

355



M, (;x)107 6
AX) (

/
N\Z

Hence, N =

By substituting for [u] from equation (2) into the relative atomic mass expression M, (; X )[u],
the following equation is obtained

M (X)) = M, (1) u [ke] (7)

From where it follows that the absolute atomic mass is given by

M (7 X )lkel= M, (7 %) uy [ke] ®)
By combining equations (6) and (8), it is deduced that:
=3
N = 10 ©
u}v’

In this way it is demonsirated that for a given u,, value there is a constant amount N of atoms in

amol. When u,, is defined according to equation (1), the number N is known as the Avogadro
constant N ,.

THE EXPERIMENTAL ORIGIN OF N ,:

The numerical value of the atomic mass unit u,, depends on the numerical value of the absolute
atomic mass of the *C isotope. However, as was mentioned before, this value is unknown and
therefore N, cannot be calculated from equation (9). The value of N , is experimentally obtained

and has been changing through the years as a result of worldwide research that is being done
trying to achieve a more accurate value by developing more sophisticated experiments. Table 1
lists four N, values and the years when they were reported.

There are also experimental efforts being carried out in order to obtain directly the value of u,,

[3]. However the values reported until now are calculated by applying the experimental N , results
in equation (9), as can be confirmed in Table 1.

Table 1. Some values of the Avogadro constant and the corresponding atomic mass unit reported
at different years.

Na* u [kg]* Year Reference
6.022169(40) X 10 1.660531 (11) X 107 1969 [4]
6.022045(31) X 10% 1.660365 (9) X 1077 1973 [5]

6.0221367(36) X 10% 1.6605402 (10) X 1077 1986 [6]
6.02214199(47) X 10% 1.66053873 (13) X 107 1999 [7]

* The numbers within brackets are the standard uncertainty.

356



ADDITIONAL COMMENTS:

Finally it is important to mention that the atomic mass unit [u] should not be assumed to be
numerically equivalent to the proton or neutron mass. All these quantities are independent from
each other as it is deduced from the following facts:

1. The proton and neutron isolated masses are not equal, and when these particles joint to form a
nucleus their masses become smaller and probably remain different.

2. The isotopic relative atomic masses obtained from mass spectrometers include the electron
masses that remain in the atom after ionization. In other words if the atomic mass unit is

defined as (M . ( ;X )/ A) [kg] in such a way that any isotope of any element can be used as a
reference, then the numerical value M, ( 1X )/ A will be different in every case while proton

and neutron masses remain constant. Observe that the established M ("*C )/ 12 value is only
a specific case out of many possibilities.
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Appendix A. SCALAR QUANTITIES

C SCALAR QUANTITY )

NUMERICAL VALUE (N.V) + [UNITS]

ABSOLUTE SI UNITS RELATIVE UNITS
[A.U] [R.U]
v v
BASIC DERIVED

| |
!

. ( ABSOLUTE SCALAR QUANTITY
N.V[A.U]

h 4

RELATIVE SCALAR QUANTITY
N.VIR.U]

—»

But, R.U=RUx[AU]
Where RUy = Absolute numerical value of relative units

Substituting R.U and comparing absolute and relative scalar quantities it is obtained:

N.V/=N.V.R.Uy
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Appendix B. THE WEIGHTED AVERAGE OF THE ISOTOPIC RELATIVE ATOMIC
MASSES

Suppose there is an arbitrary amount of an element (, X) with a total relative mass given by

M (, X)[u]. Let us assume that the element has only two natural isotopes with the following
characteristics':

Isotope | Relative Atomic Mass [u] ! Natural Abundance %
(%) M, (2X) (%)
(£x) M, (2X) %( 7 X)

If the total number of atoms in the sample is taken as N, it is deduced that:

. (o] 2UX) L ey %lEX)
M7 X)u] = M, (2X)[u] =N MN(ZX)[u]WN (A1)

T —
Dividing both members by [u] and N and substituting —Af—-w%—)-() for M v (, X) it follows that:

%(2)

+ M, (%x) /—fooi) (A2)

Where: M x(, X) is the weighted average of the isotopic relative atomic masses.

Mu(,X)=M,(4X)

Finally it is important to establish that the symbolic representation of any element in the periodic
table, according to the nomenclature already proposed, is the following,

Z
(- X)

MN(ZX)

For the silicon, as an example, the meaning of the symbols is:
Z =14

(,X)=5i

Mu(, X)=28.086

' The demonstration applies to elements with any number of natural isotopes.
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THE ONSET OF TENSILE INSTABILITY

Mike L. Meier, Amiya K. Mukherjee
Department of Chemical Engineering and Materials Science
University of California, Davis
Davis, CA 95616

Key Words:
Tensile test, mechanical properties, Young’s modulus, yielding, strain hardening, geometric
softening, necking, modulus of toughness, modulus of resilience, fracture.

Prerequisite Knowledge:
Basic knowledge of mechanical properties in tension, digital data acquisition and spreadsheets.

Objective:
Introduction of mechanical properties obtained from tensile testing with an emphasis on being
able to fully analyze the data, in particular the phenomenon associated with the onset of necking.

Equipment:

1. Cylindrical tensile specimens

2. Extensometer

3. Tensile test system of suitable load capacity and which acquires data digitally.

4. A computer with Microsoft Excel, Corel Quattro Pro, or another suitable spreadsheet

program.

Introduction:

In this experiment the plastic deformation behavior and the onset of plastic instability of some
common structural alloys is investigated. The usual mechanical properties are measured from
stress-strain curves, but in addition, strain hardening behavior and the onset of plastic instability
are studied. Much more is happening during a tensile test than is listed in standard materials
properties data tables. The goal of this experiment is to investigate these additional phenomena.

Elastic Deformation: When an isotropic material is loaded to stresses below the yield point and
then unloaded again all of the deformation is immediately recovered. This behavior is usually
associated with the linear portion of the stress-strain curve, although not all materials exhibit this
linear-elastic behavior; for example, rubber is an exception. But for many materials the
resistance to deformation in this region is given by Young’s modulus Y, which also is often
represented by an E, is simply the slope of the stress-strain curve in the linear region

Ao
Y= —.
Ac (1)

where o is the true stress and € is the true strain. When measuring Young’s modulus one must
take into account the stiffness of the testing machine. Ideally, the machine should be perfectly
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stiff but in reality its stiffness may be in the neighborhood of 200,000 pounds per inch. A low
machine stiffness will introduce errors in the measured modulus as given by

1
, A Y

measured

Yii+

@)

0

where 4, is the initial cross-sectional area of the specimen, L, is the initial gage length, Y is the
correct value of Young’s modulus and X is the stiffness of the testing machine [1]. The error in
the measured modulus results primarily from errors in measurement of elongation. The
specimen is a monolithic part while the testing machine has the grips, clevis pins, threaded parts
and moving parts that mesh better when loaded means the specimen is generally stiffer than the
testing machine. Consider also that the modulus is the ratio of stress, a large number, to strain, a
small number. The result is very sensitive to errors in the denominator. |

When conducting a constant crosshead speed test one can compute the stiffness of the testing
machine K using the equation

K = x.-i (3)
FoAY

where % is the crosshead speed and F is the loading rate [1]. Or, one can use an extensometer to
measure strain directly from the specimen, or one can attach strain gages to the specimen.

Yielding: Yielding occurs when deformation changes from being mostly elastic to mostly plastic.
By this definition the method of measuring the yield strength may seems somewhat arbitrary,
which it is, however, standard methods have been established so that everyone will get the same
result. In fact, there are a number of standard methods available and the method used varies
depending on the type of yieiding behavior (gradual, sharp, upper/lower), industry, or country.
Offset techniques are used when yielding is gradual while sharp and upper/lower type yielding
behaviors are easily read from the stress-strain curve. In the case of the uppet/lower yielding
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behavior which is characteristic of carbon steels and a few other alloys the lower yield stress is
taken as the yield strength due to the fact that (1) accurate measurements of the upper yield
strength are difficult to make and (2) the lower yield stress is the stress where normal,
homogeneous plastic deformation begins.

Strain Hardening: Plastic deformation can occur by three different processes: diffusional
processes, twinning and dislocation motion. The contribution of diffusional processes is
important at high homologous temperatures, T > 0.6 T, and twinning might account for up to a
few per cent strain. Dislocation processes are the dominant deformation mechanism of plastic
deformation at normal temperatures. Considering only the contribution due to dislocation
processes, a shear stress acting parallel to the slip plane causes these dislocations to move
through the lattice. As they move they may encounter obstacles such as solute atoms, particles,
grain boundaries and other dislocations, effectively impeding their motions until the stress is
increased enough to allow the dislocation to overcome the obstacle. As the dislocations glide,
climb and cross-slip through the lattice additional dislocations were being generated and start
moving through the lattice. With this ever increasing dislocation density the distance between
them decreases, they encounter each other more often, and it becomes increasingly difficult to
deform the material. This process is called strain hardening.

There are two well known equations that depict the strain hardening phenomenon. The
Hollomon equation describes strain hardening as a power law function of stress and strain after
yielding. Hollomon’s equation is

o = K¢e" (4)

where oand € are true stress and strain, » is the strain hardening index and X is the strength
coefficient which is equal to the stress at e=1. The second equation is Ludwik's equation which
is often preferred because, unlike the Hollomon equation, it does not suggest that strain
hardening begins at the very start of the tensile test. It includes a term for the yield stress g,

o = o,+ K¢ (5)
where g, is given by
r\-=
G, = —) I-n, (6)
E n

In cases where the material has already experienced some plastic deformation (e,=prior strain)
the following equations represent strain hardening:

o = K(e+¢) (N

0 = 0+ K(e+€)". (8)
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The strain hardening index » is a constant for a given material and can range in value from 0 to 1
but is typically in the range of 0.2 to 0.5. The strain hardening index can be written as

dlog(o) _ e do
dlog(e) o de ®)

and it can evaluated numerically or graphically from the slope of a plot of log(c) -vs- log(e)
where n is equal to the slope of the resulting line. If the Hollomon equation is obeyed the line
will be straight, but if the Ludwik equation represents the data or the specimen had been
deformed prior to the tensile test the line will be concave up (figure 1). In these cases the values
of g,and €, must be known in order to determine the value of .
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Figure 1. Log-log plots of stress-strain curves calculated using Hollomon’s equation,
Ludwik’s equation and Ludwik's equation with 10% prior straining, (K=500 MPa, n=0.3,
E=207 MPa)

The above equation allows one to express strain hardening do/de in terms of the rate of increase
of stress with respect to strain. Rewriting it as

—
;‘e'-ne (10)

shows that the rate of strain hardening (slope of the stress-strain curve) is proportional to the
stress divided by strain.
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Strain Rate Hardening: Most materials are sensitive to the rate of deformation, especially at
elevated temperatures. This behavior often obeys a power law expression such as

o= A" (11)

where A4 is a constant at given temperature and metallurgical condition, ¢ is the true strain rate
and m is the strain rate sensitivity. This equation can be combined with the Hollomon equation
for a general description of the plastic deformation of materials

o = Be"e. (12)

At low and ambient temperatures the rate of strain hardening is significant, 0.2<n<0.5, while the
rate sensitivity is small, 0.001<m<0.01. At higher temperatures just the opposite is true and the
strain rate sensitivity can reach values as high as 1.0 (Newtonian viscosity) while the strain
hardening index may approach zero. A value of m=0.5 is considered characteristic of
superplasticity, a condition where elongations of 100's even 1,000's percent strain are possible
due to the stability of the neck that may forms at the UTS.

While the strain rate sensitivity can effect the flow stress, it is more important in terms of its
effect on ductility. Increased strain rate sensitivity slightly increases the strain at which the
material starts to neck, but more significantly it can extend ductility considerably by stabilizing
the neck. As the specimen begins to neck the strain rate in the necked region increases and due
to the strain rate sensitivity the stress in this region increases and thus the neck stabilizes. So
while the strain hardening index is a measure of a material's resistance to the onset of instability,
the strain rate sensitivity is a measure of its resistance to necking.

Tensile Strength: The tensile strength Sy [formerly called the ultimate tensile strength (UTS) but
now considered an obsolete term] is the maximum nominal stress. This property represents the
load bearing capacity of the material. It also occurs at the strain where necking begins. The
subsequent drop in stress beyond this point is due to the geometric softening associated with the
localized thinning and deformation of the specimen.

If a true stress-true strain curve could be obtained directly from a tensile test, rather than an
engineering stress-strain curve, one would find that there is no maximum stress prior to failure.
There would appear to be no tensile strength. That is not to say that necking has not occurred or
that there is no tensile strength, but that other methods must be employed to determine its value
and the strain at which it occurred.

There are several methods for determining the tensile strength o, from a true stress-strain curve.
One method is to plot both the true stress and the rate of strain hardening against true strain as
shown in figure 2. The point where these two lines intersect marks the tensile strength and the
strain where necking begins. This method is expressed in the following equation

. do _
G = Op when e o. (12)

367



1000

800
®
o .
= 600 -
a \ Stress-Strain
9 - - .- -
c“,‘j —_—
g 400 — Rate of Strain Hardneing
- o / )<

\\\
200 //
0

0.00 0.10 0.20 0.30 0.40 0.50 0.60
True Strain

Figure 2. Stress-strain and rate of strain hardening curves calculated using the Hollomon equation.
(K=500 MPa, n=0.3)

While this relationship may be derived from the Hollomon equation it also works for stress-strain
behaviors which do not obey the Hollomon equation,

The above equation also gives us a second method of determining the tensile strength ~"the unit
subtangent method. Using this method the tensile strength may be found by locating a point on
the true stress-true strain curve which has a subtangent of unity (intersects the strain axis at strain
€5 -1). Furthermore, it may be shown that

_ h do _ o©
0 = O When — =

de l+e

(12)

This is Considére’s criterion, a third method for determining the tensile strength. Itisalsoa
graphical method that requires a plot of true stress versus nominal strain whose origin is set at the
yield point. The tensile strength g, is obtained by drawing a subtangent from a nominal strain of
-1. The nominal tensile strength S, is the point where this line intersects the stress axis. (See
figure 3.) If power law hardening is observed then Considére’s criterion may also be used to
derive one last expression for the tensile strength

Sy = Kn"(1-m)'"". (13)

Onset of Plastic Instability: Generally, the strain at the maximum load marks the onset of plastic
instability. For annealed materials the rate of strain hardening immediately after yielding is
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Figure 3. Considére’s construction for determining the tensile strengths (S,;=¥ =271 MPa, o,;= 4 =388 MPa) of a ductile
material. The stress-strain curve was calculated using Hollomon’s equation (K=500 MPa, n=0.3).

relatively high, but as deformation continues, the rate of strain hardening steadily decreases. At
the same time the specimen is becoming thinner. Eventually the rate of strain hardening and
specimen thinning are equal. Beyond this point the rate of specimen thinning is greater than the
rate of strain hardening and deformation is unstable, i.e., necking begins. The instability will
start in some part of the specimen where an inhomogeneity (soft spot, adjacent to a hard spot) or
at a machining defect (stress concentration) exists. Once localized deformation begins the stress
in this region will be higher than elsewhere, causing deformation to become even more localized,
leading to the formation of a macroscopic neck.

For rate insensitive materials, the onset of unstable deformation occurs at the strain where
maximum load is obtained. It was mentioned earlier that the strain hardening index is a measure
of the resistance to the onset of instability. It can be shown that the strain hardening index for
rate insensitive materials is equal to the true strain where necking begins.

€x = N (14)

For rate sensitive materials the onset of necking will differ but only slightly. The most important
aspect of rate sensitivity is that it tends to stabilize the neck, decreasing its degree of localization,
and extending ductility well past €.

Ductility and Localized Deformation: During nonuniform deformation stresses are concentrated
in the necked region of the specimen, leading to a more complex, triaxial, stress state.
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Bridgeman [2] has developed a method for computing the stress distribution in the necked region
and making corrections to the stress-strain data based on the radius and area at the root of the
neck.

The onset of instability often marks the limit of useful deformation. However, neck growth is
slow at first and additional straining can occur before the instability is either noticeable or
significant. The amount of straining beyond this point is affected primarily by the strain rate
sensitivity of the material. For example, maximum load is often reached at about 10-15% strain,
which is usually around half the strain to fracture for rate insensitive materials (m ~0.01).
Superplastic materials, however, have high rate sensitivities (m~0.5) and may be strained
hundreds and even thousands of percent. The maximum load, however, occurred at around 10%
strain. The high rate sensitivity stabilized the neck.

Eracture: With continued plastic deformation a material accumulates damage associated with
dislocation processes. Dislocations that pile up at grain boundaries and other obstacles can form
microcracks. Tensile stresses can open these into voids which grow and eventually coalesce,
forming larger cavities. Final fracture occurs when the number and sizes of internal voids is
sufficient to exceed the material’s ability to withstand the applied load. These voids introduce
stress concentrations which can lead to the spontaneous growth of a single crack. (This behavior
is the subject of the field of fracture mechanics.) Inspection of the fracture surfaces permits
determination of the fracture process involved, i.e., brittle, shear, or ductile. Close inspection of
the cup-and-cone fracture surfaces of a ductile material may reveal areas where void formation
and coalescence occurred and the area through which the final rupture occurred. A scanning
electron microscope is usually required to determine whether the crack propagated
intergranularly or transgranularly and how much plastic deformation occurred as the crack
propagated.

The strain to fracture is not an intrinsic property of the material. It also depends on the specimen
geometry. An expression that relates specimen geometry to ductility is

172
_ 0

where C is a proportionality constant [3]. Ideally, comparisons of strain to fracture should be
made using specimens of identical design. If this isn't possible, the comparisons should be made
on similarly shaped specimens. Corrections based on the A"/ ratio may be made. ASTM 370
describes how to make comparisons of round and flat specimens.

Procedure:

Preparation

1. Plot true stress versus true strain for a hypothetical material using either the Hollomon or
Ludwik equation. Experiment with the values of X and # to see how their values effect the
results. Note the value of the stress as true strain approaches 100%.

2. Determine the tensile strength for the stress-strain curve in the question above.
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3. Calculate and plot an engineering stress-strain curve using the data calculated in question 1.
4. Compile mechanical properties data on the specific materials to be tested.

5. Note the specifications of the tensile tester and compare them to the load and elongation
requirements for the tensile tests.

6. For the crosshead speed you plan to use, determine the data acquisition rate you will need in
order to record enough data in the elastic region to be able to determine Young’s modulus.

Materials -
Specimens made of plain carbon and low alloy steels, aluminum, and plastics are available. Al
specimens are round with threaded ends. They all have a 2 inch gage lengths and either an 0.236
or 0.505 inch diameter.

Tensile Testing
Inspect the equipment and become familiar with how it operates. Check the calibration of the

load cell and extensometer and make adjustments as required.

Select a specimen to test and measure and record its gage length, diameter, etc. Note the
specimen’s composition and processing, and then estimate the maximum load that will be
generated during the tensile test.

Tensile test the specimen to failure. During the test monitor the load and elongation and watch
the specimen carefully to see when necking begins.

After the specimen fractures, remove the broken halves and note the geometry of the fracture and
the fracture surfaces. Do not try to fit the halves of the specimen back together again as this will
damage the fracture surfaces. You'll probably want to examine the fracture surfaces under a low
power microscope or a scanning electron microscope.

Data Analysis

Perform a comprehensive analysis of the data from the tensile tests by importing the data into
your spreadsheet program. Construct the stress-strain curves and measure all of the usual
mechanical properties including the energy capacities of the material. Analyze the strain
hardening behavior and finally, investigate the onset of tensile instability.

Stiffness: Determine the value of Young's modulus using a regression or best fit routine. How
does your value compare to the published value?

Optional: Repeat this analysis using data from a tensile test which did not utilize an
extensometer. Compare this value to the previous value. This value is typically a factor of 10 to
20 lower than the value obtained using an extensometer. Determine the stiffness of the testing
machine.
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General Mechanical Properties: Compute the other basic mechanical properties that may be
obtained from a tensile test.

Stress
Yield strength, (upper and lower, offset, etc.)
Tensile strength (stress at maximum load)
Stress at fracture
Strain
Strain at yielding
Strain at the onset of necking (observed and from the stress-strain curve)
Strain at failure
Reduction of area at failure (measured from the specimen)
Energy capacity
Work required to cause failure (area under the whole load-elongation curve)
Modulus of resilience (area under the elastic portion of the stress-strain curve)
Modulus of toughness (area under the whole stress-strain curve)

Compare these properties to those in reference books.

Strain Hardening: Use a least squares or regression analysis to determine the values of nand X in
the Hollomon equation. Comment on the values obtained. Are these typical values? Does the

Hollomon equation do a satisfactory job of representing the stress-strain behavior of these
materials?

Tensile Strength: Determine the tensile strength using the engineering stress-strain data. Next,
determine the tensile strength using the rate of hardening method. Finally, locate the tensile

strength on the true stress-strain curve using only the value of the strain hardening exponent. Do
all three methods give the same answer?

Optional: Construct a graph similar to figure 3 to determine the tensile strength.

Onset of Instability: At what point in the test did you first observe necking of the specimen?
Compare this to the strain where maximum load (tensile strength) occurs on the stress-strain
curve. Do the Hollomon strain hardening index and strain at the onset of instability coincide?

Fracture; Examine the fracture surfaces of each specimen. Did fracture occur in a ductile or
brittle manner?

Measure the final cross-sectional area of the fractured specimen and compute the true stress at
fracture. Compare this to the engineering stress that was obtained at the same strain and the true
stress that the Hollomon equation would predict. One would expect it to be lower. Why? Was
it?
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Comments:

The analysis of the data requires mostly basic spreadsheet skills and the ability to lay out the
solution to problem in a sensible and organized manner. A typical spreadsheet will include a
header section (owner, file name, creation and revision dates, etc.), a parameters section (gage
length, gage area, crosshead speed, etc.), and a results section where the results of the analysis of
the data are listed.. The bulk of the data will be in 10 or more columns containing, starting with
column I, the original load-elongation data, elongation data corrected for the toe of the curve,
load-elongation data converted to the desired units, nominal stress-strain calculated from the
load-elongation data, true stress-strain data calculated from the nominal stress-strain data, and
additional columns which are required to measure selected mechanical properties. Building this
spreadsheet can be quite a task unless one lays it out in a simple and direct manner.

The difficulty of the analysis of the mechanical properties from the columns of raw data can
range from the use of simple @max() and @sum() functions to the more advanced regression
analysis procedures. Other clever techniques may have to be devised to be able to determine the
offset yield strength (if appropriate). In addition, one must also construct appropriate graphs that
both illustrate each property and verify that the analysis has been done correctly. For example,
after using a regression routine to determine the value of Young’s modulus, one should then
calculate the elastic portion of the stress-strain curve using this value and plot it along with the
experimental data. One should then calculate the linear elastic portion of the stress-strain curve
again but this time applying a strain offset so one can see where this line crosses the experimental
stress-strain curve. To accurately locate the offset yield stress one can then subtract the measured
stress from the calculated stress and the search the column of data to find the value closest to
zero. Similar procedures and graphs should be used to determine the tensile strength using the
rate of hardening method, for fitting the Holiomon equation to the strain hardening region of the
stress-strain curve, etc.

Employing the rate of strain hardening method to determine the true tensile strength and the
onset of instability requires plotting the slope of the true stress-strain curve. Due to the noise in
real experimental data the result will be unacceptable unless a smoothing technique such as box
car smoothing is employed. We have found that averaging over 21 and sometimes many more
data points gives good results.
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Appendix A - Symbols, Conversion Factors and Equations for Stress and Strain -

Symbols
Symbol Description Preferred Units
F Force N
L Length mm, ¢im or m
D Diameter mm, ¢cm Or m
A Area mm?, cm? or m?
S Engineering stress MPa
€ Engineering strain -
4] True stress MPa
€ True strain -
t Time s
Conversion Factors
Description Conversion Factors
Mass 1 kg =2.207 lbs
Force 1 N = 10° dynes = 0.2248 Ibf
Length 1in=254mm=2.54 cm=2.54x10" m
Area 1 in? = 645.16 mm? = 6.4516 cm’ = 6.4516x10* m?
Stress, pressure 1 MPa=1 MN/m’ = 145 psi
Energy, work 1J=10" ergs = 6.242x10" eV = 0.239 cal
Stress and Strain
Nominal True
Stress 5 = Ll g = £
4, A
Strain e = AL e = U aL _ ln[ —I-I
L, I, L L,

i<
-
>
B

DD
—— | (Seenote I)
D ]

1
LO

Strain Rate é =

AL ¢
A

Note 1: Constant volume is assumed (4,L, = AL)).
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The true stress and strain can be written in terms of the nominal stress and strain, as long as the
specimen has not started necking, by the equations

0 = s(e+1)
and
€ = In(e+1).
Elastic Moduli
Modulus Equation
Young’s Modulus EY = Ao
Ae
€
Poisson’s Ratio v = --ZX, For constant volume v = 0.5
ez
Shear Modulus G = Ar | y___l_ = K3(1‘2V)
Ay 2(1+v) 2(1+v)
Ac
Bulk Modulus K= w5 20+V)
ar 3(1-2v)
Vv

376



Appendix B - Sample Data from the Instron 4204 Universal Tester, Header and First 10
Data Points

Sample id : ALUMINUM Test date : 30 Dec 19964
Version : 1.08 Version date : 30 May 1991
Machine : 4200 Robot used : NO

Report file# : 45 Operator : Mike Meier
X conversion : .03937008 X A/D offset : .0000
Y conversion : *FraFEAkkA Y A/D offset : .0000
Sample rate : 5.00 Extensometer : STD
2nd Sample rate : 1.00
A/D range : 0 Autostart : OFF
Calib type : AUTOMATIC Geometry : RECTANGULAR
Calib load : 11240.4500 Calib extens : .0000
Temperature : 25 Humidity : 50
Xhead speed : .1000 Units type : SI
Test type : TENSILE $# specimens : 1
Bar type : E-45 Entry dimens : YES
Break check : 10.00000 Thresh delay : 4,49618
Load limit : 11240.45000 Extens limit : . 98425
Sample dimensions
A: .2500 B: .0559 C: 1.0000 D: 1.0000 E: NO
Specimen # : 1 Test end status : 10
Maximum load : 414.305 Max load point # 235
Max extens : . 140 Max extens pnt # : 420

| 2nd. Speed | Extn. Remv | Relx Strt | Range Chg |
Point # -—— -— ——— -——

Number of points : 420
Specimen dimensions :

A: .2500000 B: .0559055 C: 1.0000000 D: 1.0000000 E: NO
Transverse gauge: —--—--—---—-

Auxiliary Specimen Inputs:

Fh NIk khhdkohkkk Kk kb dRkkkohkdkok kkkohdokk bk ddkdkk kk Rk bk ok Rk ok ok

Auxiliary Sample Inputs:
LA RS RN EEE LI E NEEEEIEEEESENEEE SR EEE SRR EE S EEE SR NS ESENESEEEE SN EESSEE.:

Calculations from Instron:

| === Maximum --—--——-~--—- | === —————— Break -------—-—=---- I

| Locad Displ. Strain | Load Displ. Strain
414‘32 .84252E_01********** *&******** LS EE R A S EREEEESEREEEEE SN ]

fommm e Peak 1 -——=-——----- |

| Load Displ. Strain |

ok hhkhkdkdde dohkdkhdkhAdhkhkdhk hhokkhhkhak

1, .0000860, .000000
2, .000390, . 000000
3, .000720, .000000
4, .001140, .000000
5, .001470, .0c0000C
6, .001720, .0oopo00
7, .002050, .000000
8, .002470, .000000
g, .002720, .000000
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accuracy of the analysis of the strain hardening behavior was improved somewhat by assuming a

data for 7075-T651 aluminum. Measured values are generally close to the reference vatues. The
prior strain of 0.02.

This appendix shows the summary page of the spreadsheet used in the analysis of the tensile test

Appendix C - Sample Spreadsheet for 7075 Aluminum
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FIRST ROBOTICS COMPETITION

Lori Aldridge
Northwestern High School
2503 W. Main Street
Rockhill, South Carolina 29732

Telephone: 803-417-0863
e-mail laldridg@rock-hill. K12.sc.us
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Lori Aldridge
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Photograph from the 2000 PIRST Roborics
Comperition National Chanpionship.

