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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 demonstrationsthat 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. After 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 Materials Science, Engineering, and
Technology, (EMSET?2) 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 materialsscience, 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 McKenney and
Prentice Hall Publshing

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_Orsborn@prenhall.com

Or

To purchase the complete EMSET2 CD ROM (available Summer 2000) please reference ISBN 01 30305340
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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SUNDAY PROGRAM (Concluded)
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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 AROUND US
Presented by John Blendell and Ajit Jillavenkatesa
National Institute of Standards and Technology

METALS
Presented by Robert Shull
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 is a valuable tool for interpreting laboratory tests wherein ceramics and
glasses are broken under controlled 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  (“River lines”, “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.qov/webbook/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

lviii



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 rectangulaf 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

o . —30% al0- 15X
Zoom 6X or 10X Tohl /l(v..ﬁr.ﬁm 5- ‘{73!:11,

s /
bt exptnsive wmodel cou 9o p+— (600 200X
Good working distance (distance between objective lens and object being

examined!)

Superb depth of figld (U'!f‘lﬂ:t: }ee“ Autleed Juje.\ .

Low 474 (ACedn? [&4"" Crestly Shasoes
At tteutute thy Soncre feits
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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 observer; (b) a lateral twist in the tension axis causes the crack
surface to split into unconnected segments, each perpendiculﬁr to the new axis of
tension, the average crack surface coinciding 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

1. Whole Fracture Surface
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2. Fracture Mirror
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Frache patbrmr o Levw baro.

CRACK BRANCH AND DOUBLE

COMPRESSION CURL COMPRESSION CURL CAUSES A
COMPRESSION yd “Y* SHAPED PATTERN
TENSION ™ oRiGIN oriGiN
LOW ENERGY FAILURE MEDIUM - HIGH ENERGY FAILURE
FRACTURE SURFACE IS PERPENDICULAR TO UPPER FRAGMENT IS NOT IMPORTANT AND
TENSILE SURFACE CAN BE DISCARDED

A SECONDARY FRACTURE CAUSED BY THE
ELASTIC RELEASE WAVE - REFLECTIO|

OFF OF THE END FACES. o
NOTE THIS OFTEN OCCURS AT 2
LOAD PINS.
NOTE THE MIRROR IS ON WHAT
ORIGINALLY WAS THE
COMPRESSION SIDE. SECONDARY BREAK CRACK BRANCHES AND CURVES
/ OFTEN AT AN ANGLE BACK TO TENSILE FACE / / SECONDARY BREAK
PRIMARY FRACTURE - ORIGIN ORIGIN
MEDIUM - HIGH ENERGY FAILURE HIGH ENERGY FAILURE

O @ O
| [ ] ] 7 ]

/ N\ /

SECONDARY FRACTURE AT A PRIMARY - ORIGIN NEAR, BUT BREAK AT OR NEAR LOAD PIN.

LOAD PIN NOT DIRECTLY AT A LOAD PIN BEWARE OF MISALIGNMENTS
OR TWISTING ERRORS
MEDIUM - HIGH ENE LURE :
RQY FAILY NOTE ANGLE TO TENSILE SURFACE

PRIMARY FRACTURE OUTSIDE GAGE LENGTH
( LEGITIMATE DUE TO SEVERE FLAW

O
4

LOW ENERGY FAILURE
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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
rack

Coplanar ~
Crack ABRASIVE

— PARTICLE

PARALLEL
CRACKS

Ixx



E)‘ﬂ»a/é :
G(l A achiat b"?l

(Heson $pets5er)
Chard

k-7
Transerse

A0

B A
wealeest

Clotewy of | AW
e b N oS /
Mrror — ,' e el }___,____._.U;.f_.
hoth fractrd ¥

halves worvated Hox

A b bacle

Foaches Stannsy Elechza
Jurface MtMtn,e V""D .
— LJwIe Wi ro
~Aogp
,42:%? as;‘:'ew‘qm
/
-f/aw 1 35 ?
P e
(0;2:"7 Bum
J& cliwen s 7‘4 /J-E/ Lnt L so %A'/ %j,.o‘,,./ J}//’SC‘L K bl e

