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PREFACE 

The 17th Annual National Educators' Workshop, NEW: Update 2002, faced many challenges due 
to thc slow economy; however, the hard work and creativity of the Organizing Committee, host 
institutions, and agcncies resulted in a most successful event in fantastic venues. NEW:Updatc 
2002 was built on themcs. activities, and presentations based on extensive evaluations from 
participants of previous workshops as we continued efforts to strengthen materials and technical 
education. About 125 participants witnesscd dcmonstrations of experimcnts, discussed issues of 
matcrials science and engineering (MS&E) with people from education, industry, govemment, 
and technical societics and heard plenary sessions on leading edge developments. As seen in this 
conference proceeding. participants were fortunate to engage in valuablc mini workshops in 
state-of-thc art laboratories. Faculty, from as far as Australia, wcrc in attendance representing 
high schools, community colleges, smaller collegcs, and major universities. Undergraduate and 
graduate students also attended and prcsented. 

Our local hosts were key to quality events. Organizers from San Jose State University, IBM, 
Seagatc, SEM\. and UltratechStepper coordinated the many scientists, engineers, professors and 
other statI by providing funding, opening their facilities, and developing presentations and 
activities. NEW: Update 2002 participants saw demonstrations of about fifty experiments and 
aided in evaluating them. We also hcard updated infomlation relating to materials science, 
engineering and technology presented at mini plenary sessions. Local faculty listed in this 
confcrence proceeding tackled numerous challenges to keep NEW: Update 2002 on track. 

This publication provides cxperiments and demonstrations that can serve as a valuable guide to 
faculty who are interested in useful activities for their students. The material was the result of 
years of research aimed at better methods of teaching technical subjects. The experiments 
developed by faculty, scientists, and engineers throughout the United States and abroad add to 
the collection from past workshops. They include a blcnd of experiments on new materials and 
traditional materials. 

Experiments underwent an extensive peer review process. AHer submission of abstracts. 
sclected authors were notified of their acccptancc and given thc format for submission of 
experiments. Experiments were reviewcd by a panel of specialists through the cooperation of the 
International Counci! for Materials Education (ICME). Coml11ents from workshop participants 
provided additional feedback, which authors used to make final revisions, which were then 
submitted to the NASA editorial group for this publication. 

The ICME encourages authors of experiments to submit their work to the .lournal of" Materials 
Educatio/) (.lME). The .lME offers valuable teaching and curriculum aids including instructional 
modules on emerging materials tcchnology. experiments, book reviews, and cditorials to 
materials educators. See .lME subscription information on pages xvii - xx. 

Critiques were made of the workshop to provide continuing improvement of this activity. Thc 
evaluations and rccommendations made by participants provide valuable feedback for the 
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planning of subsequent NEW:Updates. NEW:Update 2003 will be hcld in lIampton and 
N ewport News, Virginia, on October 19-22, 2003. Hosts include NASA Langlcy Research 
Ccnter, Thomas Jefferson National Accelerator Facility, and Norfolk Statc Univcrsity. Pleasc 
see http://MST-Online.nsu.edu.ClickonNEW:Update2003fordevelopinginfonnation.Join 
us on the beautiful and historic Virginia Peninsula. 

NEW:Update 2002 and the series ofworkshops that go back to 19R6 arc, to our knowledgc, the 
only national workshops, or gatherings for materials educators that have a focus on the fuI! range 
of issues on strategies for better teaching the fuI! complement of materials. Displays by 
publishers, technical societies, and equipmcnt suppliers added to the workshop's valuc. 

We demonstrated the second edition of the CD-ROM Experimc/lt.\· in Matcria!s Scic/lcc, 
Enginecring and Tech/lo!ogv 2 (EMSET2) with over 350 experiments from NEW:Updatcs. This 
CD-ROM is anothcr example of cooperativc efforts to support materials cducation. The primary 
contributions came from the many authors of thc demonstrations and experiments for 
NEW:Updates. Funding for thc CD carne from both private industry and federal agenclCS. 
Please see thc infonnation on page xiii for obtaining the CD. 

Special thanks goes to those on our national organizing committee, management teaIn, hosts, 
sponsors, and especially those of you who dcveloped and shared your ideas for expcriments, 
demonstrations, and innovative approaches to teaching. 

Thc Organizing Committee hopes that the experiments and technical updated material in this 
publication wil! assist you in teaching materials science, cngineering and technology. We would 
Iike to have your comments on their value and suggestions for their improvment. Please send 
comments to Jim Jacobs, School ofScience and Technology, Norfolk State Univcrsity, Norfolk, 
Virginia 23504 or e-mail to dplaclairc@nsu.edu. 
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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 pa pers were published in an annual compendium, with the generous support of NASA. 

Now, with the assistance from NASA and many other govemmental, educational and industrial organizations, 
we have been able to publish thirteen yearly volumes ofthese papers in an easily used format, the EMSET2 CD 
ROM. This is an expanded and updated version ofthe original EMSETCD ROM. This new version runs on aII 
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: 

'" Structure, Testing and Evaluation 
'" Metals 
'" Polymers 
'" Ceramics 

'" Composites 
'" Electronic and Optical Materials 
'" Materials Curriculum 

The user can !ind 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 ofthe 
paper(s), including text, graphs, pictures, formulae, etc. or by printing the paper as wrinen or even by copying 
the text and/or graphics into a word processor for editing. 

To preview an individual demo version please reference ISBN 0-13-019475-1 and contact: 
Melissa Orsborn 
Prentice Hall 
445 Hutchinson Ave. Fourth Floor 
Columbus, Ohio 43235 
1-800-228-7854 ext. 3622 
MelisS3_ Orsborn@prenhall.com 

ar to purchase the complete EMSET2 CD ROM please refercncc ISBN 0-13-030534-0 and contact: 
Prentice Hali Customer Service 
1-800-922-0579 
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NATIONAL EDUCATORS' WORKSHOP 

NEW:Update 2002 

WORKSHOP AGENDA 
AT 

SAN JOSE STATE UNIVERSITY 

SUNDAY, OCTOBER 13, 2002 

\ :00 - 3:30 p.m. 

3:30 - 3:45 p.m. 

3:45 - 5:00 p.m. 

5:00 - 7:00 p.m. 

Lab Tours 

Department of Chemical and Materials Engineering 
Materials Engineering Labs 
Microelectronics Process Engineering Lab 
Biochemical Engineering Lab 

Department ofTechnology, SJSU 
Product Design and Development Labs 
(Integrated instruction in Product Design, Materials and Processes 

We\come Remarks 
Dr. Belle Wei - Dean, SISU College of Engineering 

NANOTECHNOLOGY: OPPORTUNITIES AND CHALLENGES 
Meyya Meyyappan - NASA Ames Research Center, Director, 

Center for Nanotechno\ogy 

Reception sponsored by College of Engineering, San Iose State University 

XXXI 



SUNDA Y PROGRAM 

San Jose State University 
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SUNDA Y PROGRAM (Continued) 
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SUNDA Y PROGRAM (Concluded) 

Kyo Song, Jim Jacobs, Aaron Blicblau, Bill CaIlister and Ricardo Simoes 
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Group A - Fremont site: 

MINI WORKSHOPS 
MONDAY 

SEAGATE 

Making a Magnetic Disk 
1) Magnetic !ayer (MDP) 
2) Carbon and lubricant 

Thin Film Characterization 
3) Thin film composition and thickness (ESCA) 
4) Lub !ype and carbon film composition (SIMS) 

Group B - Milpitas site: 

Reliability at Head-disk lnterface 
5) Mechanical tests (CSS, LJMT, Flyability) 
6) Electrica! test (Discharge, voltage breakdown) 

Failure Analysis 
7) Surface Analysis (AES, AFM) 
8) Corrosion (FTIR, HC J, S04 pickup) 

SAN JOSE STATE UNIVERSITY 

Solar cel! fabrication workshop at SJSU's 
Microelectronics Process Engineering Lab 

LOCKHEED MARTIN 
(open only to lJ. S. citizens who have previously registered 

and been cleared by security 

1) Remote Sens ing Space Sciences 
2) Solar Array Produc! Center 
3) Commercial Satellite Center 
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MINI WORKSHOPS (Continued) 

Seth Bates 
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MINI WORKSHOPS (Continued) 
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MINI WORKSHOPS (Continued) 
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Seagate Educator's Workshop - Carbon and Lubricant 

f\'llke SI irrllfTkHl 1 ()-14 02 Sllde 1 
HecnrdlllCJ Meciia Orer3tions 

This is not how to 
lubricate the thin 

film media used in a 
hard disk drive 

Zdol, Mn = 2900 

&seagate. 
Information the way yeli wan! it" 



Purpose of the lubricant is to protect your data 

, 
"soft" magnetic layers 

Lubricant, water, diesel fumes, plasticizers, etc. etc. 