Build Your Team

Start Now

Our teams have provided us with the best advice “Start
now.” They have told us many times that getting people
from diverse areas on board early saves time.

Involve as many people as possible

Involve as many individuals as you think your team can
manage. If vou must select only a portion of the students who
show in‘erest. remember that one of the strengths of the FIRST
Robotics Competition experience comes from invelving
students who are not usually attracted to this type of program.
They can add new ideas and perspectives to your team.
Share the Excitement

Work with vour team partners to recruit team members from
both your company/universitv partner and team school. Call
FIRST for informaiion packets, eveat programs. or articles
from the national press and set up an information table in the
corporate cafeteria or at a staff meeting. We also have videos
of past Competitions which are sure to get others excited and
interested in becoming involved.

Take the time to explain

Some of the students vou work with may never have set foot
in a machine shop or used a smail hand tool. For the first time
many will see how their math and science classes are applicable
to “'Real World"” situations. In order to engage the students. be
prepared 10 explain complicated concepts and formulas at a
level siudents will comprehend.

Develop a Team Attitude

Many of our team members have commented that the design
and build phase of the Competition is the most intensive work
they have experienced . To help things run smoothlv, many
start at the beginning of the school vear with Team Building
Workshops that include student. teacher. and corporate team
members. Some teams practice brainstorming using the
previous vear’s game. This also serves to recruit new team

members and renew the interest of those returning.

Welcome to the FIRST Robotics Competition

The suggestions provided in this document are designed to help
your team develop successfully during the Competition season.
The information has been gathered from both rookie and
veteran team participants. Remember, not all teams are
identical, and what worked for one may not work for all. Read
this through and see if any of the ideas work for you. If you
need mare suggestions, please contact FIRST

Begin Computer Training Now

Learning computer programs ahead of time such as CAD-CAM,
drafting, or drawing can also be helpful by speeding up the
design process and keeping the cost of “testing” prototypes
within budgets.

Develop Sources of Support

Parents

Inform parents about the program by sending home information
from FIRST and the school. Include them in your recruiting
meetings or have the students make presentations on the team’s
progress. Open houses or family days at the school or work
facility are a great opportunity to introduce, parents to the
project.

School

Include teachers from outside the science and math
departments. Art classes can help design team logos. computer
instructors can teach programs, and the shop or tech ed teachers
are valuable resources for everyvone. Use all the resources of
vour school to recruit team members. Some schools have their
own television studios and in-house broadcast facilities through
which videos of the Competition or student-produced
documentanes of your progress can be shown. Involve the
school administration. Permission slips. insurance issues. and
school district clearance are sometimes necessary to allow the
students to travel off-site. to work on the machine. or to travel
to tournaments. Your school administration can support vour
team by conducting open houses. school assemblies. pep rallies.
or by providing meeting and building space.

Community

The community can support other team needs, such as
fundraising and carpools. Students in the same neighborhood
can arrange for carpools for travel to and from the work site.
Local businesses mayv donate “fuel” for long work sessions-
pizza and doughnuts are alwavs popular. Teams come to the
Competition in uniform. Local merchants can supply teams
with Team T-shirts, hats. and buttons. Create a team of students
to organize fund-raisers and recruit support.

For Inspiration and Recognition of Science and Technology
200 Bedford Street, Manchester, NH 03101 - 800-871-8326 « 603-666-3906 phone « 603-666-3607 fax + http://www.usfirst.org

Pro)./Comp/2001/MktTaciKit/ Team tntormation Lettar 0300
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Planning for Success

Use real world Business Models

Some successful teams use a corporate model to organize their
efforts. They distribute vision and mission statements, strategic
goals, time frames, and they outline, document, and distnbute
team responsibilties, Teams can create mini corporations
complete with design, manufacturing, marketing and budget
departments. Even if your team doesn’t go to this extent, teams
within a team have worked very well.

Divide Responsibilities

Job descriptions, applications, and interviews may allow team
members to choose their areas of interest and help team
organizers assign responsibilities. You may divide into groups
to accomplish specific tasks . Keep each other up-to-date on
progress.

Acquire Facilities

If your school administration is unable to provide a fucility or
work space for your team you will need to find a place where
you can set up shop, have meetings and work on the robot.
Also, learn the procedures for acquiring materiais or having
shipments delivered to your work site. If permission, keys, or
badges are required for access, get clearance now for all team
members to enter facilities. You will not have time during the
design and build phase to address these issues.

Team Promotional Materials

Team Media Kit
Competition videos
Competition trifold
Information packets

How to start a FIRST Team
» Mentoring Guide

y
y/
/

LGP
N

Choose your traveling team

If you have to choose who will travel and who will stay
behind, create a plan for making those decisions. Remember,
as a coach you do not have to make these decisions alone.
Ask the students to decide on a plan. Their sense of diplomacy
and level of maturity will surprise you. Be clear about your
expectations of those who make the trip. Talk about
acceptable behavior, team spirit, and “gracious
professionalism.” Be ready 1o handle emergencies and report
good news back home quickly.

Spreaa the Word

Spreading the word, about your FIRST team among team
members and their extended familes is a good start. But
think BIG! Promote your involvement both in your school
and in your community. Use newsletters to recruit team
members, a cheering section, or new supporters. Have your
school board members, administrators. town or city mayor.
and corporate CEOs visit your work site and get your local
papers and television stations involved. Again, have students
assist your public o1 community relatons staff This will
broaden the type of role models you can provide.

For FIRST Program Information

Customer Service - 800-871-8326
menu option 2

Engineering Support- 800-871-8326
menu option 2

<

FIRST

For Inspiration and Recognition of Science and Technology
200 Bedford Street
Manchester, NH 03101
800-871-8326
603-666-3906 phone
603-666-3907 fax

http://www.usfirst.org

Prop./Comp/2001/MktToolKit'Team Informaton Lettar G300




£NS)D FIRST ROBOTICS
= RST HOW TO WORKSHOP

For inspiration and Recognition of Science and Technology

www,suggested web site resources.com

® www.usfirst.org
® wwwfirst-sme.orq
® www.sharingfirst. mit.edu/
® www.robotics.nasa.gov
3¢ ® www.metalinmotion.com
® www.chiefdelphi.com
¢ ® www.teambosch.org
® www firstiegoleague.org
® www.aiaa.org

® www.pltw.org

Y-y ¥ TleATn T\ - for QuesTions Eman|
L[L151¢ @ Hommail Com

South Carolina State Museum
August 30, 2001

e -
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Executive Summary
Dean Kamen

President of DEKA Research & Development Corp.

& Founder of FIRST (For Inspiration and Recognition of Science and
Technology)

Dean Kamen is an inventor, an entrepreneur and a tireless advocate for science and technology.
His roles as inventor and advocate are intertwined -- his own passion for technology and its

practical uses has driven his personal determination to spread the word about technology’s virtues
and by so doing to change the culture of the United States.

His vast knowledge of the physical sciences, combined with his ability to integrate the

fundamental laws of physics with the most modemn technologies, has led to the development of
breakthrough processes and products.

As an inventor, Dean holds more than 150 U.S. and foreign patents, many of them for innovative
medical devices that have expanded the frontiers of health care worldwide. While still a college
undergraduate, he invented the first wearable infusion pump, which rapidly gained acceptance
from such diverse medical specialties as chemotherapy, neonatology and endocrinology. In 1976
he founded his first medical device company, AutoSyringe, Inc., to manufacture and market the
pumps. At age 30, he sold that company to Baxter International Corporation. By then, he had
added a number of other infusion devices, including the first insulin pump for diabetics.
Following the sale of AutoSyringe, Inc., he founded DEKA Research & Development
Corporation to develop internally generated inventions as well as to provide R&D for major
corporate clients. Dean’s more recent inventions include: the HomeChoice™ dialysis machine,
developed for Baxter (Design News’ 1993 Medical Product of the Year), the Crown Stent
designed for Johnson & Johnson, and the latest invention, the Independence™ 3000 IBOT™
Transporter, also developed for Johnson & Johnson. The IBOT, a personal transporter that was
developed for the disabled community was unveiled in 1999. It can climb stairs, traverse sandy
and rocky terrain and raise its user to eye-level with a standing person. All three of these products
represent extraordinarily innovative responses to extraordinarily daunting challenges.

384



A decade 1go Dean founded FIRST (For Inspiration and Recognition of Science and
achnolcgy). and ever since has remained its driving force, its guiding spirit. and. in the eyes of
theusands of students across the country, its personal embodiment. FIRST uses wholesale
markzting and media technigques to motivate the next generation to want to learn about science
ané techrology. Dean has personally recruited scores of the top leaders of American industry,
education and government in this crusade. As a result, the national championship of the FIRST
Rebotics Competition. which teams professional enginezrs with high school students from across
the country. has set a new record each of the last four years as the largest non-Disney event ever
held at Walt Disney Waorld’s Epcot Center. The 2000 event attracted almost 400 teams and has

impacted tens of thousands of students -- many of them women or minorities from large urban
schools.

With the success of the FIRST Robotics Competition, FIRST introduced the FIRST
LEGO League (FLL)in 1999 as a means of expanding FIRST’s reach to expose younger
children to the science and technology fields. As a result of a partnership between FIRST
and the LEGO Company, FLL offers hands-on experience for 9-14 year-old kids to

explore and invent their own robotic creations. FLL has experienced tremendous growth,
reaching more than 25,000 children in the US. since its inception.

In addition to his own attempts to master science and technology, Dean has received significant
public recognition for his crusade on behaif of science and engineering. He was, for example,

labeled by Smithsonian Magazine “the Pied Piper of Technology” and profiled by the New York
Times as “A New Kind of Hero for American Youth”.

Dean has received several prestigious awards:

» [n 1994 Dean received the Kilby Award which celebrates those who make extraordinary
contributions to society through science, technology, innovation, invention and education.

e The Heinz Award was awarded to Dean in 1998 in Technology, the Economy and
Empioyment for a set of inventions that have advanced medical care worldwide.

e Dean was awarded the National Medal of Technoiogy by President Clinton in 2000 for
inventions that have advanced medical care worldwide, and for innovative and imaginative
leadership in awakzning America to the excitement of science and technology.
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REGIONAL COMPETITION AWARDS

FIRST will hold an Awards Celebration at each Regional Compeution. At these events, a speciai
judging panel will preseat the following awards:

DaimlerChrysler

Team Spirit

This award celebrates extraordinary enthusiasm and spirit through an exceptional partnership and
teamwork.

Delphi

“Driving Tomorrow’s Technology™”

This award ceiebrates an elegant and advantageous machine feature. This award recognizes any aspect
of engineering elegance including, but not limited to: design, wiring methods, material selection,
programming techniques, and unique machine attributes. The criteria for this award are based on the
team’'s ability to concisely verbally describe, as well as demonstrate, this chosen machine feature.

General Motors

Industrial Design

This award celebrates form and function.in an efficiently designed machine which effectively achieves
the game challenge.

Johpson & Johnson

Sportsmanship

This award celebrates outstanding sportsmanship and continuous gracious professionalism in the heat of
competition, both on and off the playing field.

Motorola

Quality

This award celebrates machine robustness in concept and fabrication.

Xerox
Creativity
This award celebrates creative design, use of a component, or a creative or unique strategy of play.

Imagery
This award celebrates attractiveness in enginesring and outstanding visual aesthetic integration from the
machine to team appearance.

Leadership in Controi
This award celebrates an innovative control system or application of control comporents to provide
unique machine functions.

Incredible Play.

This award celebrates the team or alliance displaying the most incredible play of the elimination rounds,
including a formidable defensive or offensive move or strategy. The recipient of this award is decided
upon by FIRST teams via on-site ballot vote at each regional competition.

#1 Seed
This award celebrates the team which is the top seed at the conclusion of the qualifying rounds.

Featherweight in the Finals
This award celebrates the lightest machine participating in the elimination matches.

Copyright § 2000 FIRST AWARDS 3
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Highest Rookie Seed
This award celebrates the highest seeded rookie team at the conclusion of the qualifying rounds.

Rookie All-Star
This award celebrates the rookie team exemplifving a young but strong partnership effort, as well as
implementing the mission of FIRST: to inspire students to learn more about science and technology.

Judges’ Awards
During the course of the competition, the judging panel may encounter a team whose unique efforts,
performance, or dynamics merit recognition.

Regional Finalist
This award celebrates the team or alliance which makes it to the final match of the competition.

Regional Champion
This award celebrates the team or alliance which wins the competition.

Copyright © 2000 FIRST AWARDS 4
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January 2001

Sunday Monday Tuesday Wednesday Thursday Friday Saturday
H 2 3 4 §
2001 2001
Kich-O1r1 FIRST Roboties
Waorkshops Compcetinon
Founders Party Kick-Ort
7 Six,Week 8 Brainstorm |9 10 11 12 13
Build & Prototype Field| Understand
& Prototyping Complete Control
Design Begins begins System
14 15 16 17 18 19 20
Test Movable
Sub-Mechanism Drive train
reandy
21 22 23 24 25 26 27
Prototype
Test
28 29 30 31
Prototype

Test




April 2001
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Sunday Monday Tuesday Wednesday Thursday Friday Saturday
| 2 3 4
National Championship ( Oriando, FL)
8 9 10 11 12 13 14
15 16 17 18 19 20 21
22 23 24 25 26 D7 28
29 30
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February 2001

Sunday Monday Tuesday Wednesday Thursday Friday Saturday
1 2 3
4 5 6 7 8 9 '
Team Uniforms | Test & Debug Chaman Award
Designed Submissions
Due
11 13 14 15 ) 16 17
Driver Spare Parts Build Crate
Practice Made ' To Ship
Rebot
18 19 21 24
Ship Robuot
Participating in
Nationads Only
25 26 27 28




lot

Sunday

Monday

Tuesday

March 2001

Wednesday

Thursday Friday Saturday

Kennedy Space Center Southeast Regional { KSC, FL)
UTC New England Regiounal ( Hartford, CT)

12

13

Long Island Regional ( Long Island. NY)
NASA Langley/ VCU Regional ( Richmond, VI)
West Michigan Regional ( Grand Rapids, M)

Johnson & Johnson Mid Atfantic Regional ( New Brunswick, NJ)
Lone Star Regional ({louston, TX)

New York City FIRST! ( New Yark City, NY)

Southern California Regional ( Los Angeles, CA) _

19

20

21

Great Lakes Regional ( Ypsilanti, MI)

Motoroln Midwest Regional ( Evanston, I1.)
Philadelphia Alliance Regional ( Philadelphia, PA)
I'Silicon Valley Regional ( San Jose, CA)

25

26

27




Sharing Your News
How to Reach The Media

Use the information in this kit to help you share news about your team'’s involvement in the FIRST

Robetics Competition. We recommend that you identify one or two team members who can be in charge of
contacting the news media for the duration of the project.

If you have questions about publicizing your team, FIRST national media coordinators are available to

help. Call, fax, or e-mail:

Carolyn Eggert or Barbara Trevett
MSA, 20 Park Plaza
Boston, MA 02116
617-695-6364
msacse@aol.com

:> What is news?

Everyone has their own definition of news . . . in this case, there are several exciting activities and personal
stories to share with the news media. For example:

k.

You are a group of students building robots from scratch. Invite reporters to visit you while you are

building your unique robot. Let reporters see that you started buiiding your robot from a simple crate of
nuts, bolts, and wires.

You are programming your robot to accomplish a specific task. Once your robot is built, invite
reporters to watch you “test” your robot.

You are preparing your robot and your team for regional competitions. If there is a competition in your
hometown (or somewhere nearby), invite reporters.

What happens during the last week of putting together the robots? Packaging it for shipment? Working
day and night to make sure things are just right?

You are learning real-life science - your participation in the FIRST Robotics Competition could lead to
a career in science. Talk to your teammates about why your involvement on the team is so important

and what you hope this experience will do for you in the future. Share this information with your local
news media.

Do any of your team members have personal stories of achievement that lead them to becoming part of
your FIRST team?

How does this “intellectual” competition compare to athletic competition? Do you use some of the
same skills in preparing for competition?

Do you have cheerleaders, marching bands rooting for you on the sidelines”

How do I contact newspaper and television reporters?

First, find out the names, addresses, phone and fax numbers of your local newspapers and TV stations. Call to
find out which reporter is interested in covering news about:

EDUCATION

SCIENCE

HUMAN INTEREST STORIES
BUSINESS NEWS
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FIRST TEAM PRESS KITS
Let’s get some press coverage!
Page 2

When you have a list of reporters. think about what will interest them. To introduce your team and the FIRST
Robotics Competition, use the press releases in this kit. Just fill in the specifics about your team and sponsor.
Now. send it off to the reporters.

As vour team progresses . . .for example, when you start to build the robot, let reporters know about it.

1. SEND (via mail or fax) a news release that answers the following questions:

WHO: Who are you? (FIRST Robotics Competition event, team name, school, sponsor)

o WHY: Why are you calling>—Why are you writing this news release?

WHAT: What is interesting about your participation in the FIRST Robotics Competition?

WHERE: Where are you doing it? (Provide exact location, room numbers and phone numbers in
case they need direcrions)

WHEN: When are you doing it? (DATE, TIME)

CONTACT: If they need more information, who has it? Who can they call if they want more
informarion?

2. CALL THEM

Introduce yourself and tell them why you are calling. Keep in mind that reporters get so many requests, they may

not remember receiving your news release. Be prepared to give them a quick description on the phone and after
your conversation, FAX the news release to them.

Remember. reporters are busy and are working on deadlines. They may not respond to your news release or call
— but feel free to follow up with them.

And. if they are not able to cover your first event, try again.

3. BASIC RULES OF THE ROAD

*  Always refer to the our program -- as: FIRST Robotics Competition

s Always refer to your team sponsor whenever writing or talking about your team. Your sponsor makes it
possible for you to enter the competition.

¢  When writing the news release type with double spaces.

¢  When describing FIRST. use one of these descriptions:

Founded in 1989 by New Hampshire entrepreneur and inventor Dean Kamen,
FIRST (For Inspiration and Recognition of Science and Technology) is a
non-profit organization that brings together an alliance of business,
educarion, and government organizations through innovative programs to
inspire today's youth in the areas of science, engineering and technology.
Visit the FIRST web site a1 <www.usfirst.org> for more information about
the FIRST Robotics Competition. and other programs developed by FIRST to
inspire yourh of all ages.

The rest of this kit offers sample press releases and fact sheets about FIRST Robotics. Feel free to use them to
promote regional compeunons or as background information for reporters.

Please send copies of any coverage you may receive (articles or news clippings, efc.,) to MSA, 20 Park Plaza,
Boston, MA 02116. And remember, call if you have any questions or need help with publicity.
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FIRST TEAM PRESS KITS
Let’s get some press coverage!
Page 3

EXAMPLE A: Press Release for Regional Competition

PRESS RELEASE

National Media Contact: Team Contact:

Barbara K. Trevett [Contact name, school and team number]
(617) 695-6364 (AREA CODE/NUMBER)

For immediate release Region’s students prepare to clash

[add today’s date] on the ‘intellectual playing field’

CITY, STATE (DATE) -- Students at more than (number of) schools in the (major city) region this
week are pumping up for one of the biggest games of their young lives -- the annual FIRST Robotics
Competition. Instead of fine-tuning their shooting style or defensive play, these students test the limits of their
own imaginations-—using robots they have designed and are sending into technological battle against robots from
other FIRST competitors.

In this clash of robots and their student handlers, all the trappings of traditional school sports
showdowns--referees, cheerleaders and time clocks--will surround feverish competitors on the "intellectual
playing field.” Adding to the tension and excitermnent is the prospect of participating in the national championship
for the student teams’ marvelous machines at the competition finals at Disney World's EPCOT Center at
Orlando, FL in April.

The FIRST Robotics Competition, centered on a new "challenge” each year, is designed to convince
young people that science can not only be exciting and rewarding but is as much fun as traditional sports. Details
of the annual challenge are kept s;:cret until being unveiled at the "Competition Kickoff" each year, with all
teams having an equal start in a fiercely contested day-long event.

Founded in 1989 by New Hampshire entrepreneur and inventor Dean Kamen, FIRST (For Inspiration
and Recognition of Science and Technology) is a non-profit organization that brings together an alliance of
business, education, and government organizations through innovative programs to inspire today’s youth in the
areas of science, engineering and technology. FIRST is developing multiple programs to inspire youth of all
ages. For more information, visit the FIRST web site at <www.usfirst.org>. Or call (Team Contact name and

phone number).
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FIRST TEAM PRESS KITS
Let’s get some press coverage!
Page 5

EXAMPLE B: Press Release highlighting sponsors

PRESS RELEASE
National Media Contact: Corporate Contact:
Barbara K. Trevett [name and title}
(617) 695-6364 (AREA CODE/NUMBER)

For immediate release
fadd today’s date]

[Headline should include sponsoring corporations and universities. For example:]
___University and ____ Corporation Partner with Students from
School to Prepare for Robotics Competition

CITY, STATE, (DATE) -- (Insert number, spelled out) middle and high schools in the (name of region)
will each send their own unique robots into the (location of competition site) contest over the two-day event. The
participating schools are (list ):

A number of (name of FIRST region)'s top corporations and universities that have partnered with the
students on a FIRST team, providing their expertise in technology, science and business organization. They
include: (list all corporations and universities, alphabetically):

Founded in 1989 by New Hampshire entrepreneur and inventor Dean Kamen,

FIRST (For Inspiration and Recognition of Science and Technology) is a non-profit organization that brings
together an alliance of business, education, and government organizations through innovative programs to inspire
today’s youth in the areas of science, engineering and technology.

Visit the FIRST web site at <www.usfirst.org> or (corporate contact name and number) for more

information about the FIRST Robotics Competition.



We’re Looking for News

Please complete this form and fax to Barbara Trevett of MSA, at 617-695-6366.

Team Name: Team Number:

Team Member Name: Age: School:

City: State: __ Zip:

Team Member Phone: E-mail Address:

Local Newspaper Name:

Address: City: State: Zip:

Phone: Fax:

Important local TV station names, addresses, phone & fax:

About You

Why are you involved?

Tell us about you (where are you from? Do you have siblings? Have your siblings been involved
with FIRST?)

396



What is your role on the team?

How many hours a week do you spend working on the robot/team?

Have you ever done anvthing like this before? If yes, what?

If no, would you do it again?

Is there anxthing special you would like us to know? Has anything happened (better grades new
career interest) as a result of vour joining the FIRST team?

Is there anyone else on your team you think has an interesting story to share? Why?

In your opinion, what 1s the most important part of the robot-building process?

Remember, we are doing our best to find stories for newspaper and television stations.
We'll be sorting through a lot of information - provided by YOU.

Thanks for all of your help! And GOOD LUCK!
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Generic Time Line

September

Octobher

November

[ &

December

Select high school

Teachers all recruited

Meet regularty to define roles, set up student selection criteria
Applicarions to join team

First cut on applications

FIRST applications due

Student recruiting - presentation to potential new student team members
Adult professional recruiting

Determine where the team will meet

Identify and secure equipment

Secure funding. do fundraising

Student interviews

Announce students who made the team

Parent meeting; expectations

Distribute SPI catalogs to engineering team
Discuss overall mission and theme for the year
Mentoring packet received from FIRST

Review last year’s rule book and FIRST website to gain insight into 1* vear deadlines,
Chairman’s Award, team logo, tee-shirts, buttons, etc.
Students selected

Assign student job responsibilities

Meet weekly :

initiate PR contacts

Fundraising

Finalizs location for robot work

Finalize plaving field location

Assign team members to monitor websites (FIRST, Teams)
Safety raining

Team buiiding

Site preparation

Team registration deadline

Meet weekly

Finalize student roles

Engineers all recruited

Team building exercise

Devise "Table of Contents’ for scrapbeok/video
Determine purchasing method

Set expectations with adult team members
Make reservations

Meet as required: brainstorming
Kickoff ~ Saturday, January 8, 2000 in Manchester, NH
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See ‘Robot Timeline’

¢ Team profiles, logos

¢ Design

+ Animation

¢ PR~ follow-up

¢ Chairman’s Award
February

e Meet as required: design, build, test, rebuild

¢  Animation

¢« PR ~ follow-up

s  Complete Chairman’s Award submission by deadline
¢ Note shipping dates for robot

¢  Team numbers of Regional parties due

March
s  Practice
e PR ~ follow-up
¢ Team meetings
« Compete in Regional competition
¢  Team numbers for National party due

April
¢ Compete in Nationals
¢ PR ~ follow-up
s~ Have a few parties, get some sleep
ROBOT TIMELINE
** Kickoff on Saturday, January 8 **
week 1:
understand game, brainstorm strategy & design, build playing field, post kit parts and
functions
week 2;
brainstorm design, choose concept design, refine concept design, start detail drawings
week3:
mule hardware running, driver/human practice, work on detail drawings, start some
fabrication
week 4:
driver/human tryouts, continue fabrication, complete detail drawings, redesigns
week S:
driver/human practice, initial robot build, testing, rebuild, repair, and retest multiple times
week 6:

driver/human practice, rebuild and retest multiple times, paint
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Chairman’s Award

The Chairman's Award is the highest award that FIRST bestows upon a team. The award
recognizes an extracrdinary partnership effort by a team during and beyond the competition
season. The Chairman's Award finalists and winner are selected by a panel of competition judges
based upon a ten minute review of the teams' Chairman's Award submission, team member
interviews, specific judging criteria for the award, as well as format and length restrictions, and
submission deadlines which can be found in the competition manual each year.

The Chairman's Award submission is documentation of your team's ‘story’. [t is more than a
book or a video, it is documentation of the essence of your team. A good way to approach your
Chairman's Award submission is to treat it as a permanent record of your team through the eyes
of the students. Document team activities that show the partnership you have developed within
vour team. Consider including human-interest stories and pictures of team members working
together. Also include team activities which help spread the FIRST message. These can include
things like engagement of a school district, government officials and/or business leaders,
presentations and demonstrations at schools and civic functions, recruitment and mentoring of
new teams, fundraising, design and build phase experience of your team, and community

involvement. Teams will often include things they feel make their team unique. The possibilities
are endless!

Documentation of vour Chairman's Award submission can be submitted in many forms as
outlined in the current Competition Manual. Creation of the documentation can be an
opportunity to engage students in desktop publishing, digital photography or video production.
Unique is great, but keep it simple; it does not need to be fancy or professionally done to be a
good submission, but it must be well organized and convey your message succinctly. Many
teams in the past have created their submission as a printed document while others have created a
video. There is no right or wrong way to create a Chairman's Award submission as long as it
follows the FIRST zuidelines. Approach the creation of your Chairman's Award submission the
same way vou appreach the building of your robot - develop a plan and follow it. If possible.
make a copy of vour Chairman's Award submission to keep for your own records. Some teams
duplicare some or all of their submission to give to their own team members and for team
marketing activities.

When considering whether to create a Chairman's Award submission or not, be practical. Think
about all of the activities vour team will need to do before the ship deadline and the number of
people vou have to complete them -- don’t commit to something that you cannot follow through
on. It is discouraging to team members who put in the effort if there is no end product.

Every FIRST team is unigue and many go beyond the basic requirements for a FIRST team.
While there is only one team selected as The Chairman's Award winner, every team can get
satisfaction from the things they have accomplished which make them a Chairman's Award
quality team, so if vou have the time and the resources, create a Chairman’s Award submission --
for vourself and for FIRST. The experience of creating this documentation is invaluable.
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Fundraising

Fundraising is one of the least attractive tasks at first glance and the most difficult for most
teams. Fundraising serves two roles in the development of your team. First the chosen
fundraising activity raises money for some of the expenses your team will incur during the
FIRST experience. Activities such as raffles, candy sales, and car washes are only but a few of
the ideas teams have used successfully. Your chosen activities will depend upon your team,
community, available time and student resources. Start early, have a plan and do not be shy,
always ask for more and give back more to the sponsor than expected.

Second, the fundraising activity serves to bond team members together and give them a sense of
purpose early in the FIRST experience. Earning their own way and contributing to the team
effort is an important aspect of team development that should not be overlooked. Consider

having students participate in fundraising even if your team is fortunate enough to have their
Sunding fully covered.

Community support is important. Do not overlook sources of funding locally. This includes
additionai sponsors and general donations that may inciude refreshments (for work times),
materials to build with and cash donations.