Ixxi



Ceramics Division Characterization of Fracture Origins : http://www.ceramics.nist.gov/webbook/fracture/frac0005.htm

MATERIAL: Hot-pressed Yitrle- : ‘: 2 7~
Tetragonal Zitvonia Polveryatal, M
sn-puaclined 0. M

TEST CONDITIONS: Fast fracture Z ’\.!4 , m7é”;

| e d-poing flexure at reom
temperature

g COMMENTS: o= 1019 MPa;

M
§ - Inclusion is Silleon | F /ﬂu/ !

{17 %, 10 x 20 v | M
A

-
SR ) Utsi7
MATERIAL: Sintered Sialon
with Yitels & Aloasing
additlons, sy-smachined P Vl ‘7"'
- TEST CONDETIONS: Fast :

fracrars b d-point fecure st | ( Erame C:

Pt tetnperature

| COMMENTS: 0= 545 MPa; 8 Fra {7f¢/{7

- Enclusion contalns Fo & Ce
(el
S te
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Biaxial Disk Strength Testing
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Fracture Mirrors

A = o \F

Fig. 1. Schematic of fracture surface of a brittle material subjected 10 a constant subcritical load, o. The solid
semielliptical 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 (rcs) mirror radii are shown with subscripts 1 and 210
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= A =0\R
Outer Mirror (mist/hackle) A, = Ay =0'R,
Branch Point A, = Ao = VR,

A's have units of Force / length’® ie. MN/m'® or MPaVm or ksivin

Note the Hierarchy:
K at the flaw
Apner at the mirror/mist boundary

A ter at the mist/hackle bbundary

Apranch at the branching distance
Theories:
Velocity Yoffe, 1951 Phil Mag, 42, 1951, p 739.
Energy Johnson and Holloway, 1966 Phil Mag, 14 (1966) p 731.
Stress Orr, 1972 "Practical Analysis of Fractures in Glass Windows, Mater.
Res.and  Stand, Jan. 1972, pp 21-23, 47
Stress Intensity Clark, Irwin, 1966; Expl. Mech., 23 1966, p 321.
Kirchner, 1987 H. Kirchner and J. Conway, "Criteria for Crack Branching in

Cylindrical Rods: Part I, Tension, and part ll, Flexure, J. Amer.
Ceram. Soc. 70 #6 1987 pp 413-425.

Strain Intensity Kirchner s 1986 H. Kirchner, "Brittleness Dependence of Crack Branching in
Ceramics,” J. Amer. Ceram. Soc., 69 #4 1986, pp 339-342.
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cer-mird.gr
February 10, 2000

;s:scun;lrlll_::s;}ng‘ cerm.al2xis files which have all data - - »
e ke Fracture Mirror Size Analysis
includes NIST 600 grit
stress=A./VR
* Stress is corrected for location for the rod origins.
* Residual stress assumed to be zero. UW M [d%r/’(e/ 07(
* Mirror radius is the average of deepest R,
and 2R along surface, or 12e)
averagedof two diameters if origin in interior. 4 ar- Mma V.
* Wild sterec M-10 microscope at 32-63X only! * . Gu,“ 3
* Mirror boundary is onset of hackle and (amv\m[ S.'3 t €.

major roughness change relative to the
"bumpy" mirrar characteristic of this material.

Mirror Radius, R (pm)

1000 600 400 300 200 150 100 80 60
1000 11 — i
— 140
| Ceradyne B
SRBSN 147 - 31N
— 120
800 —
A =847 MPam for RODS B
7 — 100
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S 600 L
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// B
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A 40
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;,/ Al 4:,{-;.3 ot /aa/ta_.- fexcvre. L
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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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Side window fracture. Tempered glass.
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Ceramics Division Characterization of Fracture Origins http://www.ceramics.nist.gov/webbook/fracture/fracture.htm;?
— e
For More T ptraa ﬁm

5 and En Laborutory |

Natiang|

teram[cs | 5 : s : ‘ Lt ... Shendards and

Home = " Ceramics WebBook ite e Search

The strength of mény‘ édvanced cérémics reflects the ﬂawé présent in thé'bma{erial and the material's intrinsic
fracture toughness. Monolithic ceramics and some composite ceramics (i.e., particulate- or whisker-reinforced)
will fail 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

Ejhef use of the term "flaw" does not imply that a ceramic product has been prepared improperly or is somehow
efective.