J 

IAlke Stirnimall 10-1402 Sllde 2 
f\ccordlflp Mndlil Opmatlo/1s 

More real 
structure 

&}> Seagate. 

) 

Information Ihe way rau 11'301 II . 



Lubricant physics 

• Two regimes for lubrication: 

• Hydrodynamic (i.e. bearings): The surfaces are kept separated by 
a film of liquid, and bulk properties such as viscosity are used to 
describe the behavior through e.g. the Reynold's equation. 

• Boundary: A molecularly thin layer of material is used to reduce 
friction and prevent wear while the two surfaces are in intimate 
contact. Engine oii additives work in the boundary regime, and are 
designed to prevent wear during startup and before the parts are 
separated by the liquid film of oiI. 

• Disk drive lubrication is always in the boundary regime, and 
understanding of the dynamics at the molecular level is required. 

t.1Iki? Slirnim;1!1 101402 Slide:l 
I'~ecordlng Media Operatlons 

&Seagate. 
Information the way rau want il,. 



What is the lubricant? 

• For many years, the most widely used lubricants have been some type 
of perfluoropolyether 

• PFPEs are used as chemically inert vacuum pump fluids in the chip 
industry, and as ultra-Iow volatility lubricants in the space industry 

• A chemically inert, low volatility lubricant is exactly what we need 

• Rubbing two surfaces together can cause many kinds of chemical 
degradation, including mechanical shear, triboelectrons, 
loacalized thermal degradation, etc. 

• The lubricant must be very thin, otherwise it increases the 
distance between the head and the magnetic layers - very bad 

• Because it is so thin (about 1-2 molecules), the vapor pressure of 
the lubricant needs to be in the 10.10 Torr range to prevent 
appreciable evaporation over the life of the drive 

r;1iku Stirnirmm 10-1402 Slide 4 ~ 5eagate. 
!\l;cordlflg Media Operallolls 'filormallO" the way r011 O'anlll, 



Application of a uniform monolayer film 

1. Prepare a dilute 
(0.1% w/w) solution 
of PFPE in a volatile 
fluorinated solvent 

Mlke Stlrl1ll1l3111 o 1402 Slicle 5 
f\eCOIcllll() Media Oper:ltiolls 

2. Submerge the 
disc in the solution 

3. Slowly withdraw the disc, 
dragging a thin meniscus of 
solulion wilh it. After the solvent 
evaporates, a uniform film of the 
non-volatile lubricant remains 

t I 
Sidevie~ 

&9 5eagate. 
Informa/ion /he war yau wanl it .• 



How is the molecularly thin layer measured? 
• Reflection Fourier transform infrared spectroscopy (FTIR) is used to 

measure the intensity of the stretch and bend modes of the carbon
fluorine bonds of the lubricant, and that intensity is compared to a 
calibration determined using X-ray photoelectron spectroscopy. 

1. Measllre a 
backgrollnd 
spectrllm of an 
unlubricated disc 

-.\ 

2. Measllre the 
spectrum of a 
Ilibricated disc , 

./ 

3. SlIbtract the backgrollnd 
spectrllm from the Ilibricated disc 
spectrllm, and the difference is the 
additional carbon·flllorine bond 
mode~ of the lubricant - . 
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Media Sputter Technology 



Outline 
1. Magnetic Storage (HOD) Industry 
2. Magnetic Media Technology 
3. Sputter Technology 
4. Opportunity & Challenge for Magnetic 

Material Scientists and Engineers 



1. Hard Disc Drive Industry Over View 



Recording Head and Media 
'" Relationship of RemicI' and Writer 
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Areal Density Demonstrations 

Other Significant 
Areal Density 
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Trajectories - Areal Density 
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Recording Media Process Flow 
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Recording Media Process Flow 
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Recording Media Process Flow 
I \}"I"" "'''1'''''''' t.. ' 

l . lU! )(' 

Degrease 

2nd Lube 

~: 

Wipe 

1, f;;rîlrlJ1Îj;1 ~ 
• \ ~) il- '! " > \' 



Structure of Magnetic Thin Film Media 
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Cross-section TEM image:Glass Media 
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Grain Boundary Segregation 

CI' .ÎlIlllP rallo imagc f3oron jump rat in i magc 



o 

Carbon Overcoat: 30 A 

2023-1 



Critical Role of Each Layer 
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MDP sputter Machine Configuration 
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Media Parametric Performance 

~ • High signal amplitude and low noise power. 
• Good writability. 
• Good reliability of Signal to Noise (BER) 
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Where is the link? 
Good Inaterials scientists and engineers. 
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Critical to Media Performance 
• Processes (sputter) and Inaterials selection 

determine thin film microstructure. 
• Engineering surface chemistry and lattice match 

belween each adjacent layer to achieve fine grain size 
and preferred crystallographic orientation. 

• Properly alloying magnetic materials 10 achieve 
optimum grain boundary segregation. 

• Thin fihn Inicrostructures determine magnetic 
Inedia perfonnance. 

II Highly HCP c-axis in-plane film will provide highest 
signal amplitude. 

• Grain boundary segregation of non-magnetic rnaterials 
will minimize intergranular exchange coupling for 
sharper transition and lower noise. 



4. Challenge & Opportunity 
1. Dimension: 

• Recording bit length is in sub-50 nanometer range. 

2. Technology: 
.. Complex states of magnetic reversal need 

--- Modeling anei characterization of magnetic behavior 
>< 
~: -- Metrology tool to measure response 

- Thorollghly lInderstand materials-strllcture-property. 

3. Product Integration: 
• Reliability & process capability of ultra-thin magnetic 

film is a big challenge and requires novel process 
approach 

• Equipment, rTIonitoring and testing tool for ultra-thin 
film processing is still in development 



4. Challenge & Opportunity 

As nlaterial engineers / scientists in recording 
[ nledia "industry, our strength have always been 

J<nowing the interrelationship among 
Inaterials(processes)-microstructure
property(performance). It's agreat opportunity to 
extend our strength to overcome the future 
challenges and fulfill our drearn. 
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New Material Science Technology 
The Soliels. Mctals. Ceramics. I'olymers. and Compositcs unit" form the new Material Science 
Technology c()urse rrom Eel. Each unit covcrs one of the hasic categorics of materials hy 
colllbining thcory with hands-on expericncc. Material Scicnce Tcchnology utilizcs a "Icarn as 
you creatc" process which develops the tcchlliqucs and amihutes thm help makc sllccessful 
cngineers. scicntists. and technicians. 

The curriculum and equipment for Ee!'s Material Scicllce Technology lahoratory course is 
dcsigned ami packaged to ll1akc this unique program practical for ill1plcll1cntation in your 
school. Each unit includes a slUdcntlah text, sludentjournal, instructor's guidc. lah equipment, 
tools. <lnelllluterials, aii of whieh mect lOC:!" high quality standards. 

For further information contact Energy Concepts, Inc at: 1-800-621-1247 
Or visit our web site: www.eci-Info.com 
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NANOTECHNOLOGY: OPPORTUNITIES 
AND CHALLENGES 

Meyya Meyyappan 

Director, Center for Nanotechnology 
NASA Ames Research Center 

MS 229-3 
Moffett Field, California 94035 

Telephone: 650-604-2616 
e-mail Meyya@orbit.arc.nasa.gov 
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NANOTECHNOLOGY: OPPORTUNITIES AND CHALLENGES 

Nanotechnology seeks to exploit novel physical, chemical, biological, mechanical, 
electrical, and other properties, which arise primarily due to the nanoscale nature of 
certain materials. 

A key example is carbon nanotubes (CNTs) which exhibit unique electrical and 
extraordinary mechanical properties and offer remarkable potential for revolutionary 
applications in electronics devices, computing, and data storage technology, sensors, 
composites, nanoelectromechanical systems (NEMS), and as tip in scanning probe 
microscopy (SPM) for imaging and nanolithography. 

Thus the CNT synthesis, characterization, and applications touch upon ali disciplines of 
science and engineering. 