Media/PR

The FIRST experience has proven to have a positive affect on the lives of the young people in
America, this is a proven fact. Your team’s efforts aimed at Media/PR are efforts to let others
know all of the great things that your team has accomplished, while at the same time spreading
the news about FIRST. Articles in local publications, radio and TV spots are but a few examples
of media that can serve to strengthen your team. Doing great things, changing the way education
looks at math and science have more power if others are aware of your activities. Establish strong
bonds with the local media, provide them with interesting angles on your team and its activities
and the effects of your program on the lives of youth. Spread the word!

Marketing

In this instance, marketing is defined as the things a team does to establish its identity.
Marketing efforts result in a team being ‘known’ for something. This section will attempt to
explain some of the marketing efforts that have been successful for other FIRST teams. This
section will not cover communications or public relations; those are what a team does to promote
its already established identity.

Now the disclaimer: What follows are some ideas that have helped teams establish their
identities in the past. The future has yet to be written, and new teams should not depend on just
these ideas as they establish their own identities!

The way a team acts and looks at events and competitions is a key ingredient of the team's

identity. Some teams have a well-defined schedule of tasks and responsibilities for each
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(Marketing ~ continued)

competition. Some teamns depend on key people to lead important efforts when the time seems
right. Some teamns have a dress code, with specific details on what is acceptable and what is not.
Some teams are instantly recognizable because of the way they dress! A key element in getting
the team to act as a team is to communicate the tasks and expectations well in advance of the
events. [f team members know what the teamn is going to be doing, they are much more likely to
be able to help. Some ideas to help build a consistent identity: pass out a ‘roles and
responsibilities’ checklist; have team meetings before and after events to discuss the good, bad,
and ugly; make sure the roles of task leaders are clearly defined; make sure everyone knows and
foliows the schedule. Some things that past successful teams have done: a weli-executed and
well timed cheer, a group of seats in the same place every day, a set procedure for the cheering

section before/during/after matches, a concerted effort to clean up after each other at the end of
the day.

The goodies that teams give out and trade at events are also part of the team's identity. These
‘trinkets and trash’ leave others with a lasting impression of the team. They don't have to be
expensive or complicated! Some common trading items include buttons, dog tags, key chains,
and pens or pencils. Some less common items include stopwatches and noisemakers. In addition
to trading items, many teams also give items away. Some common giveaway items are candy,

business cards, cookies, scorecards, team brochures, and, did we mention food? Originality
counts!

The events that a team orchestrates or participates in (at any time of the year) help establish that
team's identity. Perhaps they are known for tutoring middle school students or cleaning up a road
near school. Perhaps theyv have had some well known fundraising events. Some teams have
floats in parades. Teams should look to their overall mission (yes, teams should define their own
mission') as a guiding force for what types of events they orchestrate or participate in.

Many teams publish information about their team or about FIRST as a way to inform their
community or start new teams. Team newsletters, team pictures distributed to school officials,
informative guides on how to make college/career choices, and informative guides on how to0
start/maintain FIRST teams are all examples.

Another means of publishing information is a team website. More and more teams find this a
convenient and efficient way to distribute information to anyone who wants it. While it is quite
common for teams to include basic information about school, sponsor, and activities on their
website. manv teams go much further. Discussion forums, chat servers, email list servers.
scouting reports from recent regionals, robot pictures, how-to guides on various subjects,
informational articles. upcoming events, and private team-only areas are some examples of usetul
website content. Providing a service that other teams need is a sure-fire way to get a popular
website!
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Travel Coordinator

If possible, identify one person who will coordinate all aspects of team travel. This cuts down on
confusion and duplication of efforts between the school and the corporation.

For air travel, make reservations as early as possible to minimize costs and maximize your
chances of traveling at your desired times. [f possible deal with the airlines directly and ask for
group reduced rates. All travelers are required to have photo identification at the airport and will
be required to pass through metal detectors. Each piece of luggage must have a luggage tag with
the owner’s name, address, and a phone number. Students should be reminded that airport
personnel will ask all travelers questions. This must be taken very seriously and is not a time for
Joking around.

You will need to make ground transportation arrangements to and from the airport. In Florida, if
not staying at a Disney hotel, you will also need to arrange ground transportation to and from the
Competition.

Hotel packages which provide meal arrangements can save you time and in many cases money. [t
will make things simpler for you. Many hotels offer buffet or coupon services. Having breakfast
together offers the team an opportunity to start the day together. FIRST often arranges for ravel
companies to provide packages, which include room and meals. Make hotel arrangements with
the travel provider or hotel as early as possible.

The hotels and airlines will generally require the finalized list of travelers about 30 days prior to
travel.

Animation

Start your animation team as soon as possible learning the animation software. Have computers
identified and reserved with the animation software installed as soon as possible. Use the most
powerful/fastest computer you can for final rendering. The amount of RAM is critical to the
performance of the computer. Slower computers can be used to create objects and save them to
disk for later import. Practice rendering and transferring to video tape early so that you have time
to work out the process. There are many low cost video cards that have video out and will handle
the process of putting your animation to VHS tape.

Develop a storyboard before starting the animation, and stick to it. Careful planning and
development of the story will save you many hours of work. It is important that you divide the
animation among the animation team maximizing computer time. A calendar of deadlines and the
ship date should be posted as a reminder.

Participation in this competition will allow students to develop skills in design and animation.

This animation is a good opening act for many team activities and demonstrations after the
competition has concluded.
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Mentor Sign Up Form (send in registration package or email)

FIRST is starting a Team Mentor program this year administered from the FIRST Web site. The
Mentor program is aimed at making the ‘FIRST Experience’ a little less stressful for the rookie
teams and others needing assistance. Your team can help in this process by agreeing to be a

mentor. As a mentor. your team would be listed on the FIRST web site and in printed material as
a resource.

Please censider being a mentor resource. The amount of time and effort you will provide will
depend on the needs of the team seeking help. Most of all, you will answer questions, give
guidance and direct them to resources available in the FIRST community.

Please send this completed form to Theresa Clement at FIRST. tclement@usfirst.org or call
(800) 871-8326. ext. 432,

3 3 3 e o o ok 3 e ok 3k ok ok ok ok R ok 30k ok 3k ok 3 K ok ok ke ok ok ok oK ok sk ok R 3K o ok K ok K ok ok ok 3K ok ok 3k 3 ok o ok ok 3k 3k 3k ok ek e ke ok ok 3k o 30Ok ok
Select a main contact for this mentor program.

Main contact informationi ...........................print please

First Last

Team # Team Name

Phone #() E-Mail

City State

Business

School___-

Best time for a phone contact:

Hkw koK kX ok KK KK kR KRR KK Xk K K K kok Kk ok ok ok & Kk ok ok ke ok K ok ok sk ko ko ok ok o ok 3k ok ok ok e 3 ok 3k ok ok ok 3K ok s ok o ok ok ok ok o sk

- Burnout and Retention

Ali teams need to be aware that in the course of events, that a change in a team’s structure will
allow vour team 10 evclve. Students, engineers, teachers and the roles that they play on a team
oftzn fluctuate with the needs of their personal and professional lives. Adjusting to these changes
often puts stress on the structure of the team. The community of FIRST will support each other
with all the resources that are available. The true power of FIRST is the willingness of teams to
assist each other in difficult times and rejoice with each other in their successes. With this in
mind, we all need to share our expertise and lend a hand to a team that may be having a change in
team structure.

Viaw charge as a healthy condition that serves to strengthen and bind your team.
As« for assistance if therz is a need.

Lend a haad and do whazever your team can to assist others.

Urderstand you are not zlone.

Ecucate cthers as to the resourcss that are available.

We all see the VALUE in a strong FIRST organization.

SRRk R AR AT R T RN R R KRR AR Rk kKRR R KRR R R R AR Rk RN KRRk R R KRR KR Rk Kok kk
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THE CENTER FOR THEORETICAL AND
COMPUTATIONAL MATERIALS SCIENCE

James Warren

Director, Center for Theoretical and
Computational Materials Science
Theoretical Physicist
Metallurgy Division
Materials Science and Engineering Laboratory
National Institute of Standards and Technology
100 Bureau Drive, Stop 8554
Gaithersburg, Maryland 20899-8554

Telephone: 301-975-5708
e-mail jwarren@nist.gov
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The Center for Theoretical anc
Computational Materials Science

Materials Science and Engineering Laboratory

MISSION: to investigate important problems in materials theory

! H . . . :‘a,,l‘@ - :
and modeling with novel computational approaches; to create i .é
opportunities for collaboration; to develop powerful new tools R R
for materials theory and modeling and accelerate theirf T2l

integration into industrial research.

Focus Areas Include:

OOF: Object Oriented Finite Element Software
First Principles Prediction of Phase Diagrams
Multiscale Simulations of Filled Polymers
Phase Field Modeling of Microstructure
Green’s Functions for Elastic Propertics
Solder Interconnect Design Tools

s . : . i v T PTAYANY
Micromagnetic Modeling Tools 4‘ . ’;J‘;M’gﬁl#h»
. - ’ 2 '.‘ .’4\‘ % .
Deformation of Aluminum >k S A




Computer simulation plays an
increasingly important role in materials science
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OOF: Object oriented Finite Element Software. cdwin. tuller@nist.gov

First Principle Prediction of Phase Diagrams: ben burton@nist.gov

Green’s Functions Library for Elastic Properties: vinod.tewary@nist gov

CPONS,

Deformation of Aluminum: Iylc.levine@nist.gov \-"\/Ul’laillgt Cironp.

Multiscale Simulations of Filled Polymers: francis.starr@enist.gov

~ Micromagnetic Modeling Tools: robert.memichael@nist.gov
4 ‘H

Solder Interconnect DCSigll Fools: JUNCS WArTCN(e NESE oY

Phase Ordering Modeling Tools: jamcs warrencenist pov

Simulation Tools for Microstructure Evolution in Multiphase Blends:

charles.hant@nist.gov



The NIST Center for Theoretical
and Computational Materials Science

a resource of expertise and collaboration
i materials theory and sinnmilation
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LOAD TESTING OF TEMPORARY
STRUCTURAL PLATFORMS

Harvey Abramowitz
Ralph E. Bennett 111, PE
John Bennett (student)
Rick J. Hendrickson (student)
Caris Koultourides (student)
and
Brandon W. Tredway (student)
Department of Engineering
Purdue University - Calumet
2200 169th Street
Hammond, Indiana 46323

Telephone: 219-989-2473
e-mail harveya@calumet.purdue.edu

Walter Kuchariski (student)
Construction Technology
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Load Testing of Temporary
Structural Platforms

Load Testing of Temporary
Structural Platforms

Harvey Abramowitz

Department of Engineering
Ralph E. Bennett I, PE
Department of Construction Technology

Engineering Students
John H. Bennett, Rick J. Hendrickson,
Caris Koultoundes and Brandon Tredway

Construction Technology Student
Walter Kucharski
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Background

1. Scaffold Platform is Weakest Link of
Temporary Structure

2. Current Platform Design is Based on
Static Loading

Background (cont)

3. Normal Platform Usage Includes
Application of Dynamic Loads

e.g., Workers Jumping and
Material Dropped onto Structure
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Needs

1. Develop Standardized Dynamic
Loading Test Procedure

2. Develop Dynamic Loading Design
Criteria

Objectives
For Temporary Structural Platforms, such as
Scaffolding Planks

1. Introduce Student to Concept of
Dynamic Loading, as Compared to
Static Loading

2. Demonstrate a Method for Determining
Dynamic Loading
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Objectives (cont)

For Temporary Structural Platforms, such as
Scaffolding Planks

3. Compare Theoretical and Actual Static
and Dynamic Loading Results

4. Develop and Recommend Dynamic
Loading Criteria

Prerequisite Knowledge

The Student
1. Should be Familiar with PC’s

2. Should be Familiar with Determining a
Stress Strain Curve, and the MOE
(Including Flexural)
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Testing Apparatus

«  Static

*  Dynamic

Static Testing Apparatus

Vibration Analysis Machine
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INPUTS

WEIGHT

LENGTH /SPAN

HEIGHT / DIAMETER

WIDTH

OUTPUTS

DENSITIES

El
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Conventional
Three Point Test Assembly

Front View

Static Testing Apparatus

Actual Static Load Apparatus
Tinius Olsen Testing Machine |

iy
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Dynamic Testing Apparatus

Designed and Built
(Senior Projects)

Dvynamic Testing Apparatus

HOIST I E]] !
A—F RAME
WEIGHT GUIDE
WEIGHT
FORCE
LINK i
PLANK SUPPORT
L1
FORCE—"]
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R /L T A\
L wri 1% J
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Samples Tested

1. Solid Sawn Wood Plank

a. Finish
i. Rough
ii. Dressed
b. Types

i Southern Yellow Pine
ii. Douglas Fir

Samples Tested

2. Manufacturéd Wood Plank
a. Veneer Type

1. Horizontal
ii. Vertical
b. Suppliers

i. 3 Manufacturers
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Manufactured Wood Plank

VariablesTested
Solid Sawn & Manufactured Plank

1. Span 4. Moisture Content
2. Height 5. Stiffness

3. Width 6. Specific Gravity
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VariablesTested
Load Tests

1. Static Load

2. Dynamic Load

Solid Sawn & Manufactured Plank

Test Procedures
Static-Nondestructive Static — Destructive

» Measure Plank Width, -+ Insert Test Platform

Weight & Length into Tinius Olsen
» Calibrate DynoMoe Testing Machine
Test Apparatus « Set Platform Span
» Vibrate Plank + Set Deformation Dial
» Read & Tabulate + Calibrate Tinius Olsen
MOE, Weight & Testing Machine
Frequency + Read Applied Load at

Prescribed Deflections
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Solid Sawn & Manufactured Plank
Test Procedures

Dynamic Raise Weight
- Inspect Apparatus * Center Plank on Span
- Install Force Link, Force ° Set Test Weight at Proper
Link Cable & Moveable Height
Support * Release Weight
* Read & Record Load from
. 1
Set Span Length ) Peak Meter
- Install & Power Quick . Rerai b
Release e-Taise weig t to _
© Prescribed Drop Heights
« Power Peak Meter & Until Failure Occurs
Hoist * Read & Record Load from
« Calibrate Force Link & Peak Meter Until Failure
Peak Meter Occurs

Results and Discussion
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Typical Dynamic Loading Results

« « T - ~Horizontsl Venser A Theoretionl m=—iil=—— Horizortal Venser A Exparimecat
- - Veneer 8 Th rmlnnn HOttONNS V' B Expart
PR . SR ) PnaTh o8, Pina Experim
» = = ¥ - ~Dougine Fir Theorstiosl dr— Dougine Fir E ol
3500
3000 +
— 2500 1
ry
=
§ 2000 ¢
[ 3
@
£ 1500 4
é 1000

§ T

Q
E

g (o
.\ .
w ogT e
1 v -
Sl
W —— 0
idi

Fi6. 13-5 Dervation of impact factor (i) Impact load. (1) Defiection under impact
nact ) Defiection under gradually applied toad W 6f) Equivalenl gradually
apuind loaed 1o gve some deflection as impact joad M

430



Equation for Theoretical
Equivalent Static Loads

s =(1+ 1+——-2£) Sqt
ST

Dvnamic L.oading Results

TABLE{: DYNAMIC LOADING RESULTS

Plank MOE MOE Density Moisture Ratio
Dynanmic Static Content Experimental/
(x10%psi)  (x10°psi)  (lb_/in%) (%) Theoretical
Southern Fne 1.50-3.00 2.02-2.80 .020-.029 10.00-13.00 1.41-2.21
Douglas Fir 175260 ND ND 11.00-12.50 1.51-2.67
Horizontal Veneer A 1.97-2.35 ND .024-.026 12.50-16.50 1.52-1.88

Horizontal Veneer B 1.90-1.99 1.872-2.050 0.019 14.50-16.00 1.22-1.60
Vertical Veneer  1.75-242 1.975-2.403 .021-026 9.25-12.75 1.40-1.65
ND: Not Determrined ~ Thickness 1.50-1.63 in
Width  9.06-11.75in
Length 96.00-145.13in
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Ratios
Experimental/Theoretical

Range
1.1-24

Results and Discussion (cont)

« Manufactured wood planks have less
variable stiffness characteristics
than solid-sawn scaffold planks.
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Results and Discussion (cont)

 Manufactured wood planks have a
more predictable ultimate failure
load range than do solid sawn
planks. |

Results and Discussion (cont)

» Laminated joints or laminated
veneer placement in manufactured
planks, like annular rings spacing,
knot size and placement of solid
sawn scaffold planks, proved to
affect specimen dynamic resistance.
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Dvynamic Loading Criteria

Recommendation:

Safety Factor > 3
to Prevent Failure

Summary
Concept of Dynamic Loading Introduced

Method for Determining Dynamic
Loading Demonstrated

Comparison of Equivalent Static and
Actual Dynamic Loads Made

A Safety Factor of at Least 3 is
Recommended as the Dynamic Loading
Criteria
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NON-LINEAR ACOUSTIC SYSTEM
FOR DAMAGE ASSESSMENT

Yulian Kin

Purdue University Calumet
Hammond, Indiana 46323

Telephone: 219-989-2684
e-mail kin@hwi.calumet.purdue.edu

and
Alexander Sutin
Eric Roades
Karen Dalton

Kimberly Bateman
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Non-Linear Acoustic System for Damage Assessment

Yulian Kin
Alexander Sutin
Eric Roades
Karen Dalton
Kimberly Bateman

Key Words:
Fatigue, fatigue damage, crack, non-destructive fatigue testing, non-linear acoustic
instrumentation

Prerequisite Knowledge:

Fatigue crack propagation

Basic understanding of oscilloscopes and function generators
Failure prediction techniques

Objective:
Damage assessment on the basis of wave modulation change.

Equipment:

Digital Oscilloscope with FFT capabilities

Digital Function Generator

Piezoelectric Ceramic Sensors (Disc, 10mm by 2mm)
High Pass Filter (20-40 kHz cutoff)

Striker

BNC to Alligator leads

Test Specimens, damaged and undamaged (for reference)

Nk L=

Introduction:

This project is based on a nonlinear acoustic approach to damage detection. This
approach is based on the fact that cracks, surface flaws, disbonding or other damage have
high nonlinear elasticity. This causes nonlinear acoustic responses, especially the
modulation of an ultrasound wave passing through a crack [1]. These responses were of
particular interest in the conducted experiments.

In these experiments, the specimens were induced with a high frequency ultrasonic wave
and a low frequency vibration, and the interaction modulation provided a reliable
measure of the quantity of the accumulated damage. This method is known as nonlinear
wave modulation spectroscopy (NWMS) [2]. The physical nature of this modulation can
be explained with the help of a simple model. Consider the sample in Fig 1, with a single
crack as the oniy flaw. The method uses the interaction of a high-frequency ultrasonic
signal, transmitted through the part, with the low-frequency vibration of the part. The
low-frequency vibration alternates between compression and dilation of the flaw.
Suppose the ultrasonic signal has a frequency at least an order of magnitude larger than
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the low-frequency signal, and that the amplitude of the low-frequency vibration is
sufficiently large to close the crack during the compression phase (Fig. 1a), and to open it
during the subsequent tension (Fig. 1b). During the dilation phase of the low-frequency
cycle, the high frequency signal 1s partially decoupled by the opened crack. This reduces
the amplitude of the high-frequency signal that passes through the crack. During the
other half of the low-frequency cycle, the signal produces compression and the crack is
closed. The closed crack does not decouple the ultrasonic signal and the amplitude of the
transmitted signal increases. This results in amplitude modulation of the ultrasonic signal
as shown in Fig. 2; ie. observation of low amplitude during the dilation part of the low-
frequency vibration signal and high amplitude during its compressive phase. Fourier
transformation of this signal reveals sideband frequencies that are the sum and difference
of the frequencies of the ultrasonic and vibration signals. The presence of these new
frequency components is a clear sign that a flaw or crack is present.

a Crck pwrg

b
Figure 1. Crack Behavior Under Low Figure 2. Amplitude modulation of probe
Frequency Vibration (a) in compression signal; (a) vibration, (b) ultrasonic signal.
(b) in tension.
Specimen:

Tests were conducted on three Ford Alternator Housings. (Figure 3) Two of the
housings exhibit damage, one visible and one not apparent to visual inspection. The third
housing is undamaged and is used for reference purposes.

Figure 3. Ford Alternator Housing (test specimen).
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Experimental Setup:

The basic electrical setup of the system is shown in Figure 4. A signal generator,
generating a sine wave signal is connected to an input sensor attached to the specimen. A
constant high frequency sinusoidal wave is inputted. A second, output, sensor on the
specimen is connected to the oscilloscope through a high pass filter. The impact from the
striker or firing mechanism induces low frequency vibration into the specimen. The
striker is equipped with a sensor used for synchronization with the digital oscilloscope,
which conducts spectral analysis of the received signal.

Oscilloscope

synchronization

Signal
generator

{High Pass Filter|

sensor

Sample

Figure 4. Electrical Schematic

Figure 5. Current Lab Setup. Figure 6. Mock-up of future instrumentation.

Observations:

[t can be seen that the modulation (high level side components) takes place just after the

impact in the damaged specimen. (Figure 7) The undamaged specimen has no such side
components. (Figure 8)
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Figure 7. Spectral analysis of the sample Figure 8. Spectral analysis of intact sample.
with a tiny crack
Applications:

The NWMS experiments, described and demonstrated here, possess two significant
benefits for detection of nascent damage. First, its sensitivity to damage is orders of
magnitude greater than competing techniques. Second, its ability to examine the entire
part at one time allows rapid and efficient testing of complex specimens. The possible
applications of this method are the observation of fatigue damage in buildings, bridges,
aircraft, automobiles, etc. This technology would allow for more accurate maintenance
schedules, safer supports, and preventative repair measures of the damaged structures.
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Motorless Motion with Ni-Ti: A Senior Design Project

Michael Guarraia', Robert Redfield, Suzanne Keilson
Electrical Engineering and Engineering Science
Loyola College, Baltimore, MD
"currently at Lockheed Martin Corp.

Key Words: Nickel-Titanium alloy, shape memory alloys, senior design, motorless motion,
robotics, biomechanics

Prerequisite Knowledge: Knowledge of basic materials science, electronics and mechanics. An
introductory materials science course covering phase transitions and alloys. In addition,
undergraduate courses in mechanics and electronics and some review in biomechanics and
robotics would prove helpful.

Objective: To understand the interaction between design, design criteria and materials
properties. Design of an application based on a materials property study/exploration. Can be
used as both a “cookbook” lab to build and understand some basics of mechanics, materials, and
electronics in the context of a robotics application, or in a more open-ended form to explore the
interrelationship between design, design constraints, and materials properties.

Equipment and Materials:
Erector Millenium® set:
screws, nuts, frame members, plastic spacers

Ni-Ti wire:
Dynalloy® NITINOL (8 meters)

Electronic components:

Resistors (15 ohms), batteries (9 volt), switches (single pole double throw, one for each
robot digit), circuit board for mounting, sheet metal box to contain circuitry, Dremel® tool
cutter, rubber bands and/or biasing springs, two-part epoxy

Introduction:

Design course:

The senior design capstone course at Loyola College is intended to be a culmination of
undergraduate coursework. All students in both the electrical engineering and engineering
science programs take the same course and learn project management and professiona! skills
together. The design project should consider realistic engineering constraints such as cost, time,
manufacturability (such as the ability to solder parts together), and power consumption. From
the students’ perspective, some of the project goals include gaining a more thorough
understanding of a material and its properties (based on theoretical knowledge and current
manufacturing practice), to design a socially beneficial project, and to construct a working model
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under the aforementioned constraints. The budget constraints are $400 for the design team and
the time constraint is that all work, beginning in September, is completed by the end of April.
The goatl of this project was to develop a senior design project around the principle of
motorless motion utilizing the shape memory properties of a Nickel-Titanium (NiTi) atloy.
Ultimately, this was incorporated into a working prototype of a three-fingered robotic hand.

The material (NiTi):

NiTi or NITINOL (named for the alloy development at the Naval Ordinance Laboratory)
has been getting increasing attention in a number of applications including eyeglass frames,
fishing lures, cellular phone antennas, medical guide wires, and surgical tools. The particular
alloy composition that is generally used is 55 weight % Ni and 45 weight % Ti. The crystal
structure of NiTi is the B-2 structure, and is similar to the BCC structure, but with two differing
atoms in the unit. The nickel atoms are on the cube corners and the titanium is in the center of
the unit cube (Figure 1).

The NiTi alloy exhibits two very unique properties that have great potential for
application. The first is superelasticity. This is the ability to undergo excessive stress (to the
point of substantial elastic deformation) without plastic deformation. It is also called mechanical
memory, whereby the deformed part returns to its pre-deformed or constrained shape upon
release of the stress. The other unique property of NiTi is the shape memory effect. This is the
ability to return to a predetermined shape by heating the material, This is also sometimes called
thermal memory. These effects are achieved via a phase transformation (Figure 2). At the
relaxed or low temperature state, the material is in a martensitic phase; upon heating above a
critical temperature the NiTi goes into an austensitic phase (high temperature form). The
recursive phase transformation returns the structure to its original mechanical configuration.

Design Project:

During the brainstorming sessions, some project ideas that were generated included using
the superelastic properties of NiTi for its dynamic qualities in rock climbing gear, using the
shape memory effect for safety devices such as sprinkler systems or in valves, or snake-like
flexible objects. The actuation of the NiTi was seen to be similar to the action of human
muscles. It is well known in biomechanics that muscles act in pairs, as one element of the pair
contracts the other extends to create the appropriate smooth control of motion around a joint.
The tendons are the whitish tissue that attaches the muscle to the bone and the muscle will
usually wrap itself over the joint. As the muscle contracts, force is exerted on the joint forcing it
to move or rotate. These same principles of biomechanics were applied in this design project.
An anchoring point, joint design, and biasing spring were some of the necessary elements to
create a potentially useful robotic part (Figure 3).

The final project idea was a three-fingered robotic hand. Many researchers are intrigued
by the far-ranging potential of robotic applications. What makes this example so interesting is
that no gears, hydraulics or motors are used for actuation of the moving parts. Some of the
advantages to this design, which relies on a materials property of the NiTi alloy as compared
with more conventional mechanical designs, are its high strength-to-weight ratio, small size,
silent operation, low power requirements, easy maintenance, and potential biocompatibility.
Additionally, NiTi possesses very good corrosion resistance. The alloy forms a thin oxide layer
(TiO») on the exterior, which is more corrosion resistant than stainless steel. It is already in use
as surgical equipment, so its use in prosthetic devices is certainly a possibility as well. As with
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other robotic designs, this would also have the advantage of being able to work in extreme
environments for extended periods of time'.

Most of the design specifications were determined through a combination of extensive
experimentation, trial and error, and literature and web research. From the basic information
about the material, it was known that upon receiving a specified amount of current, which causes
heating, the NiTi contracts as its phase changes. Key design issues were the diameter and length
of wire, and the amount of current required for resistive heating (which would cause the
necessary phase transformation, thus inducing contraction and movement of the robotic part).
The percent composition of the alloy determines the percent shape change, which in turn
determines the total movement of the robotic finger. For the material purchased for this project, a
maximum length change of 6.6 % was observed. Geometric parameters of the design such as
minimum bend radius and the corresponding minimum radius of the pulleys were set to avoid
fatigue and destruction of the alloy matrix.

The final design used 150 um diameter Dynalloy® NiTi, requiring a current of
approximately 0.4 amps to fully contract the wire. The finger members were constructed from
an Erector”® set. The mechanical properties of the metal and plastic spacers from the set played
an important role in the final design, as discussed in more detail in the procedures section. The
design evolved through a number of iterations in order to achieve some desired level of
performance.

Testing was necessary in order to finalize design parameters”. One of the tests performed
was for the thermal characteristics of the plastic spacers. They were used for the pivot point of
the joint. The NiTi, upon applying a current, heats up to 70’ C, a sizeable thermal challenge for
plastic, which also must withstand repeated heating cycles for the lifetime of the robotic part. A
conservative test was performed in which the spacers were placed in an oven and placed under
load, edge on (diametrically). All spacers withstood an environment of 90-95  C for 10 minutes
with no observable deformation, even under a load of 52.1 grams. Another test that was
performed was a radial strength test of the finger and pivot joint configuration. This was done to
get an idea of how strong the individual robotic fingers would be. The design was ableto
achieve a maximum 50 degree rotation of the joint upon joule heating with a load of 70 grams
and a maximum 90 degree rotation with a 10 gram load.