Strength-test results must be interpreted in the context 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 exceptionally
versatile means of accomplishing this. See ASTM C1239 for more details on Weibull analysis of strength data.

American 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 (geoa@nist.gov).

Background and General Information
Fractographic Montages

Labelled Weibull Graphs
Photographic Recordkeeping

FraCture‘Oriinnv Characterization and the Flaw Catalog

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

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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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 piece of cardboard. Use the alligator clips to attach the wire to the
sharpened pencils and the 9V battery.
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Procedure:
1) Put distilled 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 Y teaspoon 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 alarge 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. Inall 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 € -—----mmn-mmv - 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.

R0 : ECT) P — > 0:(p) +2Hy0 (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, if it 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]

If the 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).

References

Brown, LeMay, and Bursten, Chemistry, The Central Science, 8™ Edition, Prentice-Hall
(2000)
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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:

1. 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 (LAO). LAO 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 c) 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

(220)
(311)

¥ (400)

20 | 30 40 50 60 70 80
2th (deg)

(331)

Intensity (arb. units)

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

with the structural analysis of powders. They do a 8 — 28 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

6-26 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 6—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)

ﬂ """"""" 20 mins
q — 30 mins

Intensity (arb. units)

i
- S
)
S
2
Z

4 45 50 55 60 65 70 75 80
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 6 is obtained. The
value of 6 maximum is defined as one-half of 23.4°. Then they take a 620 to make sure
the centering has been done correctly and to check the maximum. The process is
illustrated in Figures 3 and 4.

The students then study the PZT films as a function of thickness. One group
receives the 500A sample and the other receives the 2500A. The sample is centered
according to the previous paragraph, at the same 26 as before, since the films have been
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— theta centering

Intensity (arb. units)

) M 1 N i v 1 v 1 v 1 v 1 v 1 v ) v 1
11.4 11.6 11.8 12.0 122 124 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)

T M T v T v T v T M T v T

20 21 22 23 24 25 26

2th (deg)

Figure 4. 620 scan of the 23.4° peak of LAO, after 6 was reset as explained in Figure 3.
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Figure 5. Superposition of the 500A and 2500A films, showing that for S00A film has a
larger c-axis parameter (a smaller 20). The S00A was a larger sample: that’s why it has a
stronger signal.

grown on LAO. A 6-260 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 S00A 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 lattice 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; c. 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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KEY WORDS
Microwaves, Temperature, Heat Distribution, Frequency

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.

6 22,5{}.«3 7O0 ;.amem
<t \igible
Spectrum

Waveiength {pm} . ~ V Wave!engm pm
106105 107 102 102 uﬁ A % 10* 10° 10°® -. b

&

g

tT‘v'fRadm
Microwave

&, e
A{Thefmai

infrared i

Mear & Mid
Figuré A. Electromagnetic Spectrum from radio waves to gamma rays

infrared

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.
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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:

|

ﬂgui‘e 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 . It 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 times.

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 (°C)
probe (x axis) probe (y axis)

0 -4 4.16667
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 3.5

0 0 427778
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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 4.125

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 4.91667
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 4.85714
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Trial S/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 10 4.71429
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 4.2
-3.535 -3.535 6.25

0 0 4.25
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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 fluid is an active and intelligent material that changes
its flow characteristics when subjected to an electrical field. Response,
which takes only milliseconds, 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 possible. This technology will allow 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-rheological clutch assembly and power supply.

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

Observing the tunable clutch assembly:

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
proportionally 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):

“I'don’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.”
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“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 I
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’.”

“T'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 Ty, 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 %" 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
ﬁ’x’turé is attached to an aluminum hangar for the weights. The hangar is composed of a threaded
rod atid 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 Ibs. 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 a
higher temperature effect.
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As can be seen in 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.