This talk will provide an overview and progress report on this and other major research 
candidates in Nanotechnology and address opportunities and challenges ahead . 

.3 



M. Meyyappan 
Director, Center for Nanotechnology 

NASA Ames Research Center 
Moffett Field, CA 94035 
meyya@orbit.arc.nasa.gov 
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• Impact ofNanotechnology on various sectors 

• National Nanotechnology Initiative 

• Carbon Nanotubes 
- CNT - growth and characterization 
- CNT based microscopy 
- CNT based biosensors 

• Some other Nano examples 

• Educational Issues 
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,&__ Some FundamentolSdence I.ssues 

1. What novel quantum properties will be enabled by nanostructures (at room temp.)? 

2. How different from bulk behavior? 

3. What are the surface reconstructions and rearrangements of atoms in nanocrystals? 

4. Can carbon nanotubes of specified length and helicity be synthesized as pure 
species? Heterojunctions in I-D? 

5. What new insights can we gain about polymer, biological. .. systems from the 
capability to examine single-molecule properties? 

6. How can one use parallel self-assembly techniques to control relative arrangements 
of nanoscale components according to predesigned sequence? 

7. Are there processes leading to economic preparation of nanostructures with control 
of size, shape ... for applications? 
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• Transportation 

• National Security 

• Space exploration 



Present 
Personal computing 

Future 
Ubiquitous computing • thousands of computers sharing each 
and everyone of us; computers embedded in walls, chairs, clothing, 
light switches, cars .... ; characterized by the connection ofthings in 
the wor1d with computation. 
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SlnsarSi lor' Ihe 

• Automotive electronics to grow to $30 Billion by 2005 

• Pressure to keep cost of devices low is enormous 

• Sensors in use now include monitoring wheel speed, pedal positions, oxygen sensors to check 
exhaust, accelerometers to detect sudden stops, pressure and temperature sensors 

• Future systems 
- Collision avoidance 
- Break-by-wire, steer-by-wire systems (slowing the car and guiding electrically 

instead of manually) 
- Sensor systems when new fuel sources become common 

• Challenges 
- High temperature survival of sensors 
- Withstanding mechanical shock, hostile environment 
- Conditions: sever swing in T; variable humidity; roall salt; noxious gases; 

f - lOg; - 10 year life-time 

• MEMS made it in the airbag. But the car interior is a benign environment. Will MEMS work 
elsewhere in the car? 



lanoalaclltDIC,s:WllaIlslElliaclad Irem 
_lIIcIIIlllIialt', 

• Must be easier and cheaper to manufacture than CMOS 

• Need high current drive; should be able to drive capacitances ofinterconnects 
of any length 

• High level ofintegration (>10 10 transistors/circuit) 

• High reproducibility (better than + 5%) 

• Reliability (operating time > 10 years) 

• Very low cost ( < 1 f..lcentltransistor) 

• Everything about the new technology must be compelling and simultaneously 
further CMOS scaling must become difficult and not cost-effective. Until these two 
happen together, the enormous infrastructure built around silicon will keep the silicon 

engine humming .... 
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~. Materials emd Monufoduring·· ......• ~tsearcJ1 Cente, 

H ....... "' ....... o.o.&"' .. ,,, .. v"' ........ ,adapiive materials 
- Self-healing materials 

• Challenges ahead 
- Synthesis, large scale processing 
- Making useful, viable composites 
- Multiscale models with predictive capability 
- Analytical instrumentation 



Materi,als and Man.u.foctu'ring 
Some Recent Advanc,es 

• Carbon Nanotubes 
• N anostructured Polymers 
• Optical fiber preforms through sol-gel 

processing of nanopartic1es 
• Nanopartic1es in imaging systems 
• Nanostructured coatings 
• Ceramic nanopartic1es for netshapes 

Source: IWGN Repor1 



Health and Medicine 
• Expanding ability to characterize genetic makeup will 

revolutionize the specificity of diagnostics and 
therapeutics 

- N anodevices can make gene sequencing more 
efficient 

• Effective and less expensive health care using remote 
and in-vivo devices 

N anotube-based 
biosensor for 
cancer diagnostics 

• New formulations and routes for drug 
delivery, optimal drug usage 

• More durable, rejection-resistant artificial 
tissues and organs 

• Sensors for early detection and prevention 



Energy ond Environment 

• Nanotechnology has the potential to impact energy efficiency, storage and 
production 

• Materials of construction sensing changing conditions and in response 
altering their inner structure 

• Monitoring and remediation of environmental problems; curbing 
emlSSlons; development of environmental friendly processing 
technologies 

• Some recent examples: 
Crystalline materials as catalyst support, $300 b/year 
Ordered mesoporous material by Mobil oiI to remove ultrafine 
contaminants 

- Nano-particle reinforced polymers to replace metals in automobiles to 
reduce gasoline consumption 



Niotional Security 

Some critical defense applications of nanotechnology include 

• Continued information dominance: collection, transmission, 
and protection 

• High performance, high strength, light weight 
military platforms while reducing failure rates and 
life cycle costs 

• Chemical/biological/nuclear sensors; homeland protection 
• N ano and micromechanical devices for control of 

nuclear and other defense systems 
• Virtual reality systems based on nanoelectronics for 

effective training 
• Increased use of automation and robotics 
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• NNI has been effective since FYOl. President's request for FY03 $679 M, representing 17% 
mcrease 

• Proposal to introduce a Nanotechnology Bill in Congress is at early stages 

• "Detection and Protection" gaining importance 

• Biggest portion ofthe funding goes to NSF 
- FolIowed by DoD, NASA, DOE, NIH 
- AII these agencies spend most oftheir nano funding on university programs 

• Very strong activities in Japan, Europe, China, Singapore, fueled by Govemment Initiatives 

• Nano activities in U.S. companies: IBM, Motorola, HP, Lucent, Hitachi USA, Coming, DOW, 
3M ... 

- In-house R & D 
- Funding ventures 

• Nano Centers being established at Universities alI across the world 

• Emerging small companies 
- VC funding on the increase 



G d· C'; l't' '·',ran (; , ,00 1 ,IOn 

• Academia will play key role in development of nanoscience and technology 
- Promote interdisciplinary work involving multiple departments 
- Develop new educational programs 
- Technology transfer to industry 

GovernmentLabs will conduct mission orien 
t- "_ _ _, y'--;- ',-'' -___ -',~ 

- ProVide1ai'ge scale facilities and irtthlSttuc 
• 

..t~.chnol()jytransfer to industry 

4J~otechnology 
;(or nanotechnology 

• GoverîlmentF'IlD.ding Agencies will provide researchftmding to 
'lrtdustiyth:toughthe NNI and other programs (SB,IR, S~"ATP ... ) 

• lndustry will invest only when Pro9ucţ&ai'ewitl1in 3-5 years 
- Maintainin ... house research, sponsor precempetitive research 

Sponsor technology start-ups and spin-offs 

• Venture Capital Community will identify ideas with market potential and help to launch start
ups 

• Professional societies should establish interdisciplinary forum for exchange of information; 
reach out to international community; offer continuing education courses 
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Why Nanotechnol:ogy al NA.S,A?i 

spectrum of opportunitiesto .. 
device components and systems· for 
entirely new space architectures 

N etworks of ultrasmall 
probes on planetary surfaces 
Micro-rovers that drive, 
hop, fly, and burrow 
Collection of microspacecraft 
making a variety of measurements 
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• Smallel'programs at JSC (CNT composites), Langley (Nano materials), 
Glenn (Energy storage), and JPL 

• NASA's university-based Nano-Institutes 
- Three institutes, $3 Mlyear/institute for 5 + optional 3 years 

(Purdue, UCLA, Princeton/Texas A & M) 

• Recent spin-off: Integrated Nanosystems, Inc. 
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Molecular Electronics 
• Synthesis of organic molecules 
• Characterization 
• Device fabrication 

Inorganic Nanowires 

Protein N anotubes 
• Synthesis 
• Purification 
• Application Development 

• Transport 
• Nanowires: tra:i1SIllort, th'ijmrtoe:lectric 
• Transport: molecular electronics 
• Protein nanotube chemistry 

* Quantum Computing 

* Computational Quantum Electronics 
• Noneq. Green's Function based Device Simulator 

* Computational Optoelectronics 

* Computational Process Modeling 



Carbon Nanotube 
CNT is a tubular form of carbon with diameter as small as 1 nm. 
Length: few nm to microns. 