A working prototype was meticulously constructed giving the students great satisfaction
and meeting all of the design criteria and learning objectives® (Figure 4).

Procedure:

To duplicate the process of building a robotic hand, one starts with a single “finger” or
digit. Some examples of the early design evolution of the project are shown in Figure 5. A
single finger with a single hinged joint consists of four frame members used in pairs to create
two segments attached at the hinge joint. A segment is made by two frames held together by
screws and nuts and separated by plastic spacers. For each such finger, a complete electrical
circuit must be created. The NiTi wire is fixed at the proximal spacer (attachment point to the
base of the “hand”) and runs to the hinge joint. A groove should be cut in a plastic spacer to
accommodate one end of the loop of NiTi wire, which is then secured with epoxy into the
groove®. This plastic spacer, residing in the hinge joint must be rigidly fixed to the distal
segment, but free to spin about the screw axis, in order to insure rotation of that distal segment
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(Figure 6). In the final design a rubber band provides the restoring force (acts as the
complementary muscle in the muscle pair), and wraps around the entire digit.

When the NiTi contracts under heating, the wire, which is fixed to the outer diameter of
the plastic spacer, creates a torque around the axis of the spacer. If the distal segment is rigidly
attached to the spacer, it too will rotate in response to that torque’. This is what gives rise to the
gripping or grasping motion of the fingers. When the current is turned off and the NiTi wire
relaxes to its original length, the rubber bands (or biasing springs) supply the force to rotate the
distal segments back to their original positions, releasing the “grasp” of the robotic hand. The
basic circuttry is very simple, with each finger employing its own mechanical switch placed on
the sheet metal box and a simple resistor (15 ohms) and battery (9 volts) connected in series in
the NiTi wire loop (Figure 7). When the switch is thrown and the circuit is closed, current flows,
thereby heating the NiTi. No safety or automated options were placed in this initial prototype.
The operator must open the switch to prevent the wire from overheating or damaging the spacers.
No attempt was made to coordinate the operation of the digits. These are all possible extensions
to the basic design®.

Comments and Instructor Notes:

1. Another possible environment to employ the NiTi robotic hand is in a clean room, especially
for silicon wafer and IC manufacturing.

2. This also helps to emphasize the point that the design process is an iterative one, and that
testing plays a crucial role in product development.

3. Total expense report for the project was $273.

4. Great care must be used with the plastic spacers and the wrapping of the NiTi wire. When the
finger is loaded and the current is increased, the plastic spacer can be cut or damaged.

5. Due to the constraint of the percent contraction of the NiTi, a direct attachment of the wire to
the distal segment would only have resulted in a small radial motion about the joint. With this
design about 70 degrees of rotation is achievable. This is applying a mechanical principle akin
to that of gearing ratios. By attaching the NiTi to a small diameter spacer, you can achieve
maximal rotational output for that percent length change.

6. Several possibilities for design expansion and projects exist, such as more complicated joints
and robotic action, and utilizing a computer or digital interface to control the circuitry. The
robotic hand could also be put under remote or radio control. Variable contraction and feedback
systems could be explored to control the grip of the robotic hand to enable it to pick up objects of

varying weight, size, and fragility.
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Figure 3. Analogy between biomechanical operation of a muscle and NiTi robotic action.
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Figure 4. Photos of prototype robotic hand. Different views.

Figure 5. Some examples of the design evolution of the robotic digit.
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Figure 6. Schematic of final design of a single “digit”. Securing wire around the plastic spacer
allows for more angular motion of segment (yellow arrows) for a given length change of NiTi wire.
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Figure 7. Electrical circuit for control of NiTi phase transition. Note that current is only at 75% of
the current for maximum contraction (0.4 amps}.
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AN INSTRUCTIONAL SOFTWARE PACKAGE ON
FTIR SPECTROMETRY

L. AVILA, L. FINE AND B. VENKATARAMAN
Department of Chemistry, Columbia University, NY, NY 10027

We have developed an interactive software package on the theory and practice of
spectrometry. While the focus of the package is on an experimental technique use
chemical analysis, the mathematics, physics, and engineering of the technigue are
emphasized. In particular, the package illustrates how the Fourier transform and
interferometery are combined to extract spectral information from interferograms.

After introducing the Fourier Transform with illustrations and applicaticns drawn fro
different fields (e.g. music and medicine), the software turns the user’s attention to
question of how the Fourier Transform and interferometry work together in recordir
infrared spectrum. It starts by showing how the Michelson Interferometer is used t
determine an absorption spectrum with a monochromatic light source. From there
expands to a two-frequency light source and then to a polychromatic light source s!
how the principles are the same, just that the interferogram gets more complex. Is
related to resolution and optimum usage of apodization functions are also discusse

Where possible, interactive animations have been included to help explain concept
example, in a section contrasting a dispersive spectrometer with an FTIR spectromr
user “walks” through the instrument with the components “clickable” to view additio
informaticn or simple animations on the wcerking principle of the component.
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Substrate Analysis
Grit Blasting

The National Instfitute of Standards & Technology
MSEL
Metallurgy Division
Materials Processing Group
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Substrate Based Analysis

Needs:

- Thickness and deposition efficiency sensors;
substrate preparation vs. adhesion

NIST Role:
- State of the Art Microanalysis Lab

- Expertise in developing new technologies in sensor
application and cdlibration
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Substrate Based Analysis

Goals:

Short Term:

- Profilometry Measurements
Reflectometry Measurements
Confocal Microscopy Measurements
Image Analysis & SEM
Evaluate new Peel/Adhesion Test

Long Term:
- Compile and Correlate Surface Roughness Data using
the Various Techniques
- Correlate Surface Roughness Data of the Various Techniques
with Adhesion Tests |
- Publish paper(s) of the correlation between the various
measuring techniques, and adhesion
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GRIT BLASTING

One of the commonly used processes in Substrate Preparation

.,

How do you determine what is a "PROPERLY" Grit Blasted Surface?

1) By the "Maximum" roughness measurement?
2) By the "Maximum'" numiber of peaks per length measured?

3) By an Adhesion Test?
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Outline

¢ NIST's Grit Blasting Facility

o Grit Impact on Surface

e Substrate Surface Analysis Results:
1) Profilometry
2) Metallography
3) Image Analysis
4) Reflectometry

5) Confocal Microscopy

®* Summary

e Future Work/Goals
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Grit Blasting Facili

- Suction/Macuum

- Recirculating

- 800 kPa (100 psig) adjustable Line

Robotics
Consistency/Repeatability

Software - Labview
- Speeds
- Positionings
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Grit Blasting Profile
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Future Work/Goals

e Correlate Data with the Reflectometry Work in progress

e Correlate Data with Adhesion Test

e Correlate Substrate Roughness with Coating Roughness
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THE DYNAMIC YOUNG’S MODULUS

R. E. Smelser, E. M. Odom, and K. V. Organ

Mechanical Engineering Department
University of Idaho
Moscow, ID 8§3844-0902

Key Words: Young’s Modulus, Pendulum, Bending, Moments of Inertia
Prerequisite Knowledge: A knowledge of statics and a curiosity to learn.

Objective: The elastic modulus of a material is of primary importance in mechanical design.
The determination of this modulus for thin rods is quite difficult. Traditional methods using
strain gages or extensometers are problematic. Applying strain gages around small diameter rods
is difficult. Extensometers can be damaged and can bend the thin rods when mounted on them.
The experiment measures the elastic modulus of thin rods using the principles of dynamics.

This experiment employs a simple apparatus to determine a fundamental property of
engineering materials. The experiment provides a rich ground for introducing and discussing the
difference between mass moments of inertia and area sectional properties. The analysis of the
experiment also offers an opportunity to explain engineering approximations and how to validate
the approximations.

Equipment and Methodology: We employ two torsional pendulums connected by a thin rod to
determine the elastic modulus of the rod, Fig. 1. The pendulums are set into a small amplitude
vibration in a horizontal plane. The pendulums place the rod in pure bending. The moments that
bend the rod are related to the geometry of the deformation and the elastic modulus through the
moment - curvature relationship. The moments created by the rod on the pendulums determine
the period of the vibration of the pendulums. The period of vibration is easily measured with a
stopwatch. The oscillations are a function of the applied moment and the mass moment of inertia
of the pendulum. The coupling of the two systems allows the determination of the elastic
modulus of the rod. The details are explained in the following experiment.

Figure 1. The torsional pendulum apparatus.

473



THE DYNAMIC YOUNG’S MODULUS

Introduction:

One of the most common design requirements for engineered structures is an elastic
response. An elastic structure returns to its initial geometry when the force is removed. To
achieve this response, a designer often uses the Young’s modulus or the elastic modulus to
design the structure. Young’s modulus is a material property that linearly relates the material
stretching to the force that causes the stretching or deformation. If the material obeys this linear
relationship, we call the response linearly elastic or simply elastic. Why is this desirable in
design?

The material deformation ts described using a computed quantity called strain, £. The
material deformation, &, 1s the difference between the specimen length before the load is
applied, L,, and after the load is applied, L,. The ratio of the deformation to the initial length of

the specimen, L , defines the engineening strain. The force, F', causing the deformation is
usually divided by the initial cross-sectional area of the member, 4,, to give the engineering
stress, o . Can you think of reasons why engineers use these definitions for stress and strain?

e
= — = o =— l
é L, M

The Young’s modulus, E , relates the stress to the strain linearly.
oc=FE¢ (2)

This linear relationship together with Egs (1) allows designers to predict the amount of
elongation of a part subjected to a certain amount of load. It also allows the determination of the
load if the part is to only deform by a known amount. Be sure that you can useEgs (1) and (2) to
show this. '

Objective:

The objective of this experiment is to determine the Young’s modulus of wire-like
specimens of engineering materials using a torsional pendulum device.

Laboratory Equipment:

1. Torsional pendulum apparatus.
2. Stopwatch.

Procedure:
The following figure shows a plan view of a torsional pendulum device. The specimen

that is being studied is attached between the two arms of the pendulum device. The specimen 1s
long compared to its cross section. The specimen is bent into a circular arc. These are
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Specimen

20

Plan View of the Torsional Pendulum

characteristics of a beam. In Mechanics of Materials, you will study the deformation of beams
and the way that they are bent. Many relationships will be developed. One important
relationship that relates the bending moment, M, the elastic modulus, and the geometry is

El,
fe,

M, =

(3)

This is the moment-curvature relationship. p 1s the radius of curvature of the deflected beam,
and I, is the area moment of inertia of the cross section about the neutral axis of bending. For a
beam with a circular cross section, the area moment of inertia is

=] yhia =t O

Statics tells us that there is an equal and opposite moment, M _, to the bending moment
M, acting on the pendulum arm, M, = —M,. This moment acts to restore the pendulum arm to

its oniginal position. From elementary physics, we know that Newton’s Law of Motion tells us
that forces on bodies produce accelerations, F = ma. There is an analogous relationship for
moments.

M=1a (5)

In Eq. (5), /,, 1s the mass moment of inertia, and « is the angular acceleration. The mass
moment of inertia for rectangular bars oriented as shown in the figure is



I =jmr2dm=1—12_m(a2+c2) (6)

Here, m is the mass of the pendulum arm, and the dimensions of the arm are shown in the
figure. You will study Eq. (5) in more detail in dynamics.

The angular acceleration is related to the angle of rotation by

d*o
a= 7
0 (7)
Combining Eqs (3), (5), and (7) and recognizing that M = M_=-M,, we have
2
E
ImdzgzMr=—Mh=— [A (8)
dt P

The minus sign shows that the moment produced by the beam on the pendulum arm acts to
restore the arm to its initial position. The radius of curvature can be eliminated fromEq. (8) by
using geometry. The neutral axis of bending does not deform, and the length equals the
specimen length. The specimen length, /, is related to the radius of curvature by the arc length.

[=2p0 9)
We can rewrite Eq. (8) as
d’e 2FE1,
had AU 10
t? 11 (10)

This is the differential equation for a simple harmonic oscillator. You will study this in more
detail in your differential equations course. The period of oscillation, T', is

1.1

T=2r |—= 11
2Er, ()
Rewriting Eq. (11) gives the elastic modulus as
211 ( 7Y
E=—_= [—) (12)
I, \T

To find the Young’s modulus, you will measure the time required to complete
approximately 50 oscillations of the pendulum. This will need to be done several times to give
reliable statistics for the period of oscillation. The period of oscillation is
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Why do we need to make multiple measurements for the period? How can you characterize the
quality of your data?

Laboratory Write-up:

Follow the instructions for writing a quality laboratory report. How do your values for
Young's modulus compare with the values provided in a standard reference for elastic properties?
Also find two other sources for Young's modulus. Are the various sources consistent? How well
should they compare? You measured r, a, ¢, m, and 7 during this experiment. An error n
which of these would cause the most error in the resulting calculation of Young's modulus? Include

total time

" total cycles

the answers to all the questions posed throughout the laboratory description in your report.

Data Sheet

Data that you will need before you begin the experiment:

Specimen

Steel Wire

Radius of the wire specimen, r, _ 0.092/2 in

Length of the wire between pendulum arms, /,

Mass of the pendulum arm, m,

Length of the pendulum arm, a,

Width of the pendulum arm, ¢,

12 in

Period of Oscillation, T
Trial Time (sec) Oscillations Period Elastic
(cycles) (sec/cycle) Modutus (GPa)
1 95 100 0.95 208
2 49 50 0.98 215
3 25 25 1.00 219
4 58 60 0.97 212
Average 0.98 214
Std. Dev. 0.02 4.3
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Comments:

1.

A second experiment was conducted on a 0.062 diameter steel rod. The period of oscillation
was 2.2 seconds. This gave a modulus of 208 GPa.

Figure 1 shows the torsional pendulum apparatus. The design using the dumbbell-shaped
arms allows the device to be compact and keeps it on a scale suitable for a tabletop device.

The experiment shows the difference between area moments of inertia and mass moments of
inertia. This encourages the discussion and understanding of these two important measures
in mechanics and provides concrete examples of these difficult concepts.

The dumbbell-shaped arms also allow a further discussion of the parallel axis theorem. This
is often only briefly discussed in introductory mechanics courses. The dumbbell arms also
allow for easy adjustment of the period of oscillation for specimens of different dimensions.
Different end weights allow easy adjustment of the mass moment of inertia.

It is recommended that the students measure the weight or mass of the components that
comprises the pendulum arms. This, together with the part dimensions, allows the
computation of the mass moment of inertia. It is important for students to understand that
one should not simply take density values from textbooks and use that together with
dimensions to calculate mass. Errors can result in the modulus calculations since the
textbook values are averages.

The apparatus demonstrates the fact that the wire specimen is inextensible. An initial
prototype was constructed using instrument bearings to support the pendulum arms. The
bearing supports introduced a severe damping into the system. The damping was the result
of the wire trying to move the bases that held the bearing needles. The bearings would have
been successful if the nodes of the vibrating wire were located on the pivots. This is not
practical given the requirement to accommodate various wire sizes. We use nylon fishing
line connected to lure swivels to accommodate the small inward motions of the oscillating
pendulums. This also gives an extremely low friction suspension of the arms.

The connection of the wire to the apparatus has also proved to be a challenge. The
connection must ensure the theoretical boundary condition of a fixed end on the specimen.
The fixed end condition is only approximated by a setscrew or a similar attachment. The
lack of complete constraint can be handled by using an effective length of the wire in the
theoretical development. The determination of an effective length is difficult. We have
found that one solution is to embed the wire and attach it with solder in a bolt with a drilled
hole. This is shown in the following figure.
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8. Pro/ENGINEER® drawings will be supplied on request for a small fee to cover the cost of
reproduction.
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Case Study: Using a Neural Network to
Identify Flaws during Ultrasonic Testing

A. Kayabasi, G. S. Kohne and P. J. Coyne, Jr.
Loyola College in Maryland
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Key Words: neural networks, ultrasonic nondestructive evaluation.

Prerequisite Knowledge: A basic exposure to windows based applications to operate the
program, Neural~1, and a mathematical background which includes elementary calculus and
linear algebra.

Objective: The construction of a neural network implemented in software which can be trained
to classify objects based on certain features and then when presented with new objects to classify
them based on previous experience.

Equipment and Materials:

1. A personal computer using the Windows 95/8 to execute the downloadable software.
2. A set of numeric data with which to train the neural network to classify objects.

3. A subsequent set of similar data, which must be classified.

Introduction:

A neural network or more formally an artificial neuronal network involves the
implementation, either in hardware or software, of a parallel distributed processing computation
structure or neurocomputers that is capable of tasks such as pattern recognition in nondestructive
testing, which is the example chosen for this case study. These neurocomputers can function
similarly to the human brain, although they are not limited to this function. It is estimated that
the human brain is composed of 10!! neurons; each connected to 104 other neurons [1], which
implement a massively parallel computation structure capable of very complex tasks, some still
far beyond the capabilities of the today’s computers.

The neuron is the fundamental processing unit in the brain and in the artificial neuronal
network. Each neuron, Figure 1, receives inputs from many other neurons or from sensory
processing elements. Each input is weighted, positively or negatively, by a connection strength
and then combined or summed. When the weighted-combined inputs exceed a threshold, the
neuron fires or activates its output line, which is then used as the input to another neuron. The
key to this parallel processing unit is the connecting weights, which have been arrived at as a
result of evolution in humans but must be learned or trained, in an artificial neuronal network.
Additionally, many artificial neurons use a constant input or bias, Figure 1, to increase the ability
of the neuron to learn complicated relationships.
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‘The human operator in a particular nondestructive test learns, by experience, to recognize
that certain features, such as a particular shape on an oscilloscope trace, correlates with a certain
condition of the piece under test. If we wish to assist the human operator with a neural network,
the same procedure must be followed. The network must be presented with a sequence of input
features and the corresponding characteristics of the piece under test. During this training phase
the connecting weights are adjusted such that the difference between the network output, which
is an indicator of the state of the test piece, and the desired output are reduced. This weight
adjustment gives the network a memory of the correlation between the trace characteristics and
the corresponding state of the test piece. After a suitable training period, the neural network
should be tested with features from a different test piece, much as one would test an
inexperienced operator after training.

This case study wili focus on the utility of neural networks for the development of a flaw
size identifier, which could be used as part of a computer-based classifier of flaws during
ultrasonic pulse-echo nondestructive testing. Additionally, the various options available and
decisions required in the selection of particular neural network topologies as well as the
corresponding training and testing signals will be presented.

A number of decisions are required for the construction of a neural network to be
used as a pattern recognizer. The first decision concerns whether the physical implementation of
the network will be in hardware or software. A software implementation, on a general-purpose
computer, was selected to maximize flexibility. The next decision concerns the numeric
characteristics of the data at the input, at internal nodes, and at the output. The data values can
be either continuous or discrete and either bipolar or unipolar. Given that the source of the data
is an electrical signal, which is bipolar and continuous; the use of bipolar and continuous data
should maximize the information provided to the network. The selected data values will be taken
from a digitized version of the electrical signals.

The next decision concerns the network architecture, the interconnection of the network
nodes and the number of layers of nodes. A feed-forward network topology allows a flow of
information only from the input layer of nodes to the output layer of nodes, which may proceed
through one or more hidden layers of nodes. A feedback configuration would allow signal
information to flow from the output node layer or any hidden node layer to previous layers. A
feed-forward network will be implemented in this case study since a feed-forward network avoids
stability problems inherent in feedback topology. A single hidden layer of nodes was selected
and since this proved successful the complexity of additional layers was avoided.

The next decision concerns the neuron activation function and the inclusion of a bias term
at each neuron. There are two general categories of activation functions: a hard limiting
threshold for activation or a continucus activation function, which may take on a variety of
mathematical forms. While the hard limiter more closely mimic the human neuron, the
continuous activation function was selected based on constraints imposed by the training or
learning algorithm. A sigmoidal activation function for bipolar data was selected as shown below
where I represents the summation of the neuron inputs as shown in Figure 1.
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ACTIVATION () =AE)=——-1
1 +exp(-2)

(1)

A bias term allows a constant input value, in this case unity, to be connected to each neuron
through an adjustable weight. This allows a greater degree of flexibility [2] as the neural network
learns the relationship between the input and the output during training.

Given a signal characteristic and neural network architecture; a mode for learning and a
learning rule must be selected. There are two general categories of learning modes — supervised
and unsupervised. Since the desired network output, i. e. the identification of the simulated flaw
was known during training, the supervised learning mode was selected. The training rule
selected was the backpropagation rule or the generalized delta rule [3], which minimizes the
mean square error of the difference between the desired or target output and the current output
by making incremental adjustments in the connecting weights between layers in the neural
network proportional to the difference between the desired output and the current output. A
portion of a two-layer feedback neural network is illustrated in Figure 2. The updated weight

linking the jth hidden node to the k' output node, Wy ™*1, at the n+1 instant in the training
sequence is given by

Wikt = Wik + AWi. )

Wixn is the prior weight and AW is the weight adjustment given by

AW, =Irc (D, -O7)A'(z0)Z! @)

1

where Irc is the data dependent learning rate constant, Dy is the desired kth output node value,

Oy is the kth output node value at the n™ instant, A’ (Z;: ) is the first derivative of the activation
function at the kth output node at the n” instant, and Z? is the output value at the jth hidden

node at the n" instant. The first derivative of the activation function in the weight adjustment
equation is what necessitates using a continuous activation function. The weight adjustment
equation for the weights connecting the bias to each neuron is the same except that Z] is set

equal to unity in Equation (3).

The updated weight linking the itt input node to the jth hidden node (Figure 2), Vijm’ 1 at
the nt+1 instant in the training sequence is given by

Vit =Vin+ AVj;. )

Vijn is the prior weight and AV is the weight adjustment given by
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AVij =lIrc Z(\N; (Dk “OE)A‘ (ZE ))A' (Z;' )Xi, (&)

where Z(Wﬁ( (Dk -0, )A' (Erﬁ )) acts as an effective error at the jt hidden node by propagating
%

back the error from all the output nodes weighted by the appropriate connecting weight,
Al (E;] ) is the first derivative of the activation function at the jth hidden node at the n" instant,

and X is the value at the ith input node. The weight adjustment equation for the weights

connecting the bias to cach neuron is the same except that X is set equal to unity in Equation
(5). Given a physical implementation, the characteristics of the internal data, network

architecture, an activation function, a learning mode, and a learning rule; the remaining decisions
will be based on the experimental data used for training and testing.

The preceding neural network has been implemented as a windows application called
Neural~1. This application, example input files and users guide is downloadable as a self-
extracting compressed file from the software area on one of the author’s homepage,
http://www.kohne.net/. All parameters discussed in the paper are adjustable from the windows
interface including the size of each layer in the neural network.

Procedure:
Flaws were simulated using the polished cross-section of acrylic rods immersed in water
at 22°C. Table I lists the simulated flaws, their respective cross-sections, the range of distance

that the samples were placed relative to the transducer wearplate, the number of experiments
available, and the neural network output binary code for each sample.

The simulated flaws were positioned at varying distances from a Panametric™ V114
transducer, 1.91 cm. in diameter, with the flaw cross-section parallel to the wear plate. The
transducer-amplifier system, a Panametric™ 5050 P/R operated in the pulse-echo mode,
generated short pulses of longitudinal ultrasonic waves with a nominal center frequency of
1 MHz. The first echo from each simulated flaw was amplified and stored in a LeCroy™ 9400
digital oscilloscope configured to sample the return echo at a sampling frequency of 100 MHz.
The data was then electronically transferred to a computer for analysis.

The next decision required was the sclection of relevant echo features, which would be
presented to the neural network during training and the subsequent testing phase. The features
selected were dictated by two factors. The input features should require a minimum of
preprocessing, with no human interaction, and the number of features should be small so as to limit
the number of data sets required for training the network. A lower bound [4] on the number of
training sets required is given by a product of the number of different samples to be classified, five
in these experiments, and the minimum of the number of input features/nodes or the number of
hidden nodes, which are both to be determined. Given these constraints, time domain samples of
each echo were used as input to the neural network. The samples were taken directly from the
LeCroy™ data file representing each echo. The samples were taken after the echo voltage
exceeded a negative going threshold. A total of eight samples were taken, skipping twenty samples
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between each selected sample. These allowed the major portions of each echo to be represented by
voltage deflections at pre-set points on the time axis. Figure 3 illustrates an example echoes from
sample b with the corresponding data samples used in the analysis indicated by asterisks. While
eight samples would not correspond to a correct data reduction of the sampled echo; it does allow
a mixture of both amplitude information and time location information about each echo. In
addition to greatly reducing the number of potential input features, this scheme simplifies the
preprocessing phase, which would otherwise require a feature extraction exercise to identify
amplitude features, time features or any transform domain features.

The eight sample input values define the number of nodes at the input of the neural net,
while the number of nodes in the hidden layer was set to five for most of the experiments. The
output layer of the neural network was set to three nodes, as determined by the binary encoded
identifications listed in Table I. The desired output values are set to a three-bit binary code, with
three binary digits allowing the classification of eight different items although only five were used
in these experiments. Variations on the actual binary code assignments showed no effect on the
networks ability to recognize samples. The output coding was motivated by the desire to reduce
the number of connecting weights in the overall neural network. A logical alternative to this
output identification scheme would have been to have the number of output binary digits equal to
the number of different samples. In this scheme, in order to identify a given sample, only one
output binary digit equals one while the remainders are at minus one. This would have been the
next course of action if the training and subsequent testing were unsuccessful in correctly
identifying the samples using a binary encoded version. Additionally, the number of nodes in the
hidden or intermediate layer was varied to illustrate the effect of this variable. The final decision
prior to training the neural network was the selection of initial connecting weight values. All

connecting weights were set to random numbers between -0.5 and 0.5, using a Nguyen-Widrow
normalization [3].

Note that the target values are in binary but the network output is continuous to assure
the existence of the derivative of the activation function as stated earlier. An adjustable error
was allowed when comparing the network output with the target values. A correct match of
network output and target values occurs if all network output values are within 0.2 of the target

values. The adjustable parameter is a required input parameter at the windows application
interface.

A data set consists of eight samples from an echo with the corresponding output or sample
identification binary code listed in Table I. The fifty-seven data sets were ordered from sample a
through ¢, with each sample ordered in increasing distance from the transducer face. This allowed
for three different types of training and testing on the neural network. Experiment H1 used half of
the data sets to train, selecting every other data set, and the remaining half to test the network, with
Experiment H2 reversing the training and testing data groups. Experiment T1 used one-third of
the data sets to train, selecting one data set and skipping two data sets, and testing with the
remaining two-thirds of the data sets, with Experiments T2 and T3 each using a different one-third
of the data sets for training and the remaining two-thirds for testing. Experiment Q1 used one-
forth of the data sets to train, selecting one data set and skipping three data sets, and testing with
the remaining three-fourths of the data sets, with Experiments Q2, Q3 and Q4 each using a
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different one-forth of the data sets for training and the remaining three-fourths for testing. Each
training run was continued until the training error was reduced to a preset root-mean-square
(RMS) value. Multiple training runs, each with a different set of initial random network weights,
were done to maximize the percent correct before a single testing run was executed. The RMS

error was reduced during training only when a series of training runs failed to achieve a ninety
percent correct testing run.

Table 11 List the results of all experiments performed on the neural network with eight
input nodes, five nodes in the hidden layer, and three nodes in the output layer. In all cases the
network weights were started at random values, even when a training sequence was repeated
with a smaller RMS goal. Given the network size, a desired minimum number of training sets
should be greater than 25. The H-series experiment exceeds this goal, while both the T-series
and Q-series use less than the desired minimum. This will allow some exploration of the
exactness of this minimum number of training sets.

The H-series of experiments have the highest percent correct in testing on average for 0.1
RMS training error as expected, since these two experiments used the largest data sets for
training. Subsequent random starts for the H2 series with a smaller RMS goal leads to an
increase i the percent correct in testing to the lower 90% range with the network able to
memorize, 100% recognition, the input training set at 0.05 RMS training error. The T-series of
experiments had a somewhat lower percent correct in testing on average for 0.1 RMS training
error than the H-series as would be expected since less information was provided in the training
phase. As the training was extended to 0.01 RMS training error the percent correct in testing for
the T-series also increased to the low-to-mid 90% range. This illustrates two expected results.
Increasing the number of training samples or the length of training increases the percent correct
recognition in testing. The T-series results seem to indicate that a maximum number of training
set at 25 is a conservative estimate.