'“_\;‘ﬁ";-’\g*-{wi!

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 engineering 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 allow 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 windmill
is on one end and the propeller is on the other. The rod may include small bearings or plastic or
Teflon 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 drill
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 longer than the other two.

Bow - The front of the huill.
Stern — The rear end of the hull.
Aft — Toward the stern 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 blades 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

90



“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 all 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 is a D. If t < 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*(si-s)/t=100*As /1t

Where, t = time of travel (seconds); must be greater than 5
s; = initial distance from the reference point (ft)
s¢ = final distance from the reference point (ft)
As = s; - s¢ (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 local 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 vessel 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 display.

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 propelier’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=2ApV?(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
Pu= 2 Ay pu (U+V)* (1-au)* a )

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

and the windmill’s drag, Dy is

Dw= 2 A pw (U+V)2 (1-aw) aw (6)
and the windmill interference factor is
aw="%[1- (U4V)/(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.

2ApV?(1+a) a= 2 A, pu (U+V)* (1-ay) aw ©

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

2ApV® (1+a)?a= 2 A, pu (U+V)’ (1-au)’ aw (10)
Dividing (10) by (9) results in

V (1+a) = (U+V) (1-aw) (11)
or
V = (U+V) [(1-aw) / (1+a)] (12)
Since the ranges of the interference ratios are
0<a,<% and 0O<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/windmill area ratio can be
estimated from

AJAy = [pw/p] [(1+a)/a] [a/(1-au)] (15)
where, for a,, = 1/3 and p,/p = 1833, then the area ratio is
A/A, = [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,
Cp = Pactual / Pideal = 4aw (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,
alternative 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,

o 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 Foundation§ 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 engineerd 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),

L

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 data. 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
Processing ——t———Structure Figure 2: The chain approach where it is
: presented that processing affects structure,
\ / 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 58Sn-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 at 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

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 calculate 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.

Processing 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 not make the connection to small
grain size. When asked to rate how well the following learning objective was satisfied, 7o
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 mmol/L of potassium dihydrogen
phosphate and 12.6 mmol/L of phosphoric acid at pH of 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.
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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 H;O — (Caz (PO4)2)x0yH2O (gel) + 6 KCl
(Cas (PO4)2)xeyH20 (gel) — Caz (PO4)203H,0 (ACP)! + (y-3) H,0
5 Ca3 (PO4),03H,0(ACP) — 3 Cas (PO4)3(OH)(apatite) + H3PO4+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.

3CaCl;+2KH,P04+2K,CO3+ Hy0 — Ca3(PO4),03H,0(ACP) + CO, T
5Ca3(PO4)2#03H,0(ACP)—3Cas (PO4)3(OH) (apatite) +H3PO4+ 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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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) Ib-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

3. (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 model 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-) b 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 kit.

2. Each kit consists of:
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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.

Regardless 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, = OpanlOu (1)

where o, = maximum normal stress, and
O, = 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, 0, Which is defined as

nknot = Fknot/F 0 (2)

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

For 6-1b test Berkley Trilene XL 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)

1. 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.
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C. TENSILE TESTING OF KNOTS

1. 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.

1. 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 line:
a. Calculate fracture strength, o, for each line specimen without knot using the

engineering stress relationship (e.g., Eqn. (2-1), Ref. [14]):
o; = F/(nd Y/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, o, of this
determination.
3. Knot efficiencies:

a. Calculate the efficiency of a given knot using Eqn. (2), where both forces have
units of 1b,.