CNT is configurationally equivalent to a two dimensional graphene 
sheet rolled into a tube. 

• STRIP OF A GRAPHENE SHEET ROLLED INTO II TUBE 

(m,m) I AflM CHAIR 

CNT exhibits extraordinary mechanical 
properties: Young's modulus over 
1 Tera Pascal, as stiff as diamond, and tensile 
strength ~ 200 OPa. 

CNT can be metallic or semiconducting, 
depending on chirality. 



CNT Properties 

• The strongest and most flexible molecular 
material because of C-C covalent bonding 
and seamless hexagonal network architecture 

• Young's modulus of over 1 TPa vs 70 GPa for 
Aluminum, 700 GPA for C-fiber 

strength to weight ratio 500 time > for Al; 
similar improvements over steel and 
titanium; one order of magnitude 
improvement over graphite/epoxy 

• Maximum strain ~ 10% much higher than any 
material 

• Thermal conductivity ~ 3000 W ImK in the axial 
direction with small values in the radial direction 



CNT Properties (cont.) 

• Electrical conductivity six orders of magnitude higher than copper 

• Can be metallic or semiconducting depending on chirality 
'tunable' bandgap 
electronic properties can be tailored through application of 
external magnetic field, application of mechanical 
deformation ... 

• Very high current carrying capacity 

• Excellent field emitter; high aspect ratio 
and small tip radius of curvature are 
ideal for field emission 

• Can be functionalized 
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CNiT Apiplic,atjons: 
Structurat, Mechanical, 

• High strength composites 

• Cables, tethers, beams 

• Multifunctional materials 

• Functionalize and use as polymer back bone 
plastics with enhanced properties like "blow 
molded steel" 

• Heat exchangers, radiators, thermal barriers, cryotanks 

• Radiation shielding 

• Filter membranes, supports 

• Body armor, space suits 
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~Rm~_ CNT AppHcations.: E,le.ctronrcs 

• CNT quantum wire interconnects 

• Diodes and transistors for 
computing 

• Capacitors 

• Data S torage 

• Field emitters for instrumentation 

• Plat panel displays 

• THz oscillators 



CNT Apphcations: 
Sensors~ NE,M,S} Bilo 

• CNT based microscopy: AFM, STM ... 

• Nanotube sensors: force, pressure, chemi cal ... 

• Biosensors 

• Molecular gears, motors, actuators 

• Batteries, Fuel Cells: H2' Li storage 

• N anoscale reactors, ion channels 

• Biomedical 
- in vivo real time crew health monitoring 
- Lab on a chip 
- Drug delivery 
- DNA sequencing 
- Artificial muscles, bone replacement, 

bionic eye, ear ... 



CNT Synthesis 

• CNT has been grown by laser ablation 
(pioneering at Rice) and carbon arc process 
(NEC, Japan) - early 90s. 

SWNT, high purity, purification methods 

• CVD is ideal for pattemed growth 
(electronics, sensor applications) 
- WeU known technique from 

microelectronics 
Hydrocarbon feedstock 
Growth needs catalyst 

(transition metal) 
MultiwaU tubes at 
500-800° deg. C. 

- Numerous parameters 
influence CNT growth 



• Catalyst surface characterized by AFM (with SWNT tip) and STM. 
• AFM image of as-sputtered 10 nm iron catalyst (area shown is 

150 nm x 150 nm). Also, the same surf ace after heating to 750° C 
(and cooled) showing Fe particles rearranging into clusters. 

• STM image of a nickel catalyst 
showing nanoscale particles • 

• These results are consistent with 
high resolution TEM showing 
particles as small as 2 nm. 



ela leclllui.s Far 
Carb8I 

• Adsorption and decomposition of feedstock on the surface of the catalyst partide 
• Diffusion of carbon atoms into the partide from the supersaturated surface 
• Carbon precipitates into a crystalline tubular form 
• Partide remains on the surf ace and nanotube continues to lengthen - "base growth" 

mechanism 
• Growth stops when graphitic overcoat occurs on the growth front - "catalytic poisoning" 

M = Fe, Ni, Co, Pt, 
Rh, Pd and othen 

Tip Growth 

Typieally ocean when there are 
very weak metal-surfaee Interactions 

BaseGrowth 
Ocean when the metal-surfaee 

Interactions are strong 



Surface masked by a 400 mesh TEM grid 

Methane, 9000 C, 10 nm AI/I.O nm Fe/O.2 nm Mo 



• 2 mw laserpower, 1 Jlm focusspot 
• ·Characteristicnarrow·band at 1590 cm-1 

• Signature b{U1dat 1730 cm'-l at SWNTs 
• Diameter distn.bution 1.14 nm to 2 nm;consistent wHhTEM re suIt 
• Highmetallic % ofNTs 



- Surface masked by a 400 mesh TEM grid; 20 nm 
AII 10 nm Fe; nanotubes grown for 10 minutes 

Grown using ethylene at 7500 C 



• Inductively coupled plasmas are the simplest type of plasmas; very efficient in sustaining 
the plasma; reactor easy to build and simple to operate 

• Quartz chamber 10 cm in diameter with a window for sample introduction 

• Inductive coil on the upper electrode 

• 13.56 MHz independent capacitive power on the bottom electrode 

• Heating stage for the bottom electrode 

• Operating conditions 
CHiH2 : 5 - 20% 
Total flow : 100 sccm 
Pressure : 1 - 20 T orr 
Inductive power: 100-200 W 
Bottom electrode power : O - 100 W 

", 



CNT in Microscopy 

Atomic F orce Microscopy is a powerful technique for imaging, nanomanipulation, as 
platform for sensor work, nanolithography ... 

Conventional silicon or tungsten tips wear out quickly. 
CNT tip is robust, offers amazing resolution. 

Simulated Mars dust 
, 

2 nm thick Au on Mica 
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NASA Ames Research Center 
Ramsey Stevens, lance Delzeit, Cattien Nguyen 
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Transition metal 
catalyst is deposited 
from liquid phase or 
sputtered on the tip 
ofthe cantilever 

···111 ... 

~ CVD Growth 

Carbon nanotube is 
grown in thermal CVD or 
plasma reactor 



'1I.,omllll, ia Ii1Ianild Circuit 
IanDlaclulinl, 

280 nm line/space. Array of polymeric resist on a silicon 
substrate. 



AfM Imagina: IlIb; 
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Optical image 

AFM image using 
carbon nanotube tip 

01 10810lS 

Red Dune Sand (Mars Analog) 



CNT Based Biosensors 

• Gur interest is to develop sensors for astrobiology to study origins of life. CNT, though inert, 
can be functionalized at the tip with a probe molecule. Current study uses AFM as an 
experimental platform. 

• The technology is also being used in collaboration with NCI to develop 
sensors for cancer diagnostics 

ldentified probe molecule that will serve as signature of 
~ leukemia cells, to be attached to CNT 

Current flow due to hybridization will be through CNT electrode 
to an IC chip. 

Prototype biosensors catheter development 



The Fabrication of CNT 
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Electrical Properties of CNTs 
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Chemical Functionalization 
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Cy5 image 

Functionalization of DNA 
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CNT DNA Sensor 
Using Electrochemical Detection 

o MWNT array electrode functionalized with DNA/PNA probe as an ultrasensitive 

sensor for detecting the hybridization of target DNA/RNA from the sample. 
.. Signal from redox bases in the excess DNA single strands 

o The signal can be amplified with metal ion mediator~u(bPy)~ +] oxidation 

catalyzed by Guanine. 



Electrochemical Detection 
of DNA Hybridization 

1 sI, 2nd, and 3rd cycle in cyclic voltammetry 1st - 2nd scan: mainly DNA signal 
2nd - 3rd scan: Background 



GIl· fi81d EIiSiIn_ 
• When subjected to high E field, electrons near the Fenni level can 

overcome the energy barrier to escape to the vacuum level 

• Fowler - Nordheim equation: 1 == a V 2 exp(_btjJ15 / flV) 

• Critical: low threshold E field, high current density, high emission 
site density (for high resolution displays) 

• Tips: Mo, Si, diamond 

• Applications: 
- Cathode ray lighting elements 
- Flat panel displays 
- Gas discharge tubes in 

telecom networks 

visible IIght 

\ Î I 
phosphor screen 

a1uminium film 

bulb 

nanotube cathode 

ceramic board 
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Protein Nanotubes 
• Heat shock protein (HSP 60) in organisms living at high temperatures 

("extremophiles") is of interest in astrobiology 

• HSP 60 can be purified from cells as a double-ring 
structure consisting of 16-18 subunits. The 
double rings can be induced to self-assemble 
into nanotubes. 