The Q-series of experiments proved to have the most variability. The percent correct for
0.1 RMS training error ranged from the low 60%'s to upper 70%. Two causes for this are
possible. First, the effect of the random start can put the initial weights near a global minimum
that produces a high percent correct or the initial weights may position the start point near a local
minimum which has a much lower percent correct. The algorithm, which reduces the RMS
training error, adjusts the weight values to move down an error surface, which may have many
local minima. This is illustrated by the poor results for the Q4 experiments. Secondly, a small
training set may provide insufficient information to form a general solution to the problem at
hand. This is also illustrated by the Q4 experiments which never produced a percent correct
above the low 80%'s range, but the other Q-series experiments were able to generalize to a
percent correct which went into the 90% range. In the case of increasing the training time by
reducing the RMS error, it is possible for the network to memorize the training data as opposed
to obtaining a general solution to the problem at hand. If this occurs, subsequent testing with
data not used in training should reveal a low percent correct and thus identify this shortcomings
of the neural network. The Q4 experiment with a 0.0001 RMS error showed that the network
did not form a general solution to the problem it just memorized the training data.
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Figure 4 illustrates the percent correct for the Q3 experiment as a function of the number
of training iterations for three different numbers of nodes (three, five, eight), in the hidden layer
of the neural network. The results indicate that a network with more internal neurons will learn
more quickly and will be able to generalize a better solution to the problem at hand. The figure
also indicates only a modest improvement when eight internal neurons are used as opposed to
five. No general solution exists for the correct number of neurons in a hidden layer, but a general
rule would start with a low number of neurons in the mdden layer and then increase the number
the until an acceptable solution is reached.

Comments:

A neural network can be trained to recognize samples using features in time traces of
ultrasonic echoes. The complexity of the network is limited by the quantity of training/testing
data available. In general, the more complex a network is the better the generalization of a
solution for the problem under study. The quality of the training set and the length of training
limit the success of the neural network. The potential for a network to arrive at a local mmnimum
with a high RMS error is possible, but this can usually be avoided by using a quality training set.

The windows based application Neural~1 can be used to solve a very general class of
problems. Any length input vector, with continuous or discrete values, can be used; the length
equals the number of neurons in the input layer. The number of hidden neurons can be varied,
starting with a small number relative to the size of the input layer. The form and size of the
output layer would be problem dependent. The algorithm is based on the contents of Chapter 6
of Fausett’s textbook [3].
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Table I: Sample designation, sample cross-section area, variation in

sample-to-transducer distances, the number of experiments available, and neural network output
code for each sample.

SAMPLE AREA DISTANCES NUMBER OUTPUT
(cm?) (cm) CODE

a 45.8 1.809-10.922 14 1-1-1

b 1.31 1.267-10.054 13 -1-1-1

¢ 0.709 0.024-5.556 9 1-1 1
d 0.312 1.730-7.588 10 111

e 0.0855 0.072-10.486 1 -11-1
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Table 1I: Results for all experiments performed on a neural network with an eight-five-three
structure.

Experiment Percent used Percent used RMS Percent Correct

in training in testing Error Train / Test

Hi 50.9 49.1 0.1 100/ 96.4
H2 49.1 50.9 0.1 89.3/82.8
0.05 100/ 89.7

0.01 100/ 93.1

T1 333 66.7 0.1 84.2/81.6
0.05 100/ 89.5

0.01 100/ 92.1

T2 33.3 66.7 0.1 84.2/78.9
0.05 100/ 78.9

0.01 100/92.1

T3 333 66.7 0.1 94.7/89.5
0.05 100/ 89.5

0.01 100/ 94.7

Ql 26.3 73.7 0.1 93.3/78.6
0.05 100/ 88.1

0.01 100/92.9

Q2 24.6 75.4 0.1 85.7/74.4
0.05 100/ 93.0

Q3 24.6 75.4 0.1 85.7/65.1
0.05 100/ 86.0

0.01 100/ 93.0

Q4 24.6 75.4 0.1 B85.7/62.8
0.05 100/ 65.1

0.01 100/ 76.7

0.001 100/ 83.7

0.0001 100/81.4
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Demonstrations of Some Fundamental Concepts Concerning
Fuels and Engines
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Key Words: Combustion, fuels, engines, fires, explosions, demonstrations, analogies.

Prerequisite Knowledge: Basic ideas of chemical reactions, the piston function in the internal
combustion engine.

Objective: Demonstrations presented are suitable for both younger students and high school and
college classes. An appreciation of how fundamental scientific knowledge can explain the
technology of useful applications can be gained.

Equipment and Materials: See the instructions for the individual experiments under the
Procedure section.

Introduction: In order to produce combustion one needs a fuel, a source of oxygen, and an
initiator. This is presented in a surprising manner using a burning book while relating this
information. Carbon dioxide and oxygen gases are produced to illustrate the difference between
gases which do or do not support combustion. The vapor nature of burning is illustrated with a
demonstration which dates back to Michael Faraday and his lectures on the candle. This open
burning of fuel vapor which occurs when the fuel and oxygen come from different sources and
burn at the interface of mixing is contrasted to explosions which occur when the fuel and oxygen
gases are pre-mixed. Since oxygen is the limiting reagent there is a need for an exhaust stroke in
order to have repeated explosions which produce thrust. The timing cycle in a four-cylinder
four-stroke internal combustion engine is shown by a participatory analogy. A visual illustration
is presented comparing a rapid rough explosion and a slower smooth explosion and the
difference is related to the octane rating of fuels for anti-knock.

Procedure:

1. The Three Things Required for Combustion (1)
A book bursts into flames while one reads from it that you need a fuel, a source of oxygen,
and an initiating spark or flame in order to have combustion. The workings of the trick book
is shown to expose fire proof ceramic ribbon saturated with cigarette lighter fluid which
supplies the fuel vapor and a battery operated glow bar which initiates its combustion which
the oxygen in the air. The need for the oxygen is illustrated when the book is closed,
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suffocating the flame. "Burning" books may be purchased from suppliers of magic products
or made with instructions given in reference 1.

2. Gases Which Support or Do Not Support Combustion. (2,3)

(a) Carbon Dioxide Does Not Support Combustion.

One or two alka-seltzer tablets are dropped into a 600 mL beaker which is about one-fourth
full of water. Insert a burning splint into the top of the beaker and it will go out since CO,
does not support combustion. Since CO; is heavier than air the gas will remain in the beaker
for a long enough time to do the second part. If air is circulating over the beaker too rapidly
the CO; gas may escape from the beaker too quickly and the flame is not extinguished.

(b) Oxygen Gas Does Support Combustion. (3)

In a second 600 mL beaker place about one-third of the contents of an envelope of dry yeast.
Pour in some 3% hydrogen peroxide until the beaker is one-fourth to one-third full. Suds
will start rising up in the beaker. (Just as yeast will release carbon dioxide from sugars,
ingredients in the dry yeast will catalyze the release of oxygen gas from hydrogen peroxide;
there is no carbon present). Touch the top of the foam with a glowing splint and it will burst
into flames as oxygen does support combustion.

Now you may place the burning splint into the CO; beaker and the flame will go out but
remove it while it 1s still glowing. Return the glowing splint to the O, foam and it will again
burst into flames. With a little practice you can cycle the splint back and forth six or more
times, igniting and extinguishing the flame. For a more humorous effect get a big smile on
your face and shift back and forth on your feet like a young boy playing with matches.

3. The Vaporous Nature of the Fuel in Combustion (3)
Make about 100 mL of a 50:50 mixture of water and ethyl (or methyl or isopropyl) alcohol
and add a little sodium chioride to make the flame more visable . Place it in a large container
and thoroughly wet a cloth towel in it. Squeeze out the excess liquid and drape the towel
over arod. Light the cloth from the bottom after dying your hands. (The burning hands trick
is too dramatic!) After it has flamed for a while extinguish the fire by giving it a quick jerk
using a pair of tongs. The towel will not be burnt.

4. Alcohol Explosions Demonstrating Combustion in an Internal Combustion Engine. (4)

A copy of reference 4 is attached. Reprinted with permission of Chem 13 News. Part A
describes the demonstration.

5. The Need for the Exhaust Stroke (4)

The procedure is given in the last paragraph of Part A of reference 4, which is attached.
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6. An Analogical Demonstration of the Four Stroke, Four Cylinder Engine. (4)

See Part B of the attached copy of reference 4. Full sized masters of the figures are supplied
for making overhead transparencies.

7. Demonstrations Contrasting Rough and Smooth Alcohol Explosions for Analogy to Octane
Rating (5,6)

About 25 to 40 mL of methanol is shaken and swirled in a 5-gallon plastic water jug for 10 to
15 seconds to hasten the volatilization of the liquid and to make the gas concentration
uniform throughout the bottle. The stopper or lid is removed and the excess liquid alcohol is
poured out. The jug is placed behind a shield, the lights are dimmed, and a long fireplace
match or kitchen match taped to a meter stick is brought over or slightly into the mouth of the
bottle. Blue flames are thrust out of the mouth of the bottle followed by some dancing
flames of burning vapor in the center of the jug. This rapid, rough explosion of methanol can
be compared to the combustion of low octane rated fuels with straight chain hydrocarbons.

In a second jug the demonstration is repeated using cool 70% isopropanol which produces a
slower, less violent explosion followed by ring of flames moving down the inside of he jug.
This smoother, slower explosion can be compared to combustion of high-octane fuels with
branched hydrocarbons, which is more suitable for driving the piston.

Before reuse each jug shouid be totally filled with water to exhaust the oxygen-depleted air
and allowed to fully dry.

The most important precautions to be taken in these demonstrations are:

e never use a glass bottle;

® pure oxygen or any gas mixture with a concentration of oxygen higher than air should not
be used;

¢ when using methanol or ethanol, neither the alcohol nor the bottle should be heated above
room temperature;
plastic jugs should be replaced when they begin to show grazing, frosting, or cracking;
Safety shields must always be in place, because even the mildest of these explosions have
some chance of the bottle shattering; and, of course safety goggles must be worn.

Comments:

This program in its entirety gives a short course in combustion reactions of fuels relevant to use
in engines. Individual experiments can be used to focus on specific aspects if desired. The
experiments all have an element of danger as they involve fires and explosions so proper safety
precautions must be followed. In particular explosions of alcohols in jugs given in section 7 of
the procedure have led to several serious accidents due variations of “short cuts" in the
instructions. A more complete list of safety concerns are given in reference number 6.

499



References:

1. R. Battino and J. Fortman, "The 'Burning' Book - a Guide to Its Construction", Chem 13
News, Number 249, p. 18, May 1996.

2. J. Fortman, "Complementary Demonstrations #6: Gases Which Support or Do Not Support
Combustion," Chem 13 News, Number 236, p. 13, January 1995.

3. J. Fortman, "Updated Versions of Some Demonstrations Faraday Used with His Christmas

Lectures on 'The Chemical History of a Candle',” Chem 13 News, Number 205, pp. 9-12,
September 1991.

4. J. Fortman, "Demonstrating the Chemistry of the Internal Combustion and Jet Engines:
Alcohol Explosions," Chem 13 News, Number 285, pp. 10-11, May 2000.

5. J. Fortman, "Safety Precautions for the 'Ring of Fire' and "Whoosh Bottle' Demonstrations"
Chem 13 News, Number 277, p. 1, September 1999.

6. I. J. Fortman, A. C. Rush, and J. E. Stamper, "Variations on the "Whoosh' Bottle Alcohol
Explosion Demonstration Including Safety Notes,” J. Chem. Educ. 76, 1092-3 (1999).

500



Demonstrating the chemistry of internal combustion and jet engines:

alcohol explosions

John J. Fortman
Department of Chemistry
Wright State University
Dayton OH 45435

Students often know more about the mechanics of a car engine
than they know about the chemicali reaction that propels them.
The foliowing demonstrations wilI‘ help them to understand the
chemistry that occurs in both car and jet plane engines.

A. An enclosed explosion—the internal combustion
engine in a car

Two 3d nails are pushed through opposite sides of a
polyethylene bottle (125 mL to 500 mL in size) which is also
fitted with a cork. (Clear piastic bottles must not be used.as they
may shatter.) The nails must be in tight and almost touching.
By pushing the nails through the walis without drilling hofes, the
plastic will seal around the nails and it some water is piaced in
the bottie the internal rusting of the nails will secure the nails
better than glues, which might soften at firing

temperatures. When firing occurs the nails should be

pointed towards the side walls of the room and not

towards the audience.

Two to five mL of alcohol (ethanol, methano! or 2-
propanol) are placed in the bottle. It is stoppered and
shaken. The excess fiquid can be poured out before
firing to show that this is a vapor phase reaction. A
Tesla coil is brought in contact with one of the nails
causing a spark to jump between the nails and tiring
the cork to the ceiling.1-23 Alternatively, the spark
may be supplied by a push button ignition device
(used on many gas barbecue grills) that has been
modified with two lengths of wire and alligator clips.%-
Water-proot wick or electrical rocket ignitors® could
also be used but they are harder to relate to the spark

8. An analogical demonstration of the four stroke,
four cylinder engine

Ask for four volunteers from your audience, perhaps those who
like to do line dances. Line them up shoulder to shoulder facing
the audience. First have them practice the up and down stroke
of the piston by having them bend their knees and go up and
down like an “ump-pah” band. Then tell them that their two fists
will represent the valvés, their left fists being the intake valves
and their right fists being the exhaust valves. When their fists
are against their shoulders the valves are closed and when
extended they are open. Refer them to an overhead
transparency of Fig. 1 and siowly lead them through the four
steps beginning with them upright with the left fist extended and
squatting down (the intake stroke). They now bring their left

Four Cylinder, Four Stroke Engine Dance

plug in the internal combustion engine.

You may want to ask a member of the audience to
repeat this demonstration. It you immediately
restopper the bottle and add more alcoho! the bottle
will not fire again. Ask the volunteer or the class why
not. The reason is that the bottle lacks sufficient
oxygen.2 Fill the bottle with water, empty it, add
alcohol, shake and then repeat. It explodes again.
After the students have seen that the second
explosion cannot occur without first exhausting the
cylinder and taking in a fresh air fuel mixture, the
lesson can be connected to the four strokes in a
cylinder of the internal combustion engine: intake,
compression, power and exhaust.

Fig. 1.
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Four Cylinder, Four Stroke Engine Dance

Timing

Cylinder Cylinder Cylinder

Power Stroke Exhaust Stroke Compression

Stroke
Fig. 2.

fists to their shouider and straighten back up (the compression
stroke). Together they all say “boom™ and stocp down again
with both fists at their shoulders (the power stroke). Finally they
extend their right arms upwards with fist open (the exhaust
stroke) You may have them practice the four steps together
several times before you break the news to them that to
represent a real engine they must each be doing a different step
at any given time. Show them an overhead of Fig. 2 and point
out that the correct firing sequence has the outer pair in phase
with each other but out of phase with the middie two. For mass
and power balance the firing sequence is 1-3-4-2, so point at
the correct student and sing “800M — bocm — BOOM — boom.”
While everyone is still laughing thank them for participating and
send them off with a suggestion that they practice befare the
next school dance or variety show and they may start a new
dance craze.

C. An open explosion—a jet engine

About 25 mL of methanol or ethanol is shaken in a 5 gallon
plastic water jug. Remove the cap and pour out the excess
alcohal. Place the bottle behind a safety shield. Dim the lights
and bring a match taped to a meter stick over the mouth of the
jug. A blue flame will shoot out and flames will dance and
pulsate in the jug as more air is sucked in. Compare this to the
thrust of an external-combustion jet engine. This is an old
demonstration, which has apparently been passed on without
being formally published. The first citable reference of which |
am aware was at the BCCE at Purdue in 19887 and there have
been several newer modifications.®9:10

CAUTION
There have been recent warnings of bottles shattering during

this experiment.'’12 Do not use a glass bottle; do not use
alcohol above room temperature, and do not use oxygen in any
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higher cancentration than found in air.
Always use a safety shield. A more
compiete analysis of this experiment and
its safety requirements has been

Cylinder published'? along with a shorter warning, 14
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HARDNESS INDENTATION ANALYSIS

Richard J. Fields
MATLS B252
National Institute of Standards and Technology
100 Bureau Drive, Stop 8553
Gaithersburg, Maryland 20899-8533

Telephone: 301-975-5712
e-mail rjfi@nist.gov

and
Thomas A. Pierce
Student
Norfolk State University
700 Park Avenue
Norfolk, Virginia 23504

e-mail tapnsu@yahoo.com
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Hardness Indentation Analysis

R. J. Fields and T. A. Pierce
National Institute of Standards and Technology
Gaithersburg, Maryland

Key Words:

Hardness testing, indentation, metals, mechanical properties, and residual stress.
Prerequisite Knowledge:

Physics (mechanics and (')ptics) and algebra.

Objective:

Demonstrate the usefulness of hardness testing for characterizing the mechanical properties of
metals and show the effect of residual stress on hardness measurements.

Equipment and Materials:
Hardness tester, pieces of metal, optical flat, and monochromatic light source.
Introduction:

Hardness is measured by forcing a hard sphere or diamond brale into a surface using a known
load; the size (area or depth) of the resulting indentation is a measure of the hardness. {1} The
hardness is related to other mechanical properties. The ease and speed of hardness testing makes
it the measurement of choice by industry, especially for quality control. Besides simply
characterizing the hardness of a product, hardness testing can be used to analyze structures. For
example, it can be used to find welds in structures and to determine if some regions are brittle.
{2} Its value is affected by residual stresses in metals and it is the purpose of this experiment to
show this effect.

Procedure:

Hardness testing of several metals will be carried out using a typical hardness tester. The
hardness test will be explained and the measured value correlated with known mechanical
properties of these metals. The test will then be used to scan across a weld in a steel plate to
show how mechanical properties vary in a weldment. To demonstrate how residual stresses
effect the measurement, a metal bar will be bent. The hardness will be measured on the top and
bottom surface. An analysis will be worked through showing how to separate the actual
hardness from the residual stress effects. The magnitude of the residual stress will be
determined. Finally, a block of metal will be repeatedly indented and its curvature monitored,
using an optical flat and monochromatic light, to demonstrate the build up of residual stress by
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indentation. Analysis and plotting will be used to elucidate the phenomenon.
Comments:

A complimentary copy of NIST’s Recommended Practice Guide for Rockwell Hardness
Measurement of Metallic Materials will be provide to each attendee.

References:

1. Annual Book of ASTM Standards, Metal Test Methods and Analvtical Procedures, Vol 03.01,
Publ. by ASTM, West Conshohocken, PA, 2000.

2. ISO Standard 14271, “Vickers hardness testing of resistance spot, projection and seam welds”,
ISO Geneva Switzerland.
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The Hardness of Metals, David Tabor, Publ by Clarendon Press, Oxford, England, 1951

508



OVERVIEW OF NEW:UPDATE 2002

W. Richard Chung

Department of Chemical and Materials Engineering
San Jose State University
San Jose, California 95192-0082

Telephone: 408-924-3927
e-mail wrchung@email.sjsu.edu

509



Richard Chung

510



17" Annual National Educators’

Workshop
NEW: Update 2002

b
il

To be held at

Scemiconductor Eqguipment and Malerials
International (SEMD)

Ultratech Stepper, Inc.
[BM Scagate

San Jose State University




w SEMIE (Selected form hitp: //wwvs SCMi.org)
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October 13-16, 2002, San Jose, California

17™ National Educators’ Workshop Schedule

Date/Ti | SUNDAY MONDAY TUESDAY WEDNESDAY
me
7:00- N/A Breakfast Breakfast Breakfast
3:00 Reception Reception Reception
8:00- N/A Plenary Session 8:00-9:00 a.m. Bus travel to IBM Plenary Session
10:00 & &
Presentations Presentations
9:00 a.m. Plenary Session
Host: _Dr. John Baglin
SEMI/Ultrateh Stepper 1BM Almaden Research Center SEMI/Ultrateh
Auditorium A&B Stepper
- Querview: Future Computing
- Single-atom Cryogenic STM.
10:00- N/A Cofifee Break/Exhibits Coffee Break Coffee
10:30 (2 Demos available in Foyer now thru to Break/Exhibits
Lunch time);
(Poster sef-up time)
10:30- N/A Presentations Hot Topics/Tutorials and Demos Presentations
12:00 IBM '
Aud. A Aud. B Foyer
Hot Topics | Hot Topics B | 2 Hands-
A (Four 20- on
SEML/Ultrateh Stepper (Four 20- min. talks) Demos SEMIAUltrateh
min talks) Stepper
12:00- N/A Luncheon Luncheon Box Lunch
13:00
13:00- Lab Tours Plenary Plenary 1:30 p.m. Plenary Session Collaborative Effort
15:00 and Sessions Sessions Auditorium A&B (advisory board
Networking Mini- Mini- meetings)
workshon wOrkshop Inviiedpresentaﬁons
Dr. Susan open
Chang
Materials
Analysis,
Seagate
15:00- Coffee Coffee Break 230 pm. Posters, Lab Tours, Collaborative Effort
15:30 Break Coffee (advisory board
meetings)
15:30- Welcome Mini- Mini- Aud. A Aud. B
17:00 Reception, | workshop | Waorkshep
Dean Kirk Presentations | HighSchool/Comm
Engineering | Dr. Susan open unity College
Bldg, SJSU Chang Track
Plenary | Muteriuly
Sessions Analvsis,
Seagate
58:08- N/A Reception in Hotels Banquet at Tech Museum?
1.0
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A Proposal for Mini Workshops for NEW:2002
Mini Workshops to be conducted at Seagate on Monday, October 14, 2002
Location:

Seagate Recording Media
311 Turquoise Street
Milpitas, CA 95035

Contact Person:

Dr. Susan Chang

Executive Director

Material Analysis and Tribology Testing
(408) 941-5403
Susan.S.Chang@seagate com

Format and Topics: (12- SPM)

Lunch and refreshments may be provided by Seagate (will work with company
authorities!)

An overview of disk manufacturing process (1 hour)

Tour of the manufacturing facilities (30 minutes)

The attendees will then participate in a chosen area to get their hands-on experience:
The workshop size is limited to 10 people per area.

1) Failure Analysis

2) AFM/MFM (Atomic Force Microscopy/ Magnetic Force Microscopy)
3) Corrosion engineering

4) Tribology

5) Measurement of Surface Texture

6) Disk Characterization

7) Function Tests

8) Measurement of Magnetic Properties
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NEW-2002
Tuesday, October 15, 2002
IBM Almaden Research Center

Tentative Program

(version 9/27/01)
8:45am. Buses arrive at IBM. Visitor badging.
9:00 a.m. Plenary Session Auditorium A and B

- Overview: “Computing: The Future is not What it Used to Be”
- “Manipulating Single Atoms on Surfaces — the Cryogenic STM’

10:00 a.m. Coffee Break Aud. Foyer

[Posters to be pinned up now, formal session later]

- Hands-on STM demaos — (remote)

- Hands-on Simulation of lon-Solid Interaction (SRIM at 5 computers in Foyer)
[These demos, and coffee, to remain available thru the a.m.]

10:30 a.m. Hot Topics / Tutorials and Demos
[Parallel activities; attend the 20-min. talks of your choice]

Aud. A:
- Holographic Storage
- Magnetic Tunnelling — Spintronics
- Polymer Synthesis / Flat Panel Displays
- MEMS

Aud. B:
- lon Beam Modification of Materials
- Multi-scale Modelling — Fracture
- Focused lon Beam Technology
- Materials Characterization '

Foyer: [continuing]
- Hands-on STM Demos
- Hands-on Simulation of lon-Solid Interactions
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12:10 p.m, Lunch IBM Cafeteria
1:30 p.m. Plenary Session Auditorium A and B
2:30 p.m. Poster Session and Lab. Tours

[Refreshments dunng poster session]
[Tours will make bnef stops at 3 or 4 labs of interest]

3:40 p.m. Presentations Aud. A/ Aud. B
[Parallel sessions in Aud. A and Aud. B]

5.00 p.m. Return to buses



Organizin o Committee

San Jose State University mmm hun“ J mily
Allen, Seth Bates

m [ BM - John BB Baglin
m SiEMI - Lisa Anderson, Bruce Gheman
m Ultratech Steppe ~ Barbara Womaci Michelle

Rhodes

m Scagate — Susan Chang, Jeff Mdai

m intel — Jerry Kinsin

Cr

m Workforce Silicon \ alley — Ruth Mecdalina, Rendec
Dore

m Silicon Valley Engineering Council — Cliff Monroe
UC-Davis — Mike Meier
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CARBON FIBER: THE MATERIAL OF THE FUTURE

C. David Warren

Oak Ridge National Laboratory
Building 9204
P. O. Box 2009, MS 8050
Oak Ridge, Tennessee 37831-8050

Telephone: 865-574-9693
e-mail WarrenCD@ORNL.GOV
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Carbon Fiber: The Material of the Future

C. David (Dave) Warren

Technical Manager
Transportation Composite Materials Research

Oak Ridge National Laboratory
P.O. Box 2009, M/S 8050
Oak Ridge, Tennessee 37831-8050
Phone: 865-574-9693. Fax: 865-574-0740

Email: WarrenCD@QORNL.GOV
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U.S.PETROLEUM DEPENDENCE, 1994
TRANSPORTATION SECTOR IS KEY CONTRIBUTOR
TOTAL U.S. PETROLEUM USE:

TRANSPORTATION 16.5 MBPD

6¢s

ELECTRIC UTILITY
3%

INDUSTRIAL

RESIDENTéf/\L/COMMERCIAL 25%
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U.S. MERCHANDISE TRADE DEFICIT:
DOMINATED BY OIL AND VEHICLE IMPORTS

Vehil System s

$ Billions
150

ZNET OIL IMPORTS

100

50

1975 1977 1979 1981 1983 1985 1987 1989 1991 1994

SOURCE: MONTHLY ENERGY REVIEW, AUGUST 1995, DOE ENERGY INFORMATION ADMINISTRATION.
AMERICAN AUTOMOBILE MANUFACTURERS ASSOCIATION, ECONOMIC INDICATORS, SECOND QUARTER: 1995.
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OAAT MATERIALS PROGRAM GOALS

1. Significantly improve national competitiveness in manufacturing.
Agile/Flexible manufacturing
Reduction of costs
Reduced environmental impact
Improved quality

2. Implement commercially viable innovation from research on conventional vehicles.
Reduced emissions

Improved safety
Increased thermal efficiency
Reduce drivetrain losses

3. Develop a vehicle to achieve up to 3X fuel efficiency of today's comparable vehicle.
(Chrysler Concorde, Ford Taurus, Chevrolet Lumina)
80 mpg BTU equivalent
Equivalent consumer cost to own and drive
Comparable size, performance & utility

4. Develop advanced technologies beyond the PNGV time frame.
100 mpg equivalent by 2011 - 2015.
Advanced materials and processing technologies



ENERGY DISTRIBUTION
TYPICAL MID-SIZE VEHICLE

Vehick Syxtem s

STANDBY/IDLE - | ACCESSORIES - _5 JAERODYNAMICS
17.2 (3.6) GAL 2.2 (1.5) GAL 2.6 (10.9) GAL

| |

—— ROLLING
4.2 (7.1) GAL
— 18.2 GAL | 12.6 GAL
100 GAL E_ ENGINE | |(25.6 GAL) D/L 202 GAL)
v ! l
ENGINE LOSSES DRIVELINE LOSSES BRAKING
62.4 (69.2) GAL 5.6 (5.4) GAL 5.8 (2.2) GAL

URBAN (HIGHWAY)
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ENERGY DISTRIBUTION
TYPICAL MID-SIZE VEHICLE LESS 30% WEIGHT

STANDBY/IDLE
13.0 (3.1) GAL

ACCESSORIES
2.2 (1.5) GAL

§

i

76.3 GAL—>
(86.0 GAL)

I ENGINE I

ENGINE LOSSES
47.3 (59.4) ) GAL

URBAN (HIGHWAY)

13.8 GAL
(22.0 GAL)

¥
DRIVELINE LOSSES BRAKING
4.2 (4.6) GAL 4.1 (1.5) GAL
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Composite Material Advantages

Density (Ib/cu. ft.) Strength (Kpsi) Modulus (Mpsi)

Automotive Steel 480 60-200 30
6061 Aluminum 167 30-40 10
Glass Fiber Composite 93 30-100 5-8
Carbon Fiber Composite 79 60-150 10-35
Advantages Disadvantages

Less Expensive Tooling Raw Material Cost

Parts Integration Repair Processes

Net Shape Forming Processing Methodologies

No Corrosion : Recyclability

Energy Absorption Design Databases
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Why Composites for Cars and Truck@

Vehicke System s

Body Weight Savings Potential

Glass Fiber Composites 20-30%
Carbon Fiber Composites 40-60%

Weight Reduction = Fuel Economy = Emission Reductions
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COMPOSITE MATERIALS RESEARCH
What Was Done --- Glass Fiber Composites

Processing

P4 Preforming
Slurry Modeling
Slurry Processing

vehilk Systam s

Energy Management

SCAAP
NHTSA Modeling
Energy Management

Materials

Durability
Deformation & Degradation
Materials Screening

Focal Project 11

Joining

Adhesive Bonding
Adhesive Modeling

NDT Rapid Testing

NDT Laser Shearography

PNGYV and Beyond Test Method Analysis

Goals




Focal Project 2
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MATERIALS

8¢€

Compared to Steel Baseline

25% lighter
Equal cost

Focal Project 1l - Glass Fiber

JOINING

Greater Durability
Equal Safety

1 part every 4 min achieved

ENERGY
MANAGEMENT PROCESSING

50 1b lighter - 15 Ib lighter tailgate
No painting necessary

Impact and Corrosion Resistant
Tailgate Load Capacity 10001b vs
600Ib steel
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PRODUCT FORMS

Vehicle Systems

* Tows

- 2,3,6,12K

— ‘Fat’ or Large Tow

— Commingled
Unidirectional, Continuous Prepreg Tapes
Powder Prepreg

e Fabrics
— Weaves (2-D)
— Commingled
e Preforms
— 2-D Weaves, Braids, Knits
— 3-D Weaves, Braids
Discontinuous Fibers
— Chopped
— Vapor Grown, Whiskers




COMMON WEAVE STYLES

Vehicle Systems

- - - -

4
4
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7

-45° Crowfoot Satin

i

-—_————
s— — —
I
o0
.__ _.
—-—._—_
I
[Tp)

—.._- —
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2/1 Twill Non-Crimp

2/2 Twill
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TYPICAL PAN-BASED CARBON
FIBERS FOR AEROSPACE

Standard Modulus: E 32-35 Msi
— Cost Relatively Low

— Large Database

— AS4, Panex

Intermediate Modulus: E 42-47 Msi
— Highest Strength, Good Stiffness
- IM7, IM8, T650-42,...