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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measurements themselves. The data sets appearing in this section are considered to be
representative for Berkley 6-Ib test line and the various knots that were evaluated. A complete set
of measurements obtained for Berkley 4-1b 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 I for Berkley 6-Ib test line without knots.
The average fracture force was 7.96 Ib; (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 maximum/fracture force to 4.77 Ib; (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 1b; (29.3
N), 6.76 Ib; (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, all 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 T6X1.0401).
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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).
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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-Ib test Berkley Trilene XL
line was chosen as well as analogous 4-Ib 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 machine, 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
is 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 experimental
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, Iowa 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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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 inserts 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 A, to

final area A ¢(or from the original length L to final length L), is considered to be the
sum of ideal work U; , frictional work Urand redundant work Uy i.e.,

U= Ui+ U+ U, O

U; is computed from the properties of material and extrusion ratio R, where R= Ay/A¢
Also, R can be related to the absolute value of the true strain € as !

e=1n (AJA) =In (LfLo) =In R @
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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=uALo 4
This work is supplied by the ram force F that travels a distance Ly as seen in the Fig. 1
Work =F Lo= p Ao 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=YIn(Ay/Ayp (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 p can be expressed as:

p=YI[l+(tan o) /p][(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 Dy* /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=17YIR (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.

2
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Fig.2 Bxtrusion 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]. It 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. Itis 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 is 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.

ig.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

Amy C. Payne,” Kara A. Schnell,? Franz J. Himpsel,” Arthur B. Ellis®
Department of Chemistry® and Department of Physics®
University of Wisconsin — Madison :
Madison, Wisconsin 53706

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.

b

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.*

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:

I. 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? 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 = [(PH - 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 Experirnenf.

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 lit?
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 1 (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. 8

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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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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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 shipping included) US  nonUS! Total
90-002  Optical Transform Kit (Second Edition) $§2000 $4500 S
90-002S 10 copies of 35-mm Unit Cell Shide for Optical Transform Kit $2100 $4600 §$
93-003S 10 copies of 35-mm Discovery Shde for Optical Transform Kit $2100 $4600 $
93-004S 10 copies of 35-mm VSEPR Slide for Optical Transform Kit $2100 $4600 §
93-005S 10 copies of 35-mm Plane Groups Slide for Optical Transform Kit $2100 $4600 $
92004  Solid-State Model Kit —deluxe version (includes instruction manual) $13000* $19500* §
94-006  Solid-State Model Kit —student version (includes instruction manual) $9500* $14500* S
94-007 Instruction Manual, Solid-State Model Kit (additional copy) $2000 $4500 $
99-001  DNA Optical Transform Kit $§2200 $4700 $
99 001S 10 copies of 35-mm DNA Optical Transform Shide $2200 $4700 §
20-001  Exploring the NanoworldKit NEW! $2600 $4800 $
20-002  Amorphous Metal Demonstration Kit NEW! $§5000 $10000 $

Product Subtotal (Standard shipping 1s included n the price)
Discount (If applicable, see Discount Policy below )

RUSH Shipping __add$15/item (US)or __$30/1tem (non US)
Indicate items for RUSH Shipping by placing a “#” along with the quantity to be sent RUSH 1n 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 )

tCustoms and import fees are the responsibrlsty of the purchaser
DiscountPolicy* 10% for 10-49copies, 15% for 50or more Appliesonly toProduct 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 bea $30 charge onall returned
checks Books and kits are not available for preview No refunds, returns, or exchanges

Method of Payment.
] Payment* enclosed $
[ Mastercard® [ Visa®
CREDIT CARD # o ___(F1llin phone number below )
Expirationdate: Month __ Year _ _ Signature
Daytime phone number _ - -
Ship to: (Pleaseprnt) Credit Card Billing Address: (if different)
Name Name
Institution Institution
Street Address Street Address
City City
State/Country State/Country
Zip (Postal code) Z1p (Postal code)

Return Orders, with Payment, to:

INsTITUTE FOR CHEMICAL EDUCATION Phone 608/262-3033
Unuiversity of Wisconsin-Madison Toll-Free 800/991-5534

Department of Chemustry Fax 608/265 8094
1101 University Avenue . . email ICE@chem wisc edu
Madison, WI153706-1396 Prices effective through June 30, 2001 www http //1ce chem wisc edu

191



192



GATEWAY ENGINEERING COALITION
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New York, New York 10027

Telephone: 212-854-2986
e-mail friedman@columbia.edu

and
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Education Coalition

fromm@drexel.edu
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