Extremophile Proteins for 
Nano-sctlle Slibstrate Patt----.c.~ 

N ano-scale engineering for high resolution lithography 

Future: Bio-based lithography 
-Batch self-assembly 
-Evolving 
-Inexpensive 

"quantum dots" 
nm resolution 



DNA 
The Concept 

• Nanopore in membrane (-2nm diameter) 

• DNA in buffer 

• V oltage clamp 
• Measure current 

G. Church, D. Branlon, J. Golovchenko, Harvard 
D. Deamer, UC SanIa Cruz 

• Nanopores 
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CURi'-

Before taking the bread and butter courses, the undergraduate training begins with: 

NOW SHOULD WE CONSIDER? 



• 

• 

Should elective courses on nanotechnology be considered (one or two)? If so, coverage 
includes, but not limited to: 

- Bulk vs. nano properties 
Introduction to synthesis and characterization 
Examples of nanomaterials: tubes, wires, particles ... 
Surface phenomena 
Quantum phenomena 
Focus on emerging applications 
? 

Summer intemship and/or academic year co-op 
- Nationallabs 
- Small and large companies with nano programs 
- University research 

• Degree in Nanotechnology? 
- Flinders University and University of New South Wales in Australia now offer B. 

Sc. in Nanoscience and Techllulogy 
- Leeds University and Crane University in U.K. offer M. Sc. in Nanoscience and 

Technology 
- This, of course, has to be a university-wide effort with courses taught by Physical 

and Biological Sciences and Engineering Departments 



• Nanotechnology is an enabling technology that will impact electronics 
and computing, materials and manufacturing, energy, transportation .... 

• The field is interdisciplinary but everything starts with material science. 
Challenges include: 

- Novel synthesis techniques 
- Characterization of nanoscale properties 
- Large scale production of materials 
- Application deve10pment 

• Opportunities and rewards are great and hence, tremendous wor1dwide 
interest 

• Integration of this emerging field into engineering and science 
curriculum is important to prepare the future generation of scientists and . 
englneers 





NiTi-MAGIC OR PHASE TRANSFORMA TIONS? 

Katberine C. Cben 

Materials Engineering Department 
California Polytechnic State University 

San Luis Obispo, California 93407 

Telephone 805-756-6634 
e-mail kcchen@calpoly.edu 

61 



Katherine C. ehen 

62 



NiTi - Magic or Phase Transformations? 

Katherine C. Chen 
Materials Engineering Department 

California Polytechnic State University 
San Luis Obispo, CA 93407 

kcchenCii:calpoly.edu 

Key Words: NiTi, Nitinol, martensite, austenite, phase transformations, phase diagrams, TIT 
diagrams, shape memory effect, superelasticity, annealing, precipitation, nuc1eation and growth, 
kinetics 

Prerequisite Knowledge: crystal structure, intermetallics, annealing treatments, diffusion, TTT 
diagrams, phase diagrams, phase transformations, nuc1eation and growth, thermodynamics, 
kinetics, differential scanning calorimetry (DSC), tensile tests, stress-strain plots, twinning 

Objectives: To demonstrate and investigate the phase transformations of NiTi due to stress 
andlor temperature. 
• identify the different phases and crystal structures ofNiTi 
• identify the region (i.e., phase fie1d) on the phase diagram (T, composition) where NiTi is 

thermodynamically stable 
• demonstrate and differentiate between the shape memory effect and superelasticity 
• explain why annealing can change the Ar (using the phase diagram and TIT diagram) 
• design and perform the necessary heat treatment to achieve a specific transformation 

temperature or transformation stress (e.g., change from superelastic to shape memory) using 
a TTT diagram 

• identify the start and end ofthe phase transformations (i.e., As, Ar, Ms, Mr) on a DSC scan 
• discuss the effect of test temperature (i.e., below and above Ar) on the mechanical behavior 

ofNiTi 
• determine the stress needed to start the martensitic transformation (i.e., supere1asticity) by 

tensile tests 
• relate the plateau stress and Ar to the heat treatment (i.e., processing-structure-properties 

relationships) ofthe NiTi samples 
• propose applications for the shape memory effect and for the superelastic effect of NiTi 

Equipment and Materials: 
1. NiTi wires in supere1astic state (various sources, Nitinol Devices and Components) 
2. wire cutters 
3. fumaces 
4. hot plates 
5. large beakers 
6. Differential Scanning Calorimeter (DSC) with liquid nitrogen capability 
7. Tensile Tester 
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Introduction: 
NiTi alloys possess exciting properties and are staples of materials demonstrations. The shape 
memory effect and superelasticity property ofNiTi fascinate people, but actually require 
significant materials knowledge to fully understand the phenomena. A laboratory dealing witb 
phase transformations was thus developed to capitalize on the allure ofNiTi for a junior/senior 
level "Thermodynamics and Kinetics of Materials" course. 

Students examine and characterize the shape memory and superelastic properties ofNiTi wire, 
and then realize the difference is in the transformation temperature (i.e., Ar - the austenitic finish 
temperature). They then use the phase diagram and TTT diagram to develop appropriate 
annealing treatments to change a sample from superelastic into shape memory behavioL 
Concepts ofprecipitation, nucleation and growth, and kinetics are incorporated into the lab. The 
lab is somewhat open-ended and asks the students to formulate explanations for the observed 
trends. 

The following background can be inc1uded in the laboratory handout, and/or explained in lecture. 

BACKGROUND 
NiTi Phase Transjormations 
The unique behavior of NiTi is based on a thermoelastic (i.e., thermal and mechanical) phase (or 
crystal structure) transjormation. The high temperature (or parent) phase is known as 
"austenite" and has the ordered intermetallic crystal structure, B2 or CsCI (Pm 3 m). At 
particular temperatures or strains, the austenite transforms into "martensite," which has a 
monoclinic crystal structure (P2,/m). 

If the parent phase is cooled below Mr (the martensite fmish temperature), the austenite 
completely transforms to martensite, yet the bulk macroscopic shape is lefi intact! However, on 
the atomic scale, several different martensite variants have been created and are twinned to 
maintain the original bulk shape (Figure 1). There are a total of 24 possible crystallographically
equivalent habit planes of martensite. Once in the martensite forID, the material is easily 
deformable through twinning. Particular variants grow at the expense of others to produce 
plastic deformation ofshape change. 

While most metals deform by slip or dislocation movement, NiTi responds to stress by simply 
changing the orientation of its crystal structure through the movement of twin boundaries. A 
NiTi specimen will deform untiI it consists only of the correspondence variant (crystallographic 
orientation) which produces maximum strain. However, deformation beyond this will result in 
classical plastic deformation by slip, which is irrecoverable and a "permanent set" will result. 

The shape memory effect occurs when shape change occurs through martensitic twin 
reorientation and then the material is heated above Ar (the austenite fmish temperature) to induce 
the phase transformation. Since there is only pne possible parent phase (austenite) orientation, 
aH martensitic configurations revert to that single defined structure and shape upon heating 
(Figure 2). This phenomenon causes the specimen to revert completely to the shape before 
deformation, and thus the material "remembers" its original shape. The thermoelastic 
martensitic transformation causing the shape recovery is a result of the need of the crystal lattice 
structure to accommodate to the minimum energy state for a given temperature and stress. 
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Figure 1. Phase changes associated with the 
shape memory effect [1]. 
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Figure 2. Demonstration ofthe shape 
memory effect [2]. 

Superelasticity (or pseudoelasticity) refers to the ability of NiTi to retum to its original shape 
upon unloading after substantial de formation, similar to stretching a rubber band (Figure 3). This 
phenomenon is based on stress-induced martensite formation. The application of an applied 
stress causes martensite to form at temperatures higher than Ms (martensite start temperature). 
With stress-induced martensite, only 1 variant is formed that is parallel to the direction of the 
applied stress. When the stress is released, the martensite transforms back into austenite, and the 
specimen retums back to its original shape. Thus, stress rather than temperature causes the phase 
transformation. 

w ~) 
Figure 3. a) Superelasticity involves the stress-induced phase transformation of austenite to 

martensite. b) The plateau stress is associated with the martensitic transformation [2]. 