High Modulus: E 50-70 Msi

— High Stiffness

— Cost

— M40dJ, M50J, etc.

Ultra-High Modulus: E 71-85 Msi

— Highest Stiffness

— M55J, GY-70,...
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AEROSPACE APPLICATIONS

Vehicle Systems

l Military I  F-15 - Empennage/Speed Brake
* F-16 - Empennage
 F-18 - Wing Skins/Empennage
 AV8B - Wings/Empennage/Fuselage
* B-1B - Secondary Structure
e Space - Tubular Structures
* Helicopters - Blade/Rotor Hub/Fuselage
* Missiles - Control Surfaces
* Rocket Motor Cases
 Engine Components
* A-6 - Wings
* B-2 .
 C-17 - Nacelles/Fairings/Control Surfaces
e F-22 - Wings/Empennage/Fuselage



COMMERCIAL AEROSPACE

Vehicle Systems |
At
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Vehicle Systems

Y R ST 7 Y i FTCR 4 - ATVIIE NPT W G e Yo g

Boeing 777
* Weight Reduction

COMMERCIAL AEROSPACE

» Fatigue Resistance
* (Corrosion resistance

* Impact Damage Resistance
* Reduction in Need for Structural Repairs

Basic CFRP skin \

Adhesive —/

stringer

- CFRP
/ doubler (Typ}

— Moldable

Piastic
Shim (MPS)

~CFRP spar

L

o g G N

Cost-Effective Composite Structures

Automated Fabrication Methods where Practical
Automated Assembly Methods where Practical

Process Controls to Minimize Manufacturing
Discrepancies

Integrated Product Design Teams

Design for Damage Resistance, Maintainability,
Repairability - Customer/Operator Needs
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BUSINESS JETS

antage
Ingle-
ngine Jet
IsionAire

e |Lower Cost ($1.65M vs $2-3M)

e Lower Operating Costs (60% of Similar
Type Jets)

e Composite Airframe + Single Engine
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NON - AEROSPACE APPLICATIONS

Vehicle Systems

Corvette - Door, hood, and roof panels, floor pan
Many GM Vehicles - Bumper beams

Paradigm - All composite (thermoplastic) for
introduction in China.

CCV - All composite - 4 piece auto body (for
introduction to third world countries)

Bridges - Seismic retrofit, replacement of bridges
GM Trucks - Drive shafts

Natural Gas Vehicles - Fuel storage tanks
Sporting Goods - Golf shafts, skis, snowboards
Boats - Hulls and support structures
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INFRASTRUCTURE

Vehicle Svértems

* Value of U.S. Infrastructure (Roads, Bridges,
Highways, Pipelines, Rail Lines, etc.) est. $2.4
Trillion (USDOT)

» ~39% (225,826) of US Bridges Structural Deficient
or Obsolete (1992 FHWA Data)

— $91B Backlog in Bridge Construction

— est $78B Over Next 20 Years Budgeted for Major
Infrastructure Rehabilitation (Government)

 Average Lifespan of U. S. Steel Rail Cars is 25
Years; Average Age is 23 Years
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THE CHALLENGE

MILITARY VS COMMERCIAL

Market
Share
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CARBON FIBER MARKET HISTORY

Global Carbon Fiber Sales

30

25 -

20 1 ,

15

10

1

0 - T u r x . . .

1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998

Million Pounds

|

W.H. Werst, Jr., “Advanced Composites in the 90’s (and 80’s)
Carbon Fibers '99, November 1999, Intertech
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Why Composites for Cars?

Glass Fiber Composites can reduce weight by 20 -30%
Data Bases
Design Methodologies
Processing Technologies
Material Crash Models
Rapid Cure Technologies
Joining Methods
NDT
Recycling

Carbon Fiber Composites can reduce weight by 40-60%

All of the above
Fiber Cost

Weight Reduction = Fuel Economy & Emission Reductions
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COMPOSITE MATERIALS RESEARCH
What we are Doing --- Carbon Fiber Composites

Vehicle Systan s

Low Cost Precursors

Non-Thermally Stabilized
Coal Based Precursors

Advanced Polymer Precursors

Advanced Joining
NDT Rapid Testing

Organic/Recycled Precursors &

Joinin
Joining —

Focal Project 111
& Offsite

Energy Management
Computational Crashworthiness

Crash Energy Management
Intermediate Strain Rate Testing

PNGYV and

2011 Goals

f Materials

Processing
P4 Carbon Fiber

Thermoplastic Composite Forming

High Vol Processing of Composites
SRIM Composite Skid Plates

CF Comp Durability
Creep Rupture
Materials Screening
Recycling

Carbon Fiber Processing
Microwave Processing

Advanced Processing Methods




1999

* |nitiate body-in-
white concept
developed

e Potential
processes
identified

e CAD/Analysis
firm identified to
begin math model
development

Composite Intensive Bod

Focal Project 3

IN- Whlte

f P4 or Compform

P4 or SMC

P4 / Compression
Molding

|

SMC with ribs

P4 / Compression Molding

P4 / Balsa Core
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ACC Focal Project Il

Phase 1 Results:
67% mass savings over baseline
Bending stiffness exceeded 20%
Torsional stiffness exceeded 140%
Durability and abuse load cases satisfied
Manufacturing strategy developed

Materials / Mass Distribution:
Chopped carbon - 5.8 kg
Carbon fabric - 17.7 kg

- Core - 3.2 kg
Adhesive - 1.6 kg
Inserts - 8.8 kg



CARBON FIBER

#1 Priority
$3 - $5 Per Pound



THE MARKET

North American Vehicle Production
> 18M / year
10 pounds of Carbon Fiber per Vehicle:

180M Ib/year

Nearly 4X Current Worldwide Capacity
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THE MARKET

Vehile System s

Potential Use of Carbon Fiber in a Typical Vehicle

Structural 1997 Potential Final Carbon Carbon

Steel Weight Weight Total Fiber Fiber
Material (Kg) Savings Weight 40 wt% 40 wt%

(Kg) (Kg) (Kg) (Ibs)

Regular steel] sheet, tube, 641.4 404.5 236.9 94.8 208.5

bar, and rod

High & medium strength steel 134.3 68.2 66.1 26.4 58.2
TOTAL 775.7 472.7 303.0 121.2 266.7

266.7 pounds per vehicle
4,800,000,000 pounds per year
Nearly 100X Current World Capacity

This is Just North American Vehicles




Carbon Fiber Production

Thermal reduction of a limited number
precursors by pyrolysis of all but the carbon
followed by heat treatment of the carbon to

obtain desired structure.

Are these the only materials
and the only way?

Historically: No cost driver for lower cost.
Only better Performance.
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Historical Background

Rayon
1950’s - Rayon to C process developed
Ablative composites - 40 KSI
1959 - Union Carbide - 50 -130 KSI carbon cloths

Space Race
1967 - Stiffness improvement E = 6 Msi
1968 - Process Stressing included - Thornel 25
E =25 Msi
1970 - Process optimized - Thornel 75
E =75 Msi
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Historical Background

Polyacrylonitrile (PAN) -
Consumer and Aerospace

1960 - PAN use patented
1961 - Modulus increase developed E = 25 Msi
1966 - Inclusion of tensioning E = 70 Msi

Current - Improvements in technology
but no major changes
E=32-75 Msi
Max Stress = 550 to 750 KSI
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Historical Background

Pitch - Aerospace

1965 - Melt spinning of Petroleum By Product
| E =10 Msi

1973 - First patents using mesophase pitch
Current - Little change in process.

E =55-120 Msi
Max Stress = 200 - 550 Ksi
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Carbon Fiber from PAN
Step 1. Pan Preparation

H H
PAN- \%I/E\E/EI\ IC{/

|
C—N C

— =N C=N
Process: Polymer Solution
Spun into coagulating bath
Washed
Stretched
Dried
Stretching: AS-SPUN STRETCHED
— — e
Ay

Fibrillar Network Oriented Fibrillar Network
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Carbon Fiber from PAN
Step 2: Pan Stabilization

PAN fiber is stabilized to prevent polymer relaxation or
softening (loss of preferred orientation) and chain reactions

during subsequent elevated temperature processing steps

PANTg=120C vs Carbonization = >1000C

Heat to 200 - 220C

Oxidizing Atmosphere



99¢

Carbon Fiber from PAN

Ste= 3: Pan Carbonization
Vehicle Systems

Process:

Key Features:

Pan Fiber is pyrolyzed to C fiber

Inert Atmosphere
1000 - 1500 C
Stress

Most non-carbon elements are driven from fiber

55-60% of original weight lost

Carbon yield from PAN 40-45% (Rayon 10-30%)
Pan Density - 1.2 g/cc CF density = 1.8 g/cc
C fiber diameter = 60% of PAN diameter

C content = 80-95%

C/Gir fibrils with “turbostratic graphite” structure.
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Carbon Fiber from PAN

Step 4: Pan Graphitization

Produces graphité fiber with higher C yield and more
graphitic microstructure than carbonization step
(similar to heat treatment)

Inert Atmosphere
Stress
2000 - 3000 C

Key Features
C content > 99%
Density - 2.1 g/cc
More graphitic structure
Diameter = 7 to 10 microns
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Carbon Fiber - Production

Carbon Fiber Production
Historically: Thermal reduction of a precursor by pyrolysis of all but the
carbon followed by heat treatment of the carbon to obtain desired structure.

(PAN, Pltoh. Rayory|  $1:60/Ib - 50% loss ---> $3.20 investment (50 - 60%)

l

Stabilization/
Oxidation

'

Carbonization | 1000 -1500°C in Ar: -O, H, N

200 - 220°C +0, (25 - 40%)

Graphitization] > 1800T: heat treatment

'

Ch ing/
Spooing | $8-100/1b




Carbon Fiber Price

Vehicle Systen s

PAN @ Prehea.lt/ Oxidation 2-4 Stages
tretching $1.34

69¢

¢ 3353 —) l

Crraphitization 1-2 Stages I Carbonization 1-2 Stages
110

Surface
Treatment

$0.33

Total
$7.94

Spooling
$0.49
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Microwave & RF Processing of Carbon Fibers

Single Tow Continuous
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Microwave Assisted Manufacturing
of Carbon Fibers

ORNL researchers monitor the output temperature of carbon fiber produced by
the ORNL Microwave-Assisted Plasma (MAP) Carbon Fiber Manufacturing
Process.
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Lignin Single Fiber Results

Vehxlk System s

Process for Desalting Developed
Co-monomer mixtures determined, spun and carbonized.

Oxidation and Carbonization scheme developed. (stretching,
heating, atmospheric control - sensitivity determined)

Currently long single filament “fat” fibers have been produced.

Goals: 25Msi >400Ksi >1% elongation
“Fat Fibers” 26Msi 150Ksi 1.3% elongation

Next: Equipment modification for twin screw extruder - Nov
Spinning of 28K Tows - December
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Exfoliated Graphitic Nanostructures
(“EGN”) as Economic Polymeric Fillers

Vehicle Systems

Exfoliated Graphitic Nanostructures Crystalline Graphite Precursor (non-
Magnification 3,000x. Note aspect expanded). Magnification 90x
ratio exceeds 100:1

EGN is (1) an exfoliated (separated) graphitic platelet consisting of multi-aromatic
carbon ring nanostructures (50-100 nm thickness), (2) characterized by a 3D structure of
highly conductive platelets, and (3) a microparticle that should act as an interrupter for
microcrack growth,
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Summary Coal-Based Precursor

. Developed EGN (Exfoliated Graphite Nanostructure) particles |

to use as reinforcement. Micro-particles-Not Carbon Fiber.

. Could be used as a reinforcing additive while preserving the

benefits of injection molding.

. Particles function different from toughners. . Act more like

carbides in metals. Can modify conductivity and thermal
properties.

. A good start on micro-particle technology. Surfaces will need

modifying.

. Project terminated since it is not carbon fiber.
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Summary Chemistry Project

Vehicle Systems

1.

2.

3.

4.

5.

Used MA as a comonomer - Achieved melt spinnable fiber
Used itaconic acid to aid stabilization

Used a CO, plasticizer to aid stabilization

Good initial work in UV stabilization - Widely applicable

Cost of melt spun not advantageous over commodity grade.

Redirection

Itaconic acid, CO, plasticization and UV Ppretreatment

will make commodity PAN processable.
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Summary Commodity PAN

1. Limited success with non-PAN based materials.

2. Have developed small scale capability for commodity PAN.
3. Chemical solution for stabilizing PAN similar to Chemistry.
4. Radiation stabilization proven but relied on e-beam and gamma.

5. Refinement of stabilization scheme and pretreatment necessary
for completion.

Redirection

All non-commodity PAN work stopped. Chemistry will work
with them to develop pretreatment and stabilization scheme.
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Future Directions

Current research focusses on precursor and carbonization.

Oxidation/Stabilization is the most capital equipment
intensive and rate limiting step of the process.

Concentrated effort needs to begin in oxidation/stabilization
Cold Plasma oxidation
Radiation Stabilization (UV, E-beam)
Post spinning chemical modification for the above.

Additional work may be needed to integrate all technologies
into one to achieve optimization



SMART MATERIAL ACTUATORS

Charlie E. Woodall
Student

Won J. Yi*
Walter Golembiewski
and
Kyo D. Song

Department of Technology
Center for Material Research
Norfolk State University
700 Park Avenue
Norfolk, Virginia 23504

Telephone: 757-823-8105
e-mail ksong@nsu.edu
brickcha@hotmail.com

*ICASE
NASA Langley Research Center

579



Kyo D. Song

580



Smart Material Actuators
National Educators’ Workshop
October 14 - 17, 2001
at National Institute of Standards and Technology

Charlie E. Woodall, Won I. Yi*, Walter Golembiewski and Kyo D. Song

Department of Technology, Center for Material Research, Norfolk State University
*JCASE, NASA Langley Research Center

Key Words: Piezoelectric, Unimorph, Smart Materials, THUNDER and Actuators

Prerequisite Knowledge: Basic knowledge of electronics, electromagnetic wave
propagation, smart materials, rectenna operations

Objective: To provide the proof of concept that smart materials can be actuated by
microwave power.

Equipment and Materials:

Anechoic chamber

Narda X band horn antenna model 601A (8.2 - 12.4GHz)

JPL 6 x 6 rectenna array

Hewlett Packard 8684B signal generator (5.4 - 12.5GHz)

Logi Metric Amplifier

Adjustable recycle time delay relay (HDFA Series by Amperite)

Hameg Instruments Oscilloscope (HM1507 150MHz 200Ms/s Analog/Digital)
Tekronix DMM916 (Analog/Digital Multimeter)

Resistors (1.5 ohm, 2.7 ohm, 3.9 ohm, 5.6 ohm, 1.2k ohm, 3.5k ohm, and 270k ohm)
10 THUNDER (Thin Layer Composite Unimorph Ferroelectric Driver and Sensor)
11. Coaxial cables and wiring fixtures

VPN AW

Introduction:

An experimental study of a smart materials actuator driven by microwaves is presented in
this paper. A proof of concept experiment using THUNDER (Thin Layer Composite
Unimorph Ferroelectric Driver and Sensor) Materials has been set up and demonstrated
using microwaves. The smart material actuator system driven by microwaves may have
applications, such as the Next Generation Space Telescope (NGST) with fragmented
optics control.

Procedure:

A feasibility experiment was set up and demonstrated using a microwave source to
provide the power needed to actuate the smart materials, as shown in Fig. 1.
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A combination of signal generator and amplifier provided 20 W of microwave power to a
Narda horn antenna at a frequency setting of 8.5GHz. The 20 W microwave power
irradiated a JPL (Jet Propulsion Laboratory) 6 x 6 rectenna array. The rectenna, which is
a rectifier and an antenna, converts the microwave power into DC power. The hormn
antenna, the 6 x 6 rectenna array, and the required wiring fixtures were inside an
anechoic chamber as shown in Fig. 2(a) and 2(b). All other items listed in the equipment
and material section were externally connected to the horn antenna and the rectenna via a
backplate at the rear of the chamber. The Narda horn antenna is connected to the
amplifier by a coaxial cable, and the signal generator is connected to the amplifier by a
separate coaxial cable. The 6 x 6 rectenna array is connected to the exterior of the
anechoic chamber by means of a dual output BNC connector. The distance between the
horn antenna and the 6 x 6 rectenna array was 65 cm.

Comments:

In this experiment, the Narda horn antenna’s 20 W microwave power was converted into
a measured 192 V DC by a digital multimeter. The estimated current being produced
from the 6 x 6 rectenna array was 0.38mA. This was computed using various measured
resistor values and the measured voltage across each resistor. The DC voltage output of
the 6 x 6 rectenna array was connected to the resistors in separate operations, and the
current through each of the resistors was calculated.

A schematic diagram of the experimental setup is shown in Fig. 3. The positive terminal
of the rectenna was connected to the normally open connection of the recycle timer, and
the negative terminal was connected to the common/ground connection as shown in
Fig.4. A R-C circuit was constructed using a THUNDER and a 27K cohm resistor. One
of the two terminal connections of the R-C circuit was connected to the recycle timer’s
normally open connection, and the other was connected to the common/ground. The
recycle timer setting was set at .5 seconds, which was the recycle timer’s fastest setting
possible. The Amperite recycle timer had a range of settings from 0.5 seconds to 24
hours. This time setting was verified with a Hameg Instruments Oscilloscope. The
measured capacitance of THUNDER was 260nF.

When the recycle timer switch was closed, the path of least resistance for the R-C circuit
was via the THUNDER, thus charging the circuit. When the recycle timer switch
changed to the open position, the connection between the rectenna and the THUNDER
was broken. The voltage polarity at this point was reversed. The THUNDER and the
resistor circuit performed in the same manner as a capacitor and a resistor in a R-C circuit
when a voltage was applied or removed.

This on/off switching of the recycle timer created a pulse to demonstrate that the
THUNDER device could be actuated by a microwave power. This pulse was captured in
a pictorial. The pulse rise and decay times were measured as 0.5 and 0.3 sec,
respectively.
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THUNDER is a ferroelectric device made of multiple layers of materials, typically
stainless steel, aluminum and PZT (Lead Zirconate Titanate) piezoceramic. These layers
of materials are sandwiched together with an adhesive bond. A piezoceramic material is
composed of randomly oriented crystals or grains. By applying electrodes to the ceramic
and a strong DC electric field, the dipoles are aligned in the direction of the electric field.
By aligning in this manner, the smart material will have a permanent residual
polarization. The result of this polarization is a change in the geometric dimension.
Through the piezoelectric effect, THUNDER has the capability to expand or contract,
based on the polarity of the voltage applied. When the applied voltage is positive,
THUNDER will flatten, and if the applied voltage were negative, the THUNDER arches.
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projects, such as: Hypersonic Flow Research, Testing high temperature materials for
Scram-jet Engine Components, Study on effects of atomic oxygen on space materials,
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and Smart materials research for Next Generation Space Telescope (NGST) under NASA
supported grants. Mr. Charlie Woodall is a senior student in Computer Technology at
Norfolk State University. He is a retired Navy engineer who had been working 23 years
on communication system. Dr. Won Yi is working as a research scientist at NASA
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Note: * The subject mater is under the invention disclosure (LAR 15754-1) at NASA
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Microwave Driven A ctuator
Set-Up

{ Signal Generator '——" Am plifier

3 f MoPoroosy aa .
Srionn E‘)
R e

Anechoic Chamber

PAD I ={ THUNDER |

A

I Resistor J

Figure 1: Block diagram

9V DC Recycle
Timer

Figure 2(a): Inside the anechoic chamber Figure 2(b): The rectenna inside the
anechoic chamber
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Colloidal Self-Assembly Phenomena

O. C. Wilson, Jr. and L. J. Martinez-Miranda
Department of Materials and Nuclear Engineering
University of Maryland
College Park, MD 20742

Key Words: Colloid, self-assembly, silica, hydrous iron oxide, akageneite, chemical
precipitation

Prerequisite Knowledge: Basic chemistry and physics of light diffraction

Objective: To observe the influence of self assembly and order on the propagation of
light in colloidal cystals

Equipment and Materials: Oven capable of heating up to 100-120 C, chemical
glassware (beakers, pipettes), magnetic stirrer and stir bar, high speed centrifuge
(minimum speed 1s 3000 rpm), deionized water, tetraethyl ortho silicate (TEOS),
ammonium hydroxide (reagent), ethyl alcohol, FeCl3.9H20, urea, glass microscope
slides.

Introduction:

The discovery of x-rays in the early 1900’s by Bragg opened up a whole new
world by providing a tool that allowed materials scientists to probe the atomic structure of
crystalline materials. By definition, a crystal is a material that exhibits long range atomic
order where atoms occupy specific locations on a crystal lattice. The basic building unit
of a crystal is the unit cell. The unit cell is the smallest arrangement of atoms that can be
translated in three dimensional space to build the crysta] lattice. The basic equation that
relates the atomic plane spacing (d), the wavelength of the incident radiation (A), and the
angle of diffraction (8) is known as Bragg’s Law and can be expressed as follows:

n) = 2d sin® (1

The geometry of diffraction event for a crystalline material is shown in Figure 1. With
state of the art transmission electron microscopes, scientists can now actually see
regularly spaced atomic planes in biological and synthetic materials by visualizing
features that are on the order of a0.1-1 nm.

Although we can not directly see a crystal lattice with the unaided eye because the
wavelength of x-rays 1s too short for our eyes to detect, there are optical analoques to
diffraction that can be readily observed. The brilliant, iridescent colors of some species of
beetles and butterflies result from the diffraction of visible light from regularly spaced
structural units that have dimensions on the order of the wavelength of visible light (300-
700 nm). Another example of optical diffraction in nature involves the semi-precious
gemstone opal. In natural opal, uniformly sized amorphous silica (SiO,) spheres form
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under geological conditions and slowly settle into close packed, ordered arrays. High
temperatures in excess of 1000 °C cause the particles to partially sinter and form bonds
between particles that give the opal structural integrity. The colors that are observed in
opal result from the interplay of light with the regularly spaced planes of monodisperse
silica spheres based on equation (1). If the planes are not ordered properly, the light that is
diffracted from the opal interacts in a destructive manner and the resulting opal has a
white appearance and is sometimes called milk opal. It is possible to make synthetic opals
based on the availability of chemical techniques to synthesize submicron silica spheres
with uniform (monodisperse) size (Stober et al., 1968). Typical chemicals for this process
include tetraethylorthosilicate (TEOS), ethyl alcohol, water and ammonia. The water
promotes a hydrolysis based chemical reaction that breaks the bond between the Si atom
and the ethyl functional group and allows the Si-O to form various species that can
polymerize and form a long chain network that results in the formation of uniform
spheres of various sizes from a few nanometers (nm) up to microns in size. Synthetic
opals are produced commercially by synthesizing uniform silica spheres in large
quantities and allowing the particles to settle into ordered, crystalline arays by slow
sedimentation or solvent removal.

The diffraction of light from ordered arrays of non isotropic (rod shaped) particles
can also give rise to interesting diffraction phenomena. Akageneite (3-FeOOHR) is the the
most famous inorganic system in this class of materials. It can be formed by the slow
hydrolysis of aqueous solutions of iron (II) chloride (FeCls, typically 0.03-0.06 M). In
order to form particles with a suitable degree of monodispersity, aging times can be as
long as a few months to a year. For this system, patience is a virtue and yields a nice
reward because the bright, iridescent colors that can be observed for this system are very
remarkable. Under the right conditions, the akageneite particles self assemble into
ordered two dimensional rafts where all the particles are oriented perpendicular to the
plane of the raft as shown in Figure 2. Numerous layers of these rafts can form and the
spacing between successive raft layers determines the conditions for color formation.
These layers are called Schiller layers.

In recent years, a number of unique applications for colloidal crystals are being
investigated as more elegant methods are devised to control the spatial extent and degree
of ordering. One of the more far reaching applications for colloidal crystals with a big
technological payoff involves the use of self assembled colloidal crystals that can control
the propagation of light and other types of electromagnetic radiation. These *“photonic
crystals” are projected to revolutionize the information age by making it possible to make
optical based computer systems.

Procedures:

Synthesis of monodisperse silica spheres

A.) Pour 85 ml of 200 proof ethyl alcohol into a 200 ml beaker. Place the magnetic stir
bar in the solution and stir on the magnetic stirrer at a moderate rate.

B.) Add approximately 2 ml of tetraethyorthosilicate (TEOS) to the ethyl alcohol
solution. Allow a few minutes for the liquids to completely mix
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C.) Carefully measure out 10-15 ml of reagent ammonium hydroxide (12 M) and add to
the TEOS/ethyl alcohol solution. Caution: Make sure that this is done under a fume
head due to the very strong ammonia vapors that will be present.

D.) Allow the solution to stir for 3-10 hrs. You can have students observe the reaction for
the first 10-15 minutes and record the time that it takes for the initially clear solution
to turn light blue in color. This time corresponds roughly to the induction time (the
time it takes for the nuclei to reach a sufficient size to scatter visible light). The
explanation for the bluish color of the solution is related to the phenomena that
accounts for the blue color of the sky i.e. scattering of light by very small particles
(molecules, colloids). After more time has elapsed, students can observe the solution
gradually turn milky white and opaque.

E.) After aging for 3-10 hrs, the silica particles should be washed to remove excess
ammonia. This can be accomplished by placing the silica suspension in centrifuge
tubes or bottles. Centrifuging the suspensions at 3000-5000 rpm will cause them to
settle to the bottom of the tube (or bottle). Carefully pour of the clear supernatant
liquid, replace with fresh water, and re-disperse particles by shaking or using an
ultrasonic bath or probe. The first wash should be performed using ethyl alcohol, and
subsequent washes should be done in water. During centrifugation, you may observe
the formation of colored regions in the sediment cake that forms on the bottom of the
centrifuge tube. Five to ten centrifuge cycles should be sufficient. After the last wash
in water, re-disperse the silica spheres in ethyl alcohol and centrifuge one more time.
Pour off the alcohol and re-disperse the silica particles in a minimum amount of ethyl
alcohol (approximately 25-50 mi).

F.) Opals can be formed by three methods. In method 1, concentrated suspensions of
silica spheres can be allowed to settle into ordered arrays on the bottom of glass
sample vials (20 ml). Vivid colors will be seen in the ordered sediment that forms on
the bottom of the beaker. Method 2 involves carefully removing the ethyl alcohol by
evaporation -at room temperature or under moderate heat (60 °C) in an oven. The
resulting silica compact may appear white and chalky, but if it is placed in ethyl
alcohol or water, it will bubble and display opalescent colors. The bubbles occur
because the liquid displaces the air that occupies the pores that exist between adjacent
particles. Method 3 is the quickest method. Drops of the concentrated silica
suspension in ethyl alcohol can be placed on microscope slides and allowed to dry
(within a few minutes). Instruct the students to view the flat “opals” in transmitted
light and reflected light in which the slide is perpendicular to the light source and then
have the students view the flat opal at an angle to the incident light. Students should
be able to see that there are specific angles which cause opalescent colors to appear.

Synthesis of monodisperse akageneite rods
A.) Add 4000 ml of de-ionized water to a gallon sized container. Weigh 54 grams (0.2

mol) of FeCl36H,0 and add this to the water. Allow to dissolve and place in a quiet
location for a few months. The solution will turn from the initial brown color to a
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more darker brown, turbid suspensions as the akageneite particles nucleate and grow.
Alternate method: Urea and heat can be used to make akageneite rods that are not as
uniform in size but still display irridescent phenomena if a shorter experiment is
required. Add 30 g of urea to 100 ml of deionized water and then add 5.4 grams of
FeCly6H,0. Use a magnetic stirrer to stir the solution on a hotplate at 90-95 oC for 3-
5 hrs. The 1nitial pH of the solution will be 2-3, but the urea hydrolyzes and produces
carbonate and hydroxide ions that raise the pH of the solution to a final value of 6-7.

B.) The particles should be washed by centrifugation using water. Higher speed may be
required (10,000-15,000 rpm). After cleaning the particles, they should be re-
dispersed in a minimum volume of water (50-100 ml) and allowed to settle. It may be
easier to observe the formation of Schiller layers by putting some of the suspension
into a 20-40 ml sample bottle and tilting it on an angle and allowing the suspension to
sediment undisturbed for a few day. Iridescent colors will be visible in the sediment
layer.

Student excercises:

Calculation for estimating particle spacing using Braggs law

A.) Using the flat opal, have students measure the angle that corresponds to opalescent
color formation. This could be done using a protractor. Note the color or colors that
can be seen for a particular angle. Find the wavelength of light that corresponds to the
particular colors that are observed. This value (in nm) will be used for | in equation 1.
The angle q represents the angle at which the colors were observed. Setting n=1 for
this example, students can calculate the spacing for the array that roughly corresponds
to the silica particle diameter.

Building a structural model for the opal and Schiller lavers

A.) Opal: Uniform size marbles or ping pong balls can be distributed to students for
stacking layers of the balls in a close packed structure to form a large scale model of
opal.

B.) Schiller layers: Straws can be bundled together in large mats. Placing 2-3 mats on top
of each other at various spacings will give students a visual picture of what happens in the
case of the self assembly of rod shaped particles into colloidal crystals.

Comments:

The chemical synthesis procedures may be too extensive in terms of time and
resource availability. Alternate arrangements can be made to accommodate these cases
such as preparing the colloids beforehand, getting the colloids from commercial sources,
or contacting the authors to request samples. The silica should be easy to obtain from
commercial suppliers, but the akageneite is probably not available.

References:

1.) W. Stober, A. Fink, and Bohn, “Controlled Growth of Monodisperse Silica Spheres in
the Micron Size Range,” J. Colloid Interface Sci., 26, 62 (1968).
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The Magic of Cryogenics

Daniel P. Vigliotti, James B. Alcom, Brian P. Marsh, Nicole A. Neumeyer
Materials Reliability Division
National Institute of Standards and Technology
Boulder, Colorado 80305

Key Words: bimetallic; brittle; coefficient of thermal expansion; contraction; cryogenics;
ductile; levitation; liquid nitrogen; magnetism; pressure; superconductor.

Prerequisite Knowledge: The presenter should be familiar with safety precautions involving
cryogenic liquids.

Objective: The purpose of this presentation is to introduce teachers to a demonstration that
exposes K-12 students to a variety of scientific areas through experiments using liquid nitrogen.
This presentation demonstrates how changing the temperature of materials changes their size and
shape. During the presentation, there are many opportunities to explore subjects for which
changes in temperature are important such as magnetism, biology, the relationship between
pressure and volume, and the composition of air. Students may perform some of the experiments
in this presentation.

Equipment':

1. Liquid Nitrogen In Dewar 11. Brass Ball And Ring
2. Insulated Container 12. Bimetallic Knife

3. Styrofoam Cups 13. Strips Of Soft Steel
4. Funnel 14. Strips Of Rubber

5. Tongs 15. Wood Block

6. Leather Gloves 16. Superconductor Kit
7. Safety Glasses 17. Carnation

8. Popgun 18. Banana

9. Balloons 19. Mighty Miniature Mass Mover
10. Steam Engine

List of Demonstrations:

1. Popgun 7. Rubber and Metal Strips

2. Exploding Balloon 8. Camation

3. Steam Engine _ 5. Banana

4. Contracting - Expanding Balloon ~10. Mighty Miniature Mass Mover
5. Bimetallic Knife 11. Superconducting Magnet

6. Brass Ball and Ring

" Contribution of NIST; not subject to copyright.
! If you have questions about acquiring any of these materials, contact Daniel P. Vigliotti at 303-497-3351 or
vigliotti@boulder.nist.gov.
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Presentation:

This presentation deals with cryogenics. The word cryogenics comes from the Greek language,
kryos, meaning “cold”, and genic, meaning “the production of”. The teacher should ask the
question, "What is the coldest temperature that anyone has experienced outside?" You will geta
range of answers from about 0 °C (32 °F) to -40 °C (-40 °F). Next ask, "What do you think is
the coldest temperature ever recorded on Earth and where was it?" The correct answer is -106.7
°C (-160 °F) at the South Pole. Now mform the students that this presentation involves liquid
nitrogen and that the temperature of liquid nitrogen is -196 °C (-320.5 °F). Liquid nitrogen is so
cold that if it touches the skin, it will damage the skin causing a burning sensation just as if one
puts their hand on a red-hot stove. It may cause a blister to form, which is really due to a severe
case of frostbite. Basic safety precautions should be stated to the classroom prior to beginning
the demonstrations: 1. Do not pick up anything that falls on the floor. 2. Do not touch anything
uniess told to. Remind students that it is important to’' follow these rules because liquid nitrogen
kills cells. This is the very same liquid that a doctor may use to kill warts.

Liquid nitrogen has many uses in industry. Since liquid nitrogen is inert, meaning it does not
readily react with other compounds, it is used to freeze frozen foods available in the grocery
store. Conveyer belts move foods through a "cold tunnel" that is cooled by liquid nitrogen to
about —184 °C (-300 °F). Freeze-dried foods are sprayed with or immersed in liquid nitrogen to
freeze them very quickly. Similar techniques are used to freeze blood and other human cells.
Liquid nitrogen is also used in the medical field to perform cryosurgery.

Liquid nitrogen is a colorless, odorless liquid, such that when poured into the insulated container,
it will look like steaming water (See Figure 1). When the insulated container is full, the liquid
nitrogen will then look like boiling water (See Figure 2). The liquid nitrogen will continue to
boil violently until the inside of the insulated container reaches -195.6 °C (-320 °F). At this
point, the liquid nitrogen will appear relatively stable. However, the liquid will continue to
slowly turn into a gas (See Figure 3).

ie2 lqmd Nitrogen oillg B
Violently

Figure 1 - Pouring Liquid Nitrogen
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Figure 3 - Liquid Nitrogen Stabilized

At this point, ask the students, “Is it a good or a bad thing that this liquid is turning mnto a gas and
we are breathing it?” Most students will say it is a bad thing. We will later determine this is not
true, because nitrogen is a gas that comprises much of our atmosphere. As a follow-up question,
ask the students, "What is in the air that we breathe?" Most classes will say oxygen, smog,
hydrogen, and carbon dioxide. This immediately leads into a new subject: “Where does the
carbon dioxide in this room come from?” In every classroom, usually one student knows that it
comes from people exhaling. Now discuss the process of photosynthesis. After students name
as many gases as possible that make up air, ask: “Does anyone know which gas makes up most
of the air that we breathe?”” The majority of students will agree that most of what we breathe is
oxygen. Most students are surprised to find out that only 21 % of the air is oxygen but 78 % is
nitrogen, which leaves only 1 % for all other gases including carbon dioxide. (If the students
understand percentages, use them; however, younger students may need further explanation.)

DEMONSTRATIONS:
Pressure-Volume-Temperature Relationships (Experiments 1-4):

The first set of experiments will examine one interesting characteristic of liquid nitrogen as it
changes into gas. During this process, it increases in volume about 700 times. In the dewar
there is about a gallon of liquid nitrogen. If we could remove the cap and all of the liquid
nitrogen were changed into a gas, then it would take 700 dewars of that same volume to catch all
of the gas. That is a dramatic increase in volume.

1. Popgun

This experiment uses a popgun (See Figure 4) to show the result of liquid nitrogen heating up
and turning into a gas. Use a styrofoam cup to remove a small amount of liquid nitrogen from
the insulated container and pour it into the popgun. (Make sure that a string is attached to the
cork prior to demonstration to ensure that it does not fly away and cause damage.) Quickly force
the cork into the popgun. It will immediately pop off (See Figure 5). You may continue to force
the cork into the popgun and it will continue to pop off until all of the liquid nitrogen has turned
into a gas. By the time all of the liquid turns into gas, the sealed end of the popgun will be white
and smoking. This is oxygen and water condensing on the outside of the popgun.
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Figure 4 — Popgun Figure 5 - Cork Popping Off Popgun

2. Exploding Balloon

Next, we will inflate a balloon using the expansion property of liquid nitrogen. Take the funnel
and put it in the balloon. Seal the balloon around the funnel with your fingers and pour in a
small amount of liquid nitrogen using the styrofoam cup (See Figure 6). As soon as a small
amount is in the balloon, remove the funnel, pinch the balloon closed, and shake the balloon to
keep the liquid nitrogen from freezing the bottom of the balloon (See Figure 7). The balloon will
inflate, and if there is enough liquid nitrogen inside, the balloon will expand to its limit and
explode (See Figure 8).

Figure 7 - Shake Balloon

Figure 8 - Balloon Exploding
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3. Steam Engine

The next experiment uses a steam engine (Figure 9) to demonstrate the expansion property of
liquid nitrogen. (Before beginning the presentation, ensure that steam engine is in proper
working condition.) Since, most students can identify with a steam locomotive, ask students to
explain the principle of a steam engine. (Older students may be able to explain it.) Explain that
on a steam locomotive the boiler is filled with water. Fire is used to boil the water to create
steam. This steam trapped in the boiler creates pressure that is guided through a series of pipes
and valves to cylinders containing pistons. The pistons are connected to the wheels, which make
the locomotive go down the tracks. Explain that we will create pressure to run the flywheel on
our steam engine; however, we need neither water nor fire, just the heat in the room. Remove
the whistle and the relief valve from the top of the steam engine. Put the funnel in one of the
holes and pour about half a styrofoam cup of liquid nitrogen into it (Figure 10). Quickly install
the whistle first, and then the relief valve. Give the flywheel a light spin to get it started. The
flywheel will turn at a high rate of speed and slow down when all of the liquid nitrogen turns into
gas. As the liquid nitrogen cools the steam engine, oxygen and water will condense on the boiler

(See Figure 11).

Figure 9 - Steam Engine Figure 10 - Pour Liquid Nitrogen into Steam
Engine

Figure 11 - Flywheel Turning, Oxygen
and Water Condensing on Boiler
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4. Contracting — Expanding Balloon

We will now use a balloon to demonstrate how gases contract when exposed to cryogenic
temperatures while simultaneously making dry ice. Blow up a balloon until it is slightly larger
than the insulated container (See Figure 12). Push the balloon directly into the hquid nitrogen
(See Figure 13). The balloon will begin to shrink where it touches the liquid nitrogen. Y ou must
periodically rotate the balloon in the surface of the liquid until the balloon is collapsed {See
Figure 14). At this point, you may ask the students what gases are in the balloon. Because you
exhaled into the balloon to inflate it, some carbon dioxide is present inside in addition to the
exhaled nitrogen from the air you breathed into it. The carbon dioxide has contracted and frozen
into a small block of dry ice. (Also, the water vapor in your breath has been frozen into small
particles of ice.) You can demonstrate that dry ice has formed in the balloon by shaking the
balloon, and listening for the dry ice bouncing around inside of the balloon. Before the balloon
heats up and inflates, return it t¢ the container to shrink it again. After the balloon collapses
again, quickly remove it and set it on the table for the students to see. (See Figure 15) The
balloon will warm up quickly and start to inflate again. (See Figure 16) Because the rubber in
the balloon is not of a consistent thickness, the balloon will appear distorted as it inflates and will
probably explode before completely inflating.

Figure 13 — Push the Balloon inte Liquid
Nitrogen

Figure 14 — Rotate the Balloon to Shrink
Bailoon

Figure 15 - Balloon Deflated
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Figure 16 - Balloon Reinflates Due to Expanding Carbon Dioxide

Coefficients of Thermal Expansion (Experiments 5-6):

Describe the coefficient of thermal expansion as, loosely speaking, the rate at which something
expands or contacts as a function of temperature. Materials are tested and assigned coefficients
of thermal expansion at various temperatures. These coefficients are valuable to engineers when
they are designing and choosing materials with which to build things such as buildings, bridges,
ships, submarines, spaceships, and satellites. It is important to choose materials that when
bonded together are compatible by expanding and contracting at approximately the same rates
when they are exposed to changes in temperature, rather than at different rates, which could

damage them.

5. Bimetallic Knife

There are two materials with very different coefficients of thermal expansion. The bimetallic
knife is made of brass bonded to steel. At room temperature, the knife is straight (See Figure
17).

Figure 17 - Bimetallic Knife at Room Temperature
After the knife is submerged in liquid nitrogen and removed, the knife is significantly bent (See

Figure 18). Brass has a high coefficient of thermal expansion and will become shorter when it is
cooled. Steel has a lower coefficient of thermal expansion and does not shrink nearly as much as
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the brass The steel 1s forced to bend, as the brass gets shorter. Therefore brass and steel are
thermally incompatible if the shape of a structure is to be preserved and not warped

Figure 18 - Bimetallic Knife Bent Due to Change in Temperature

6. Brass Ball and Ring

In contrast to the bimetallic knife, here are two objects of the same material and therefore having
the same coefficients of expansion and contraction. We have a brass ball and a brass ring (See
Figure 19). The brass ball is sized so that it just fits through the ring (See Figure 20) The brass
ring is submerged ir the liquid nitrogen for about two minutes When the ring is removed, it has
shrunk enough that the ball can no longer fit through the ring (See Figure 21)

Figure 19 - Brass Ball and Ring

3
Figure 20 - Brass Ball Just Figure 21 - Brass Ring Shrunk;
Fits Through Ring Ball Will Not Go Through Ring
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Transition from Ductile to Brittle (Experiments 7-8):

To the students, define brittle as hard, rigid, fragile, and not flexible A brittle object breaks
easily and shatters when it breaks. Define ductile as being elastic, able to bend and then recover
its original shape undamaged. A ductile object is hard to break, but easy to bend

7. Rubber and Metal Strips

This experiment shows that rubber is very ductile at room temperature but becomes extremely
brittle at cryogenic temperatures. Show the flexibility of a strip of common rubber by bending it
between your finger and thumb (See Figure 22). Drop the rubber strip into the liquid nitrogen
and have a student volunteer to put on some leather gloves. Using tweezers, quickly remove the
rubber strip from the liquid nitrogen, put it in the students gloved hand, and ask the student to try
to bend it. Instead of flexibly bending, the rubber is now rigid and inflexible and will snap into
several pieces (See Figure 23).

Figure 22 Flexible Rubber Strip Figure 23 - Brittle Rubber Strip

It is easy to see that rubber is ductile at room temperature; it is not as easy for students to think
that steel, aluminum, or other metals can be ductile For applications of ductile metals, you may
talk about the following examples' Think about the steel that will be used to build a skyscraper in
California where there is a very good chance that the building will experience an earthquake.
Ask the students, “Would you want to use ductile or brittle steel?” Think about an airplane
wing. Again, ask them, “Have you ever been on an airplane that is flying in rough weather?”
Most students will say yes. Then ask if anyone was able to look out the window and see the
wing tip. Question, “What was the wing tip doing?” The careful observer will have noticed the
wing tip was bouncing up and down. That means that the aluminum in the wings must be
ductile If the aluminum were brittle, the wings would break and fall off. To display this, take a
metal strip and bend it between your finger and thumb (See Figure 24). The metal strip will
bend easily. Submerge the bent metal in the liquid nitrogen and have a student volunteer put on
some leather gloves. Using tweezers, remove the bent metal from the liquid nitrogen and hand it
to the student to try to bend it (See Figure 25). It will snap very easily. In fact, it will take less
force to break it than it did to bend it to the same deflection at room temperature
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Figure 24 - Flexible Metal Strip Figure 25 - Brittle Metal Strip
8. Carnation

Next, hold a carnation, (See Figure 26) and ask whether a flower is ductile or brittle. It is usually
difficult for a class to reach a consensus because of our previous definitions of ductile and brittle.
A carnation is soft and flexible but it is also fragile. Therefore it is obviously ductile. Before
submerging the carnation in the liquid nitrogen, tell the students that you are going to put the
flower info the liquid nitrogen and then take it out. Ask if they think it will look the same or will
it look “yucky”. Remember, we said earlier that when liquid nitrogen touches skin and warts, it
kills cells. Most will say that it will look “yucky” Remove the carnation and they will see that
it looks normal, except that it appears to be smoking. Now is the time to ask for an adult
volunteer (as this should not be done by students). Submerge the flower in the liquid nitrogen
again (See Figure 27). Explain to the volunteer that you will remove the flower and shake most
of the liquid nitrogen off so that his/her hand will not be frostbitten, when he/she slowly crushes
the flower. Remove the flower, shake off all liquid nitrogen and then quickly hold it over a
paper towel for the volunteer to slowly crush the flower (See Figure 28). The petals will break
off easily and will sound somewhat like glass shattering (See Figure 29). The petals are so
delicate that they will warm up and become ductile almost immediately upon hitting the paper
towel

Figure 26 — Carnation Figure 27 - Carnation Submerged in Liquid
Nitrogen
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Figure 28 - Crushing Carnation | Figure 29 - Petals Falling
Creating Toughness at Cryogenic Temperatures (Experiment 9):

9. Banana

For this experiment, hold up a banana and ask the students for the best use of a banana. They
will say bananas should be eaten. Ask if any of them have ever used a banana as a hammer. Of
course nobody has, because when you try to pound in a nail, it will stick in the banana (See
Figure 30). Demonstrate this, then remove the nail and submerge the banana in the liquid
nitrogen (See Figure 31). Explain that you can create toughness in materials by making them
cold, although, it is difficult to determine whether something has gone beyond tough and has
become brittle. The banana will need to stay submerged for approximately five minutes. This is
a good time to review some of the concepts that have been discussed to this point. You may also
ask for questions. Put on the leather gloves, and take the banana by the warm end sticking out of
the container and try to pound the nail into a piece of wood (See Figure 32). You want to break
the banana to display that it is frozen all the way through. You may have to hit the banana hard
in order to break it (See Figure 33).

Figure 30 - Nail in Banana Figure 31 - Banana Submerged in Liquid
Nitrogen
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Figure 33 - Banana Breaking

Figure 32 - Banana Pounding Nail in Wood
Electrical Resistivity (Experiments 10-12):
10. Mighty Miniature Mass Mover

The “Mighty Miniature Mass Mover”, contains electronic circuitry, a capacitor, a switch and a
copper coil positioned in a Petri dish (See Figure 34). The electric charge stored in a capacitor is
dumped into a coil to create a magnetic pulse that is opposed by an electrical eddy current in the
dime. A dime will be placed on the coil and repelled by the magnetic forces created by the
currents. The capacitor is a storage device for electrical charge. When the capacitor is
discharged, it sends current through the coil that creates an electromagnetic reaction for an
instant The magnetic field produced by the electromagnet induces eddy currents within the
conducting dime and causes it to jump away from the electromagnet

First, demonstrate what happens at room temperature Plug in the unit to charge the capacitor.
Place a dime on top of the coil and push the button to discharge the capacitor. Note that the dime

is repelied only slightly.

Then, with the styrofoam cup, pour liquid nitrogen into the Petri dish, covering the coil. Once
the coil has reached liquid-nitrogen temperature, place the dime on the coil and again push the
button to discharge the capacitor (See Figure 35). The lower resistance in the coil will allow a
greater electrical current to flow and cause the dime to be repelled higher than during the initial

test.

Repeat the above procedure, but this time with the dime also cooled to liquid-nitrogen
temperature The opposing field created in the dime is now even greater, and the dime will be

repelled even higher (See Figure 36)
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Figure 34- Mighty Miniature Mass Mover Figure 35 - Discharging the Capacitor

Figure 36 - Discharging the Capacitor with Cold Dime

11. Superconducting Magnet

This kit contains a ceramic Superconducting magnet made from yttrium, barium, and copper
oxides. It is important to point out that superconducting behavior only occurs in superconductors
at cryogenic temperatures. Superconductors are strongly diamagnetic. That is to say that they
will repel a magnet. The kit also contains a rare-earth magnet and a Petri dish (See Figure 37).

This experiment will demonstrate levitation. Position the superconducting magnet in the Petri
dish. Use a styrofoam cup to fill the Petri dish with liquid nitrogen. Continue to fill the Petri
dish until the superconducting magnet reaches liquid-nitrogen temperature and no longer causes
the liquid nitrogen to boil vigorously. Place a styrofoam cup upside down on the table. Remove
the superconducting magnet from the Petri dish and set it on top of the cup. Place the rare-earth
magnet above the superconducting magnet (See Figure 38). Start the levitated rare-earth magnet
spinning by pushing down on one edge. It will spin with little resistance (See Figure 39). The
levitated rare-earth magnet will spin above the superconducting magnet until it warms up. When
it is no longer superconducting, the magnet will no longer levitate and will drop into the cup.
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Figure 37 - Petri Dish, Rare-Earth Magnet,  Figure 38 — Rare-Earth Magnet Levitating
Superconducting Magnet

Figure 39 — Rare-Earth Magnet Spinning
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MOLECULAR DYNAMICS SIMULATIONS OF CRACKING PHENOMENA IN
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Prerequisite Knowledge: Basic knowledge of polymer systems, interaction potentials, mechanical
properties, failure analysis and reliability of polymeric materials. Some knowledge of computer
graphics and animation is advised.

Objective: To study the cracking phenomena in PLCs and to develop tools to graphically represent
crack formation and propagation, while at the same time creating the basis for the three-
dimensional representation of polymeric, metallic or ceramic systems.

Equipment and Materials: PC with Windows environment and Microsoft Visual C++.
Introduction:

Reliability of polymeric materials is important not only for scientists and engineers, but also
for all the users of these matenals, that is, for all of us [1, 2]. The users do not know about the
chemistry of synthesis, processing, thermodynamics, or rheology. However, when buying a product
that contains polymeric components, they want appropriate quality assured. Although mechanics of
polymers exists for quite some time, there are still no answers to fundamental questions such as:
“where does a crack begin” or “how does it grow”. Scanning electron microscopy (SEM) allows us
to study the surface of cracks after fracture has occurred; however, it provides no information to
answer the questions above. For obvious reasons these issues are important also for students of
Materials Science and Engineering (MSE) and related disciplines. There is by far not enough about
computer modeling and simulations in MSE textbooks.

An approach exists to answer these questions: computer simulations. One can create a
polymeric material on a computer, apply an external force to it, and observe how cracks form, how
they propagate through the material, and how fracture eventually occurs. A particular problem with
computer simulations is the large amount of information they produce. Effective methods to
analyze this information are therefore needed. The solution found was three-dimensional (3D)
graphical representation of the results through OpenGL rendering.

Procedure:
One can use two methods [3]: Monte Carlo or Molecular Dynamics. Cartesian coordinates

are assigned to each segment of each polymeric chain. The chains are contained inside a
rectangular box. The segments interact according to interaction potentials. Different potentials
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dictate the behavior of different types of segments. In the Monte Carlo method, developed by
Norbert Metropolis and Stanislaw Ulam [4], the particles are moved one at a time; for this reason
this method is more adequate for equilibrium properties.

In the molecular dynamics method, originally developed for gaseous molecules by Berni J.
Alder and his collaborators [5], all particles are moved simultaneously. Besides the cartesian
coordinates, each particle is also assigned three momentum components along the cartesian axis. In
this way 1t is possible to observe and follow the movement of the particles — chain segments in our
case — and also to observe the effect of applied external forces.

An obvious question is: what happens when a particle wants to escape the system? The
problem was solved by applying boundary conditions; it is considered that the system space is full
of periodic copies of the basic rectangular box, which are usually called “ghosts”. Whenever a
particle is displaced outside the basic box, its “ghost” automatically enters the box from the
opposite side.

In order to graphically represent the results of the simulations, a 3D graphics program was
written. This program represents the segments as solid spheres in the coordinates calculated by the
simulation, as shown in Figure 1. An animation of the cracking phenomena as a function of time
can be obtained by changing the position of the particles at each simulation step, as shown in
Figure 2. The reason for the use of the OpenGL environment in Microsoft Windows operating
system is the accessibility, since the program will run in any common secretary computer, without
need to resort to supercomputers.

Comments:

In spite of the advantages, the simulations require advanced knowledge of molecular
physics, polymer science and engineering, and computer programming. For this reason, the number
of simulations of polymers under stress producing deformation is limited. Stress relaxation
simulations for single-phase polymers [6} also exist.

In our current simulations we consider two-phase polymeric systems — as is the case of
polymer liquid crystals [3]. The rigid phase with high concentration of liquid crystal segments
forms islands in the matrix consisting of flexible segments. Each polymer liquid crystal chain
contains both types of segments.

Generally, cracks could be expected to appear inside the islands (since they are rigid), or
inside the matrix (which is flexible and therefore has little resistance to stress) on the boundary of
the two phases. In the conference, we will present results that will allow us to answer this question.

Some of our results were already published in 2001 [7]. In the conference we shall present
those results along with other unpublished ones.

Although our simulations are dedicated to polymer liquid crystals, the developed method
can be adapted to other single-phase or two-phase polymer systems. The simulations allowed us to
observe interesting features about the cracking phenomena.



The graphic programming implemented allows for representation of any three-dimensional
structures. This type of graphical representation of polymeric systems is still practically inexistent,
however, its uses and advantages are obvious. A particularly interesting possibility of OpenGL
graphic programming is its use as an instructional tool. It simplifies teaching the structure of two-
phase polymers, the step-wise polymerization process and the 3D arrangement of the resulting non-
longitudinal polymeric chains, as shown in Figure 3. The same method can be used to represent
structures of metals and ceramics.

Acknowledgements:

We acknowledge financial support of the Robert A. Welch Foundation, Houston (Grant #B-
1203) and the Fundacio para a Ciencia e a Tecnologia, 3° Quadro Comunitério de Apoio, Lisbon.

References:

1. W. Brostow and R.D. Corneliussen, editors, Failure of Plastics, Hanser, Miinchen — Wien — New
York 1986, 1989, 1992.

2. W. Brostow, editor, Performance of Plastics, Hanser, Munich — Cincinnati, 2000,

3. W. Brostow, chapter 15 in Mechanical and Thermophysical Properties of Polymer Liquid
Crystals, W. Brostow, editor, Chapman & Hall, London, 1998.