Beat Treatments of NiTi 
With knowledge of processing-structure-properties relationships, rnaterials engineers can tailor 
rnaterials to have the desired properties and performances. In order to hamess the unique 
properties of NiTi, control of the transformation temperatures and/or stress is essential. The Af 
temperature is determined primarily on the specific Ni-Ti alloy composition. In general, 
increasing the Ti content of the NiTi leads to an increase in the Ar. Exarnination of the 
equilibriurn phase diagram of the Ni-Ti system (Figure 4) reveals that NiTi is stable only at 
temperatures above 630°C! 
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The phase diagram and TIT diagram (Figure 5) below will assist in detennining the phase 
transfonnations with isothennal holds outside the NiTi single-phase field. The TTT diagram 
suggests that metastable precipitation will first result [4], and in turn, the Ar of the Ni Ti can 
change. Thus, manipulation ofthe transfonnation temperatures is possible! 

Weight PerC"nl Titanium 

Ni Alomic Percc:nt TIlanium 

Figure 4. The Ni-Ti equilibrium phase diagram [3]. 
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Figure 5. TTT diagram describing aging behavior for Ti-52Ni [4]. 
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Procedure: 

HEA T TREA TMENTS 
As a class, construct a heat treatment test matrix (grid of test times and temperatures) that wiU 
produce a range of Af's, and thus, different mechanical properties. Each group will be 
responsible for one heat treatment temperature. Every group will conduct heat treatments for 
similar heat treatment times. Keep in mind that the goal of this experiment is to produce a range 
of Af's. In the end, you will produce a TTT -lik.e diagram that gives contours of Af temperatures. 

After heat treating, defonn the NiTi wires and determine which phase (i.e., martensite or 
austenite) is present at room temperature. The temperature in which the defonned wire 
"remembers" its shape is the Af. Use hot plates and beakers ofwater (or other means) to get 
"ballpark" numbers for the Ar's. 

DIFFERENTIAL SCANNING CALORIMETRY (DSC) 
Each group should cut off a small piece (no more than 3 mrn) from the end of each heat-treated 
wire for DSC analysis. Make sure each DSC sample is properly labeled with the correct 
annealing time and temperature. 

Perfonn DSC on each sample. Use your "ballpark" temperatures to assist your selection of 
temperature ranges to use for DSC. In order to scan temperature below room temperature, fill 
the liquid nitrogen dewer. Take note of the A" Ar, M" Mr temperatures (Figure 6) for each 
sample. Integrating under the transforrnation curve will give the heat of transfonnation (MI). 
Discuss and explain the trends you find. 

TENSILE TEST 

-50 o 50 100 

Temperature ["C] 
~--_ .. _ .... __ ._--------- . __ ._. __ .. _-
Figure6. Differential scannlng calonrnetry and free recnvery 
of the same processed wire. Note that upon cooling the w!rE: 
transforms to R-phase pnor to (he martensitlC 
transformation. Upon ileattng. both techniques proVIC;e 
similar A..c ano A; te'Tlperatures as the{monocl:nicj martensitB 
tranS10'ms to trle ICUblC) austenrre. [5] 

Each group should puII an as-received wire and their heat-treated wires with a tensile tester to 
generate a stress-strain plot. The plateau stress indicates the stress required for the martensitic 
transforrnation or superelasticity (Figure 7). Determine the trends of the transfonnation stress 
with the annealing temperatures and times. In addition, relate the trends to the DSC data. 
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Austerul .. 10 man$l'lllile 

Figura 7. Schematic stre5s-Strain curve of superelastic 
Nitinol. 1here is a transformation rrom austenite to 
martensite that begins at the apparent yieId stress. The 
plateau slress remains near1y constant with increasing strain 
as tne amounl of mar.ensite increases. Upon LnIoading, the 
martensite reverts 10 austrie aIong the unlOading plateau. 
nle 'permanent set' measures any residJal strain. [5] 

Ali groups in the class should share their DSC and tensile test data in order to observe the trends 
in properties due to the different processing treatments. Assemble a TIT -like diagram that plots 
contours of the Af temperatures on a plot of temperature versus time. In addition, discuss the 
how and why's ofthe following: 

• heat treatment effects the loading or stress plateau 
• C-curves of the contour plots of the Af temperatures 
• correlation ofthe trends ofthe DSC and tensile test results 
• heat treatment effects the Af temperature 

*Hint: U se the phase diagram, TIT diagrarn, and your knowledge aboutkinetic processes (e.g., 
diffusion, precipitation, phase transformations) in your analysis. 

Comments: 
The plot of Aftemperatures should resemble C-curves, as in Figure 8. Essentially, Ni-rich 
precipitates are formed during the annealing treatments (outside ofthe single-phase region), 
which results in a more Ti-rich NiTi matrix. The small change in NiTi composition results in the 
change in Ar, and can take the material from superelastic (Af below room temperature) to shape 
memory (Afabove room temperature). Since the whole process ofchanging the Af's is govemed 
by the precipitation of Ni-rich phases, the kinetics follow nucleation and growth. 

In addition, the plateau stress ofthe austenitic samples should increase with samples of 
decreasing Af temperatures. A sample with a low Ar, relative to room temperature, can be 
considered to be far from the transition point, and thus a larger stress (or change in temperature) 
is needed to start the transforrnation. A sample plot ofload vs. extension from the actuallab is 
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shown in Figure 9. The plateau stress decreases as the heat treatInent time increases, and the Af 
gets closer to room temperature. Ifthe samples are martensite at room temperature, a very low 
"plateau stress" will appear, since deformation by twinning occurs (as opposed to transforming). 

References: 
1. http://www.sma-inc.com/ 
2. http://www.nitinol.com! 
3. Phase Diagrams for Binary Alloys, ASM International, 2000. 
4. M. Nishida, C.M. Wayman, and T. Honma, Met Trans 17A, 1505, 1986. 
5. A.R. Peiton, J. DiCelio and S. Miyazaki, Min Invas Ther & Allied Technol2000: 9( 1) 107. 
6. J. Sheriff, NDC, private communications. 

Other useful sources: 
http://mrsec.wisc.edu!EDETC/memmetalJindex.html 
http://www.raychem.comlproducts/nitinollindex.htm 
http://www.memrv.coml 
http://discover.lib.calpoly.edu!servletledu.calpoly .1 ib.ecp. EcpServ let?catlD=458 
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Figure 9. Tensile test results for NiTi heat-treated at 425°C for four different times. Longer 
anneal times produce lower plateau stresses for the martensitic transformation due to higher 

Ar temperatures (that are closer to ,room temperature). 
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Swing Set Design 
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Force, Shear Stress, Bending Moment, Deflection 

Prerequisite Koowledge: 
Statics and dynamics and concurrent enrollment in strength of materials. 

Objective(s): 
T o reinforce the students' understanding of materials, statics, dynamics, and strength of 
materials. 

Equipment and Materials: 
(Optional) Students may choose to construct a scale model oftheir swing set design. 
W ood: dowel rod, small pieces of pine or balsa 
glue 
string 
plastic sheet: heavyweight polypropylene or similar 
hardware: small screw eyes, brads, 

Introduction: 
Using a backyard swing set is one ofthe most popular activities for children. This simple piece 
of equipment does require serious engineering considerations. Mechanical Engineering 
Technology at Purdue University requires among others a series of foundation courses in statics, 
dynamics, and strength of materials. This project was designed to reinforce students' knowledge 
in those courses and give them an opportunity for an overallleaming experience involving 
different aspect of design, engineering, manufacturing, and assembly operations. 

Procedure: 
The project assignment began after the fourth week of a fifteen-week semester. The class was 
divided into groups of four students. They followed a weekly assignment schedule given by the 
instructor. The first half of the project required step-by-step procedures following the format 
given by the instructor. The teams were given an initial problem statement and were required to 
develop statements covering the topics of: design concept, preliminary layout, load assumptions, 
material selection, assembly, and safety. Once the preliminary definition ofthe project was 
complete, the team proceeded to define the details ofthe design and construction. The second 
part of the project was team-directed, and included engineering calculations, the development of 
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a manufacturing procedure, assembly considerations, and the development of a detailed bilI of 
materials. The major thrust was given in stress analysis and calculations ofbending and bearing 
stresses that involved shear stress diagrams and moment diagrams for every structural item. AlI 
ofthe information used to design and specify the swing set was included in a final written report 
which was submitted by the team. The team was also required to make an oral presentation of 
their project. Construction of a scale model ofthe swing set was optional, but many teams found 
scale models useful as aids for visualizing assembly techniques and as presentation tools for their 
final report. The initial project statement and a project schedule are given below. 

Project Statement: Design a backyard swingset for residential use. The prime concern in the 
design process is safety ofthe children. A design factor oftwo (2) or higher is sufficient for this 
project. (based on static loading of ductile materials)l Consideration should be given to the 
construction materials, manufacturing processes, assembly, product life, and the cost. You will 
be competing with fellow students to develop a safe, cost effective design. Evaluation ofthe 
project is based on design concept, technical content, stress analysis, cleanliness and clarity of 
the report and presentation. 

Table 1 
Week by week assignment schedule and assessment values: 

Timeframe Project Assignments Percentage of Overall 
Pro.iect Assessment 

Weeks 1 and 2 Problem Statement 2 
Design Concept 2 
Preliminary Layout 
Safety Considerations 2 
Assumptions 2 

Load 
Load Points 
Weather Conditions 

Week3 Foundation 2 
Basic Materials Selection 2 

Week4 Trial Calculations 
Weeks 5 and 6 Final Calculations 

Moment of Inertia 2 
Shear Force 15 
Bending Moment 15 
Stress 15 

Weeks 7 and 8 Final Material Selection 5 
Final Geometry Considerat ion 5 
Final Drawing (to scale) 10 

Weeks 9 and 10 Manufacturing 2 
Assembly 2 

I 
Bill of Materials 2 
Final Presentation 15 

After the initial process of developing assumptions and a design concept, student teams were 
required to analyze the structures to ensure safe operation. They analyzed each component of the 

74 



structure to the detennine the forces and stresses present. The stress levels were compared with 
material properties to make sure that each component met or exceeded a design factor oftwo. 
Redesign continued until ali components satisfied the safety requirement. Calculations were 
perfonned using standard fonnulas as follows: 

Fonnulas and Nomenclature: 
DirectNonnalStress, (j =F/A 
Force, F 
Cross-sectional Area, A 
Bending stress, (j = Mc/I 
Bending moment, M = the internal moment developed in the material of a beam to 
balance the tendency for external forces to cause rotation of any part of the beam 
Centroid, I 
Shear stress, 1: = F/A or 1: = VIA 
Internal Shear Force, V = the internal force developed in the material of a beam to 
balance externally applied forces in order to maintain static equilibriurn for ali parts of 
the beam 

Figure 1 shows the concept drawing for a swing set project, designed by a student team. The 
following paragraphs are examples ofproject documentation from the team. In addition to 
designing and analyzing the swing set, the team was required to consider weather, costs and 
assembly methods. Figures 2, 3, and 4 show analysis of swing set components, and Figure 5 
shows the assembly drawing for the finished design. Table 3 is the Bill of Materials List, coded 
to the Assembly Drawing. Table 4 lists the final material costs for the swing set design. Figures 
6, 7 and 8 are swing set projects designed by other student teams. 

Figure 1 
Student Team Example: Initial Design Concept of Swing Set 
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Design concept: 
The swing set includes one swing, a trapeze and a set of rings for swinging and acrobatic 
activities. Monkey bars are included for upper body and anns, fireman's pole and banister slide 
for balancing and coordination, and a parallel bar for acrobatic type activities. This design allows 
for the involvement of several children with different types of activities that challenge them 
physically. Design considerations also included adults who like share the fun with their children. 

Load assumptions (with each child 100 lb and each adult 250 lb) 
Monkey Bars: four children or two adults 
Step Up Area For Monkey Bars: two children or one adult 
Swing and or Rings: three children or one adult 
Parallel Bar: two children or one adult 
Fireman's Pole: one child or one adult 
Platform: five children or two adults 
Bannister Slide: 

Weather: 
No effect on wood (treated lumber) 
No effect on galvanized pipe 

one child or one adult 

Snow load on platform should be under the assumed use load of 500 lbs 

Foundation 
The foundation we plan to use is 8 inches in diameter and 16 inches deep. We will use part of a 
bag of concrete mix in each hole. This will give a surface area of 50.26 square inches. The worst 
case condition is 15 pounds!square inch for soft clay or loose sand. The load ability per post is 
then 754 pounds/post. 

Basic Material List (preliminary): 
Treated 1umber (8) 4' x 4' and (2) 2' x 8' 
1 inch diameter galanized pipe or hardwood rod 
Chain for swings 
Eyebolts for swings 
Carriage bolts for joints 
Galvanized nails 16d to pin pipe or wood and floor 
Seat for swing 
Rings 
Bags of concrete mix 

Comments: 
Students learn statics, dynarnics, and strength of materials as required courses at Purdue 
University. Homework problems and exams are the usual means for eva1uating students' 
progress and understanding ofthe lecture materials. Exams are done within limited time frames 
whereas projects allow them sufficient time to explore reference materials and discuss various 
options with fellow students and the instructor. Students contact vendors and suppliers of 
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construction materials and work with a sense ofteamwork and responsibility to create a product 
they may some day like to build for themselves. 

Playground safety plays a major role in the design and material selection process. Load 
assumptions, environmental considerations, and budgetary restraints are used as guidelines for 
design and engineering. Engineering decisions are based on stress calculations using maximum 
static load assumptions at worst situations and 10catiollS. 

Thanks and credit are due to the students who worked on swingset project examples used in this 
paper. Contributions were made by: Steve Beneker, Zoe Bums, George Jenkins, Jamie Miller, 
Marion Nisley, and Mechelle Radde. 

References: 
1. Robert L. Mott, Applied Strength of Materials, Fourth Edition, Prentice HalI, Upper Saddle 
River, New Jersey, 2002 
2. F. F. Wangaard, Ed., Wood: Its Structure and Properties, VoI. 1, Educational Modules for 
Materials Science and Engineering Project, Pennsylvania State University, University Park, PA, 
1981 
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Figme 2 
Student Team Example: Bannister Slide Analysis 
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Figure 4 
Student Team Example, Monkey Bar Analysis 
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Figure 5 
Student Team Example. Assembly Drawing 

Table 2 
S' S B'n fM t '1 wmg et 1 o a ena S 

Letter Description Quantity Usage 
A 4' x 4' x 10' Douglas Fir 2 Upright 

B 4' x 4' x 10' Oouglas Fir 2 Upright 

C 4' x 4' x 10' Oouglas Fir 2 Upright 
O 2' x 6' x 4' Douglas Fir 4 Platform 
E 2' x 6' x 29" Oouglas Fir 2 Platform 
F 2' x 6' x 39" Oouglas Fir 6 Platform 

y," x 6" Carriage Bolts S Platform 

G 4' x 4' x 12' Douglas Fir 1 Swing 
Crossmember 

H 4' x 4' x 9' Douglas Fir 1 Crossmember 

1 4' x 4' x 6' Douglas Fir 1 Parallel Bar 
UpriJdtt 

J&K 2' x S' x 12' Douglas Fir 2 MonkeyBar 
Crossmember 

L&M 4' x 4' x 2' Douglas Fir 2 Bannistger 
Slide SUl'POrts 

N Swing Assemblv 1 

Swingset ~;de V;pw for ASSE'Mhly 

o Trapeze Assembly 1 
P Ring Assembly 2 
Q 062 x 3-I/r x 7 Steel 4 

Plate 
R Eyebolts 6 
S ';''' 36" Pipe 6 Steps 
T W'29"P~ 7 
li 1" 4S" Pipe 1 
V 1" 96" Pipe 2 Bannister Slide 
W 1" 12" Pipe 1 Bannister Slide 
X 1" IS" Pipe 2 Bannister Slide 

1" Elbows 4 Bannister Slide 
y 1-114" 12" Pipe 1 Fireman's Pole 
Z 1-114" IOS" Pipe 1 Fireman's Pole 

AA 1-1/4" Flange 1 Fireman's Pole 
160 Galvanized Nails lf2# 
y," x 3-1/2" Carriage Bolts 16 --
y," W ashers 24 
Y2" Nuts 24 

, , Concrete Mix 
I 2 Cu. Ft. I I 



Table 3 
Student Team Example, Swing Set Material Costs 

Quantity Description Cost (per unit) Total 
16 1/2 x 3-1/2 Carriage Bolts 0.29 4.64 
8 \Iz x 6" Carriage Bolts 0.60 4.80 