4. N. Metropolis and S. Ulam, J. Amer. Statist. Assoc. 44, 335 (1949).

5. B.J. Alder and T .E. Wainwright, J. Chem. Phys. 27, 1208 (1957).

6. S. Blonski, W. Brostow and J. Kubat, Phys. Rev. B 49, 6494 (1994).

7. W. Brostow, M. Donahue III, C.E. Karashin and R. Simoes, Mater Res. Innovat. 4, 75 (2001).

613



Figure 1 — Visualizing the simulated PLC in three-dimensions.
Rigid segments are represented as dark spheres and flexibie segments are represented as
light spheres. The matenal represented has 3 layers, each with 30 chains of 50 segments.
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Figure 2 — Some frames from the animation of the cracking phenomena. Crack formation
and propagation up to failure can be visually observed as an animation. Rigid segments
are represented as dark spheres and flexible segments are represented as light spheres.
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Figure 3 — Three-dimensional representation of non-longitudinal polymeric chains. For
ease of visualization, each chain has been represented in a different shade of gray.
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Abstract:

Deformation processes have substantial effects on the mechanical properties of materials.
A recent innovation called equal channel angular extrusion (ECAE) has been developed.
The ECAE process forces a billet around a sharp corner and as a result large uniform
simple shear strain is induced into the billet. This is opposed to the nonuniform strains
associated with conventional area reduction extrusion, where a billet is forced through a
die orifice. Since the die inlet and outlet chambers maintain the same cross-section in
ECAE, the geometry of the billet remains the same before and after the extrusion, which
allows the billet to be processed multiple times resulting in high strains. A
comprehensive comparison of the effects of rolling, conventional extrusion, and ECAE
has been developed into a laboratory activity for a junior level materials/manufacturing
course. A comparison between deformed grid patterns of extruded copper and Play-Doh
specimens from a small extrusion press are compared. Hardness measurements on
deformed copper specimens are used to validate these results. Deformation is carried out
at room temperature on one-inch square ECAE and one inch diameter copper bars.
Explanations of the deformation processes and results from the laboratory activity are
discussed.

Introduction:

Deformation of material components can significantly alter the properties and
microstructures of the material. Of the many available methods of material deformation,
extrusion is one of the most common. The extrusion process first appeared in a 1797
patent to Joseph Bramah for a lead press (Sheppard)[1]. The application of this method
to a common engineering procedure occurred in the late 1800’s. Since then, extrusion has
grown and changed to incorporate a broader range of methods. With current advances,
extrusion maintains its potential in diverse engineering applications.

There are multiple extrusion techniques. One method, conventional extrusion,
reduces the cross-sectional area of a billet of material by forcing the specimen through a
die orifice under high pressure (Dieter)[2]. The setup for this method can be seen in
Figure 1. Usually, solid and tubular shapes are created; however, irregular cross-
sectional shapes can also be fabricated using this method. The large forces that are
required often result in extrusions being performed near the recrystallization temperature.
In metals, these temperatures correspond to increased ductility and decreased flow stress
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(ASM Committee on Cold Extrusion)[3]. Extrusion at lower temperatures is possible and
useful mechanical properties often result.

]

R
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g / ,/% 7 /4* ik

Dirsc! autrusion

Figure 1: Equipment Setup for Conventional Extrusion Deformation

The deformation process causes changes in material characteristics. As the billet
is pushed through the die, high hydrostatic pressure occurs within the block of material.
The pressure results from the compressed material being constrained as it is pushed
through the die. The imposed conditions of the deformation method can have effects on
the success of the extrusion. Under the correct conditions, many materials that are
difficult to deform are easily extruded at high temperatures. Temperature, speed, friction,
and the extrusion ratio are the main parameters that affect the extrusion process. Internal
voids and pores are healed, and crack propagation is inhibited. Also, the course
microstructures within the starting material are effectively broken down [2]. The
material exhibits significant changes as a result of this deformation process.

The extrusion ratio (R) is defined as the ratio of the original cross-sectional area
(A,) of the sample, which is also the cross-sectional area of the extrusion chamber, to the
extrudate cross-sectional area (Ag) (R = A,/ A¢). The true strain for conventional
extrusion (g;) is found as the natural log of the extrusion ratio:

&= In (Ao / A= In (R). Eq. 1
The pressure required for conventional extrusion (P) is related to the extrusion ratio and
the true strain:
P=keAse In (A, /Ap) =keA,eg. Eq.2
The extrusion constant, k, is dependent upon the friction, flow stress, and any
inhomogeneous deformation [2]. The interdependence between the extrusion variables
enables the process to be easily altered to fit many material requirements.

There are certain disadvantages to the conventional method of extrusion. This

process usually induces a nonuniform deformation field in the billet.* Strain

Special “stream line” dies can be made which produces uniform strain but such dies are
costly to design and manufacture.

variations are seen from the front to the back of the extrusion in longitudinal and
transverse directions. This nonuniformity of deformation results in variations within the
microstructure and the properties of the extruded material. Areas with exaggerated grain
growth are often found after hot extrusion [2].
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A relatively new innovation in extrusion processes is equal channel angular
extrusion (ECAE) (Segal)[4]. The hallmark of this method is that the die inlet and exit
channel cross-sectional areas are nearly identical. Instead of forcing the specimen
through a die, the billet is forced around a sharp corner between the exit and inlet
chambers; this can be seen in Figure 2. The billet experiences uniform, simple shear
stress instead of the nonuniform stress experienced in conventional extrusion [3]. Since
the shape of the billet does not change during extrusion, the sample can be extruded
multiple times resulting in high strains. These uniform, unidirectional, and extremely
high deformations that result from relatively low pressure and load are not easily
achieved with conventional extrusion [4]. The virtually unlimited plastic strain that the
specimen can experience causes changes in material characteristics.

7
%

2%

LMMIBMNBIOSSY

Figure 2: Equipment Setup for ECAE Deformation

The total strain for N extrusion passes is a function of the angle (2¢) between the
extrusion channels and is:
e.=20Necot ($)/V(3). Eq.3
The equivalent reduction ratio (RR) is also related to the 2¢ angle:
RR= exp (2eNecot () / V (3).Eq. 4
The percent reduction in area (AR) is a function of the reduction ratio:
AR= (1-(1/RR)) «100. Eq. 5
The pressure for extrusion (P) can be derived as a function of flow stress (o) as:
P=2ec,ecot (9)/V(3). Eq.6
The conventional extrusion process has drawbacks that can be avoided with the
new ECAE innovation. Uniformity of strain and distortion reduce variations of properties
within the material. Also, the ability to process bulk materials in ECAE adds to its
positive aspects.
The effects of different processing techniques on materials can result in variations
in mechanical properties and in microstructure. A comparison of the deformation patterns
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and hardness values of extruded specimens are utilized to determine strain uniformity. In
this laboratory activity students are provided the opportunity to examine the effects of
annealing on specimens deformed by ECAE, conventional extrusion, and rolling..

Procedure:
Modeling the Process

In order to model conventional extrusion deformation, an experiment is
performed using a two-colored checkerboard array of Play-Doh (Kridli)[5]. The Play-
Doh billets are extruded with data collected at various points in the operation.
Photographs of the sample are taken before extrusion, during extrusion at small strains,
during extrusion at larger strains, and after extrusion. The extruded sample is cut apart to
photograph the deformed cross-section after extrusion is complete. The geometrical
alterations of the arrayed blocks are analyzed to determine the shear strains in the sample,
Each block of the arrayed Play-Doh sample is considered as a single strain element for
strain field calculations. The strain variations are examined as a function of the block
locations.

Deformation Processes

Students process annealed oxygen free copper samples (400°C for 30 min.), with
a 6.5 cm? (11in ) cross-sectional area by rolling, conventional extrusion, and equal
channel angular extrusion at room temperature. The students do the rolling, while the
ECAE and conventional extrusion are done by a research associate and observed by the
students. For the laboratory, the students use solid specimens. However, prior to the
laboratory split and gridded specimens were prepared for helping the students compare
the two extrusion processes. The temperature, punch speed, and extrusion pressure-ram
displacement curve for each process are recorded. An examination of material
characteristics (hardness and metallography) before and after the extrusion processes
illustrates differences in the processing methods. The extrusion press is a 250 ton MTS
test machine with a 20 in stroke and a maximum ram speed of 2.5 in/s.

The extruded copper sample is cut into appropriate specimen sizes for Rockwell
hardness measurements, which are completed according to ASTM standard E10.

Some specimens may be mounted, ground, and polished for Vickers
microhardness measurements (utilizing ASTM standard E384), in comparing between the
original billet and the processed specimens. The Vickers microhardness tests are not
typically done during laboratory classes.

The distorted grid patterns and quantified grid distortions for the extruded,
gridded samples are utilized to determine the strain of the sample and the regions of
nonuniform deformation. The hardness values and strain fields that are found are utilized
in the comparison of the two extrusion methods. The uniformity of strain can be
determined with these measurements.

An analysis of the effects of different annealing temperatures on the processed
copper specimens is also undertaken. Students select the number of specimens and the
temperatures and times for annealing. The processed samples are cut into appropriate
pieces for the different heat treatments. Samples of each processed specimen are annealed
for thirty minutes at room (typical) temperature (~ 25°C), 100°C, 150°C, 175°C, 200°C,
300°C, and 400°C in an air furnace. Hardness measurements are completed on each
annealed specimen to determine the amount of recovery. These measurements are also



used for determination of the recrystallization temperature of the copper, which is about
225°C, as shown in Figure 3. Annealing has significant recovery effects on the properties
of deformed specimens. Figures 3 and 4 illustrate the effect of annealing temperature, for
a constant time, on the recrystallization temperature of material tested.

Optical metallography is undertaken on the initial annealed samples, the
deformed specimens, the deformed specimens annealed at 200°C for thirty minutes in air,
and the deformed specimens annealed at 400°C for thirty minutes in air. The samples are
prepared by first cutting, mounting (use cold mount), and polishing sections from
samples representing each deformation method. The variations in grain size and shape are
compared for a better understanding of the microscopic effects of cold working and
annealing.
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Figure. 3. Hardness variation of the rolled specimen as a function of annealing
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Figure 4. The variation of the hardness as a function of the annealing temperature.
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Discussion:

The deformation patterns of the extruded specimens are compared for uniformity.
The pattern on the ECAE extruded sample was uniform; the deformed squares all
displayed a uniform geometrical change that is shown in Figure 5. This uniform shape
change is correlated to a uniform strain field. However, nonuniform deformation can be
viewed for the bottom 10% of the sample; this was attributed to friction experienced by
the bottom of the billet during the extrusion process. The uniform strains associated with
ECAE should be supported by uniform hardness values on the cross-section of the
processed samples. The deformed microstructure should also display uniform
microscopic alterations The uniformity of properties in ECAE increases its applicability
to numerous engineering applications.

&' Ilo

Figure 5. Deformation grid for ECAE deformation.

A significantly different situation is encountered in the analysis of the
conventionally extruded specimens The deformed grid pattern shown in Figure 6 is
nonuniform; center grid squares experienced greater size and shape changes than on the
specimen edges. Variations in hardness values on the cross-section of the extruded
specimen show that there are varying amounts of cold work across the billet. The
nonuniform hardness profile is also seen in the rolled specimen, which should experience
greater hardness values at the edges of the sample The deformed microstructures should
further support these findings. Nonuniform distortion causes nonuniform properties, and
this may cause difficulty in structural applications

The effects of annealing on the properties of the samples are most notable near the
recrystallization temperature, where the heavily worked structure recrystallizes to strain
free well defined grains. The specimens annealed near the crystallization temperature
(approximately 160°C) experience a significant decrease in hardness values. Variations in
hardness between specimens annealed at temperatures lower than the recrystallization
temperature are much less dramatic. Microstructural analysis should delineate the stages
of recrystallization and grain growth as the grain structure changes. The experimental
results elucidate the results of deformation and annealing giving a greater understanding
of cold working and material response to heat treatment. The variation in hardness values
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shown in Figure 7 is used to demonstrate the variation in processing for the three
processes used during the laboratory.

L

Figure 6. Deformation grid for conventional extrusion deformation.
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Figure 7. The effect of different annealing temperatures on the standard deviation of
hardness values of copper.

The ECAE deformed material exhibits less variation in the standard deviation of
the hardness values than either of the other two deformation processes as the specimens
were traversed.

Conclusion:

The laboratory groups evaluated three methods of deformation and, were able to
compare the relative characteristics of ECAE, conventional extrusion, and rolling. The
students were able to choose different annealing times and temperatures and observe the
results of their choices. For evaluating the effects of annealing temperature, they used
hardness testing. In addition, they used Play Doh to model the deformation process.
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BIPMAP (Binary Isomorphous Phase Map) — An Interactive
Computer Tool for Phase Diagram Instruction

J. Csemica, J. Stolk', M.E. Hanyak, V. Subramanian
Department of Chemical Engineering
Bucknell University
Lewisburg, PA, 17837

Abstract

BIPMAP, a program that can be accessed over the internet, is designed to assist with phase
diagram instruction for beginning materials science students. Using a mouse and/or navigation
buttons, the user can select a point anywhere in a binary isomorphous phase diagram to view
information including phase amounts and compositions. Schematic alloy microstructures are
also shown, which, together with corresponding color-coded phase fields, tie lines (in two-phase
regions), and numerical results, help students visualize concepts such as the lever rule and
microstructural development.

Key words: Equilibrium, phase diagram, solubility, microstructure, lever rule.

Introduction

The understanding and proper use of metallurgical phase diagrams is typically considered a vital
component of introductory materials science instruction, with textbooks (1,2) devoting entire
chapters and/or self-paced tutorials (3) to this topic.

A number of web-based computer tools dealing with phase diagrams are also available, which
are generally intended to supplement traditional textbook information. These include sites at the
University of Southampton (4) and Virginia Tech (5), which include self-paced lessons that lead
students through phase diagram definitions and concepts. These useful sites contain text,
pictures, graphics, quizzes and hyperlinks to phase diagram related topics, much as static
renditions of textbook content. Both offer a phase diagram page which allows the user to click
on a few pre-designated points to see schematic images of alloy microstructures.

Electronic renditions of phase diagrams designed for experienced users, with varying levels of
interactivity, are also available. These include CD-ROM collections from ASM (6) and the
BiPhaser Trial (7).

1cmrrent address: Franklin W. Olin College of Engineering, 1735 Great Plain Ave., Needham, MA 02492
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From our experience with introductory materials science instruction at Bucknell, we felt that a
need existed for a different type of electronic phase diagram instructional tool. Major goals were
that it be truly interactive (able to respond to students' free and unstructured exploration), and
appropriate for beginners, with an interface designed to organize and display information to help
students conceptualize and integrate phase diagram basics. The result, applied to a binary
isomorphous system, is called BIPMAP. This is a internet Java-based applet which can be
accessed at:

www.departments.bucknell.edu/chem_eng/bipmap

Key Features

Diagram. As seen in Figure 1, which is a grayscale snapshot of the BIPMAP screen, the
majority of the screen area 1s taken up by the phase diagram itself, with appropriate temperature
and composition axes. Represented is the actual Bismuth-Antimony (Bi-Sb) phase diagram (8).
Not visible in Figure 1's black-and-white rendition is the color-coding visible on the computer
monitor, which provides connection with some other features described below. In particular, the
liquid solution region is blue, the solid solution region is red, and the two phase region is white.

Selection and Movement of Composition-Temperature Point. Any point within the phase
diagram can be selected with a mouse click, to a resolution of 0.25 wt% Sb and 1.25 °C. Once a
point has been established, it can be moved horizontally or vertically using the sets of fast ("ff")
and normal motion buttons to the upper right of the diagram. This makes 1t possible for constant
temperature or constant composition (heating and cooling} analyses.

Quantitative Results Display. The boxes below the cursor motion buttons on the right of the
screen indicate the coordinates of the currently selected composition-temperature point, and the
equilibrium state or constitution of the alloy at that point. The state information given includes
the phases present, phase compositions, and relative phase amounts (in this order, as that mimics
the order information is normally attained manually from the diagram). Some of this
information is color-coded to match the diagram. For example, the individual liquid and solid
phase fractions are displayed in blue and red, respectively.

Tie Line. When a point is selected in the two phase region, a tie line is drawn. This line is
"inverse" color-coded. That is (see Figure 1}, the right arm of the tie line is colored blue (liquid
region color), and the left arm is red (solid region color). The color-coding helps students make
the connection between the desired phase amount in the lever rule and the appropriate segments
of the lever. Also, vertical dashed lines are dropped at the ends of the tie line to indicate
individual phase compositions on the abscissa (also displayed in the results box).

Microstructure. While only simplified schematics, we feel that the representative
microstructures shown in the lower right box are instrumental in helping students conceptualize
the meaning of phase diagram navigation and the quantitative results that are displayed. Again,
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color-coding to match the phase diagram regions is employed. For various solid/liquid fractions,
the microstructure will show red solid grains, contained in a blue liquid matrix (see Figure 2 a-d).
At low solid fractions, small spherical nuclei are present. As higher solid fractions are
encountered (say, upon cooling in the two-phase regions), these same nuclei grow (for
simplicity, no new nuclei are added). When the spherical grains impinge, a straight grain
boundary is formed.

In-Class Use and Assessment

In Spring 2001, BIPMAP was introduced to a group of 32 first-year chemical engineering
students in their required introductory materials course. With no in-class introduction to the
program, they were referred to the site as part of a homework assignment, the text of which
appears in Appendix A. Many of the standard textbook question types concerning concepts such
as melting point, solubility, liquidus temperature, phase composition, and the lever rule are
appropnate for such exercises. Later in the semester and prior to an examination covering phase
diagram topics, another assignment asked students to first answer on paper questions dealing
with the Bi-Sb diagram, then check their answers using BIPMAP. At that time, they were asked
to complete an electronic survey which asked for their feedback on the program.

The student survey response to the use of BIPMAP and its features was overwhelmingly
positive. Table 1 summarizes averages responses on a 5-point scale (1 = strongly disagree, 5 =
strongly agree).

Question Reﬁgfl.lse
1. BIPMAP was easy (o use. 4.69- -
2. The iabels on the results display are self-explanatory. 4.08
3. BIPMAP helped me understand phase diagrams. 4.44
4. The color coding of the tie lines aided my understanding of the lever rule. 4.38
5. Pictures of the _microstructures helped me understand what happens physically 463
when an alloy is cooled/heated.
6. BIPMARP is a good learning tool. 475
7. I'would consider using BIPMAP as a review tool for subsequent exams. 4.55
8. I would recommend using BIPMAP in future Science of Materials classes. 491

Table 1. Average student responses to 5-point scale questions on BIPMAP survey
(1 = strongly disagree, 5 = strongly agree)
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In particular, we see that students strongly felt the software was an effective learning tool that
should be used again in the course, and they benefited from some of its key features like the
microstructures and colored tie lines.

We also asked for written responses describing what students liked about BIPMAP, and what
they saw as areas for improvement. Again, we were pleased that students favorably commented
on many of the design features of the program, and overwhelmingly felt that it helped them
understand phase diagrams. Comments also suggested that students spent a good deal of time
with the program beyond the straight solution of the homework problems. Suggestions for
improvement were few, although some suggested added features, and several thought there
would be a benefit to including more (and more complex) phase diagrarmns. Table 2 contains
several representative comments.

1. BIPMAP has helped me greatly in understanding phase diagrams. ¥ am a visual learner, so to have a
program like this was quite beneficial.

2. The interface was very easy to use.

3. Ilike that I can make can make up my own problems and then check to see that I am doing the right
thing, and am not confused about compositions vs. amounts.

4. Iliked the way I could check instantly my hand calculations, and observe trends as I move the cursor
in different directions.

5. I like the color coded tie lines.

6. The pictures of the microstructures were especially helpful.

7. It gives me a good idea of how the phase diagram really works.

8. If you didn't know how to use phase diagrams, you could learn just by doing this.

9. Perhaps have an area where you can type in coordinates.

10. You could add a more complicated phase diagram, with a eutectic point.

Table 2. Representative student comments from BIPMAP survey.

Summary

The BIPMAP phase diagram program is an effective learning tool for the beginning study of
phase diagrams. Introductory materials science students can comfortably learn and use BIPMAP
at their own pace. We plan to expand the program beyond the binary isomorphous case to
include a simple eutectic diagram. [Instructors with experienced students may find eutectic
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diagrams at the BiPhaser Trial site (7) useful.] Materials science faculty and students are
encouraged to try BIPMAP, and the authors welcome comments which can be sent to
csernica@bucknell.edu.
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Figure 1. Grayscale snapshot of BIPMAP screen with coordinate of
45 wt% Sb and 465 °C selected.

Figure 2. Schematic solid/liquid (light/dark) microstructures at
solid percentages of: (a) 10; (b) 20; (c) 85; (d) 100.
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Appendix A - sample first homework assignment

Open the BIPMAP program, using the link at the course "“lecture” homepage.

Place the cursor at the left edge of the diagram (0% Sb), and use the click-buttons to move it up and down. Find
as precisely as possible the melting temperature of Bi. Note the changes in the "results” windows to the right of
the diagram as you move through the melting region. What is the melting temperature?

Similarly, move the cursor and use the program to find answers to the following:

2.

At 500 °C, a mixture containing 20 wt% Sb exists as a single phase liquid. [f more antimony is added to this
system, at what concentration would the solubility be excesded (indicated by the presence of a second phase)?

A mixture of antimony and bismuth (70 wt% Sb) is heated to 650 °C to form a well mixed liquid. This liquid is
slowly cooled to room temperature.

a} At what temperature does the first solid form, and what is the composition of this solid?

b) At what temperature will the mixture contain equal amounts of liquid and solid and what are the
compositions of each phase at this temperature?

¢) At what temperature will the mixture contain 10 wt% liquid, and what are the compositions of each phase
at this temperature?

d) At what temperature will the last amount of liquid disappear?

e) Collect information from the program, and then make a plot of the liquid composition (wt% Sb) as a
function of temperature in the range of 300 - 650 °C.
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TEAPOT DRIBBLES & LADLE POURS
by Edward L. Widener, PE
Purdue University, MET Department
West.Lafayette, IN

Key Words: Open-channel flow; potential-flow nets; capillarity; surface tension.

Prerequisite Knowledge: Consistent Units=F, L, T, t
Force (F) = Mass (m) x Acceleration (a)
Velocity (V) = Length (L) / Time (T)
Acceleration = Velocity / Time
Stress (s) or Pressure (p) = Force / Area (A)
Capillarity (¢) = Force / Length
Weight (w) = Force
Absolute or Dynamic Viscosity (v) = Stress x Time

Objectives: To specify dimensions; to contrast surface tension and tensile stress;
to test theory with observations; to investigate flow-nets; and to explore
molten-metal pouring.

Equipment & Supplies: Several teapots, pitchers, and drinking glasses
Several beakers or graduated cylinders
Assorted paper cups or plastic tumblers
Tap water (between 0 — 100 degrees Celsius)
Catch basin (sink or tub)

Abstract: Why do bad teapots dribble on your fine linen tablecloth? Some physics books
blame surface tension (capillarity) between the hot-tea and china-pot; but simple
experiments disprove simplistic explanation. The “wetting” ability of liquid water is
enhanced by temperature rise, as surface tension decreases. Also, changing the materials
of a iquid-solid interface may greatly change capillarity. But bad teapots still dribble.
Misshapen spouts cause spillage, regardless of metal-ceramic-plastic material selection.
Applications are obvious: 1)Broad-crested weirs; 2)Dam spillways; 3)Molten-metal
ladles; 4)Flow-nets; 5) Fourdrinier wires on Table-rolls.

Introduction: Early courses in Materials tend to stress solids, but fluids are fascinating.
Pouring liquid from one container into another is an example of “open-channel flow”.
Spills of hazardous material are unacceptable, so design of vessels is important. Must we
suffer the “bottom-teeming” of molten steel, from ladles with costly maintenance? Let us
explore some “dribble phenomena”, using a collection of various cups, cans, jars, and
tumblers. Classify by differences in diameter, height, taper, flare, wall thickness and lip.

Procedure:
1) Start with a simple plastic cup of clear styrene (SPI #6, ASTM-PS). Note its
tapered shell, thin-wall, circular cross-section, and sharp lip. Fill with water and
pour swiftly, discharging a convex arc into your tub. This free-falling stream
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2)

3)

4)

5)

0)

looks braided and turbulent, because surface tension pulls the flattened overflow
into a round jet, then rotates into an oval, then round again. As the cup empties,
your stream will separate more abruptly, with less tendency to dribble. Thus,
when comparing vessels, refill at each startup.

Refill the same cup, pour more slowly, and form a different stream. After curving
around the lip, this stream will separate from the lip to make an “S-curve”. This is
a convex/concave inflection , which falls into your tub. Aiming cream at your
coffee mug would require some “offset”.

Refill the same cup, pour even slower, and form a third type of stream. Curving
around the lip, this stream flows on the outside wall of the cup, separating at the
bottom to form a backward arc (concave) into your tub. Aiming cream at your
coffee mug requires even greater “offset”.

Refill the same cup, but squeeze the rim into an oval, before pouring fast and
slow. This tends to exacerbate dribbling, to produce simultaneous forward and
backward streams, or to exhibit unstable movement (front to back).

Shift to a paper cup, which allows a sharply-folded “V-lip”, makes our
stream more 3-dimensional, and reduces dribbling. This accounts for the pointed
lip on lab beakers and cream pitchers.

Finally test vour teapots, which have various side-outlets, curvatures, extensions,
and end configurations. The best design has a hooked spout and downward free-
fall. However, this is vulnerable to chipping and breaking. We need a slip-on
attachment, suitable for any spout.

Conclusion: Dam spillways and broad-crested weirs are described by 2-dimensional
flow-nets, with streamlines (flux) intersected by isobars (pressure) at right angles. These
so-called “potential-flow fields™ apply as well to electric current, heat transfer, gravity
pull, magnetism, and solid mechanics. For an “ideal fluid” (having no energy losses from
friction, viscosity, hysteresis, or capillarity) there is a unique flow-net for any given
boundary-condition. The solution can be found by sketching (graphics), arithmetic
(relaxation) , conformal mapping (algebra), or finite elements (software). Thus, water and
air are virtually ideal fluids, as are many industrial fluids. Thomas Jefferson designed
“self-scouring plows” with conic sections (hyperbolic). Therefore, teapot dribble can be
predicted for “potential-flow” boundaries. Similarly, water is hydraulically pumped
through paperformer wires, running over “table rolls”.
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Programmable Powdered Preform
Process (P4)

Fiber Deposition

Chopped fiber and binder applied to lower screen.
Held by vacuum.

Consolidation
Upper screen compacts preform.
Hot air cures binder.

Cooling
Ambient air cools preform.

De - Molding
Preform removed from
the lower screen.
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Lower Cost Preforms for Lower Cost Molding
Processes

/Structural Reaction M
Injection Molding
(SRIM)

Resin Transfer
Molding (RTM)

Directed Fiber Preforms

* Chopped Fiber Vacuum
* Binder to hold fibers Assisted
in part shape _ (VEE¥M)
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DFP Composite Firefighter Helmets
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Directed Fiber Preform Niche

Performance (Properties)
— SMC < DFP < Continuous Fiber

Part Design
— Complex shapes
— Large parts take advantage of robotic automation

Quantity

— Medium to high volume: automation; amortize tooling &
equipment costs

Cost
— Raw material lowest cost form; negligible scrap rate
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P4 Composite Pickup Truck Box

Automotive Composites Consortium
(ACC) Focal Project

Fiberglass / Polyurethane
Structure, not just Liner

Performance Goal: 30% lighter than
Conventional Steel + Liner

Cost Goal: “Competitive” Rate
— 4 Minutes to Produce Preform (P4)

— 4 Minutes to Infuse (1000 ton
SRIM Press)
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Chevrolet Silverado Pickup Truck
Composite Box and Tailgate
Int’l Body Engineering Conf., Detroit Sept 99




059

Programmable Powdered ;»P,.reform.-'P,rocess
- for-Aerospace: Technology Spin-on!
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P4A Program Results

159

. Useful engineering properties | * Cost Savings
— 90% stiffness retention :
— 80% strength retention
— Better Compression After Impact

* Process enables complex
shapes to be fabricated

YC-15 Tailcone
80% Cost Saving |
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General Cost Trend for Carbon Fiber Tow Sizes
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Conclusions

 Directed fiber preform applications are growing
— Automotive
— Commercial
— Aerospace

 Multiple resin infusion processes are successful

e Strong customer interest
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