24 \Iz Washers 0.02 0.48 
24 \Iz Nuts 0.06 1.44 
6 Eyebolts 3.32 19.92 
3 10 Ft 4/0 Zinc Twinloo-,,- Chain 6.99 20.97 
2 2 x 8 x 12 9.43 18.86 
6 4 x 4 x 10 10.69 64.14 
1 4x4x6 7.99 7.99 
1 4 x 4 x 12 12.69 12.99 
1 4x4x9 10.69 10.69 
4 2x6x4 4.20 16.80 
2 2 x 6 x 29" 3.10 6.20 
6 2 x 6 x 39" 4.20 25.20 
4 .062 x 3-1/2" x T' Steel Plate 3.60 14.40 

40 (fi) 1" Structural Pipe 1.35 54.00 
20 (fi) ';." Structural Pipe 0.98 19.60 
10 (fi) 1-1/4" Structural Pipe 1.75 17.50 
4 1" Elbow \.81 2.83 
1 1-1/4" Elbow 2.83 2.83 
.5 Galvanized Nails 7.17 3.59 
1 1-1/4" Flange Threaded 9.42 9.42 
1 Polyethylene Swing Seat 13.00 13.00 
1 Polyethylene Rings 13.00 13.00 

Total Swing Set Cost $369.4 

Figure 6, Student Team Example, Swing Set Design 
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Figure 7, Student Team Example, Swing Set Design 

Figure 8, Student Team Example, Swing Set Design 
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Distribution of Electromagnetic Energy in a Microwave Oven Part II 
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Key Words: Microwave Oven, electromagnetic energy, histograms, frequency 

Objectives: This is the second phase of an experiment that follows the first in which we 
studied the distribution of heat energy inside a microwave oven using some specific food 
samples like American Style Cheese Pie and Normal Wheat Dough. After performing 
several experiments and plotting the temperature and energy distribution histograms, it 
was found that the distribution of electromagnetic energy in the food samples used was 
not very uniform. As a result our quest for exploring the question of whether the heat 
energy gets distributed uniformly or not remained incomplete. To ensure the uniform 
behavior ofthe distribution of electromagnetic energy inside the microwave oven we 
used distilled water in different shaped containers placed strategicaIly in the oven. 

Introduction: 

A few experiments have been conducted to try to model the microwave distribution 
inside a microwave oven using a variety ofmethods. In 1990, Alistair Steyn-Ross ofthe 
University ofWaikato and Alister Riddell ofthe Hamilton Boys High School conducted 
an experiment to test for the existence of standing wave patterns inside a microwave 
oven. They used a paper towel dipped in a concentrated CoCh solution, a common 
method used to test for water. When the compound is wet, a pink, hydrated Co(H20i+ 
complex is formed. When the compound is dry, the blue anhydrous CoCh compound is 
present. The team heated the paper for 15 seconds at ten different heights and recorded 
the pattern ofblue and pink areas. They discovered a series ofblue dots evenly spaced 
on the pink towel. They also noticed that the placement of these wet and dry spots 
changed as the height was changed. 

85 



Nearly eight years later, Jouni Viiri ofNorth Karelia Polytechnic perfonned a similar 
experiment using a sheet ofacrylic. Viiri took a thennogram ofthe sheet after 35 
seconds ofheating at different heights. Vi iri also noticed hot and cold spots, and the 
location ofthe spots changed as the height changed. Steyn-Ross and Riddell's 
experiment proved the existence of standing waves inside a microwave oven and 
characterized their distribution. Viiri's experiment measured the temperature difference 
between these hot and cold spots. 

In 1999, M. F. Diprose ofthe University of Sheffield conducted a series of experiments 
to detennine the parameters under which a microwave oven should be used in a 
laboratory. They used a variety of samples., including water and soil, in containers of 
different shapes and sizes. They used thennocouples to measure the temperatures at 
different locations within the sample. Their research resulted in an excellent reference as 
to what variables one should keep in mind when using a microwave oven in the 
laboratory. Our experiment intends to build upon these discoveries by measuring the 
effect. or lack thereof, of rotating a sample inside a microwave oven 

Theory: 

Before discussing the details of our experiment we would like to briefly discuss the 
theory of microwaves. Microwaves are electromagnetic waves of frequency that falls 
between 300 MHz to 300 GHz. This range of frequencies falls between the radio waves 
and the infra-red in the electromagnetic spectrurn. The microwave oven is one ofthe 
great inventions ofthe 20th century: mi1lions ofhomes in America have one. Microwave 
ovens are popular because they cook food very quickly. They are also extremely efficient 
in their use of electricity because a microwave oven heats only the food, nothing else. In 
the case of microwave ovens, the cornrnonly used frequency is roughly 2,500 megahertz 
(2.5 gigahertz). The electromagnetic waves in this frequency range have an interesting 
property: water, fats and sugars absorb them. When they are absorbed they are converted 
direct1y into heat energy due to the rotation ofthe dipoles in that force tield. Microwaves 
in this frequency range have another interesting property: most plastics, glass or ceramics 
do not absorb them. Metal reflects microwaves, which is why metal pans do not work 
well in a microwave oven. 

Now inside the microwave oven the microwaves penetrate the food and excite water and 
fat molecules pretty much evenly throughout the food. There is no heat having to migrate 
toward the interior by conduction. There is heat distributed everywhere "at once" because 
the molecules are all excited together. There are limits of course. Microwaves penetratt~ 
unevenly in thick pieces of food (they don't make it ali the way to the middle), and there 
are also "hot spots" caused by wave interference. The whole heating process is different 
because you are "exciting atoms" rather than "conducting heat". 
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The water dipoles attempt to continuously reorient in the electromagnetic radiation's 
oscillating electric field. Dependent on the frequency, the dipole may move in time to the 
field, lag behind it or remain apparently unaffected. When the dipole lags behind the field 
then interactions between the dipole and the field lead to an energy loss by heating, the 
extent ofwhich is dependent on the phase difference ofthese fields. The ease ofthe 
movement depends on the viscosity and the mobility ofthe electron clouds. In water 
these, in turn, depend on the strength and extent of the hydrogen bonded network. The re
orientation process may be modeled using a 'wait-and-switch' process where the water 
molecule has to wait for a period of time untiI favorable orientation of neighboring 
molecules occurs and then the hydrogen bonds switch to the new molecule. 
The applied field potential (E, volts) of electromagnetic radiation is given by E = 

Emax.cos( rot), where Emax is the maximum amplitude of the potential, ro is the angular 
frequency in radians/second and t is the time in seconds. It is because of to this behavior 
ofwater molecules inside a microwave field that we chose the heating water for studying 
the distribution ofheat inside a microwave over. The experiment was performed slowly 
in various steps as explained later in this paper. 

Apparatus Required: 

1) A Microwave Oven with a tumtable 

2) Three different shaped bowls made of plastic to hold water 
3) Styrofoam to cover the bowl and used as a perforated lid to hold thermometers 
4) Nine Alcohol based thermometers well calibrated 
5) Data logger to record data oftemperature, microwave power, time ofheating and 

status of the tumtable while the experiment is performed 

Procedure and Results 

The experiment was carried out in different steps. Nine alcohol-based thermometers were 
aligned in different manner as mentioned in the histogram section of this paper. Three 
different shape bowls: rectangular, circular, and oval were used for carrying out these 
experiments. Every time the microwave oven was run, the initial and final temperatures 
were recorded as efficiently as possible. Then, using softwares like MS Excel and Origin 
the thermal distribution was found and plotted on a bind transpose matrix of this data. In 
the bind transpose matrix one can get the correlation between the temperature distribution 
as well as the nine plots ofthe thermometer. The pictures ofthe equipment in use were 
presented in part 1 of this experiment. The results of this experiment are presented in the 
graphs indicated in Figures 1-5. Before explaining the histograms, it is worth mentioning 
that the time of each run in this experiment is kept constant. The only dependent variables 
of this experiment were the 
a) Power ofthe Microwave Oven 
b) Turn Table Status Ofthe Oven ON / OFF 
c) Shape ofthe Bowl In use 
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Now, with respect to each ofthese five different readings obtained from the experiment 
the temperature distribution is plotted on the Y -axis and the thermometer number on the 
X-axis. The temperature distribution means the difference in the final temperature and the 
initial temperature after carrying out the heating inside the microwave oven. By 
observing Figure 1, it can be seen that there are isotropic lines which have been 
correlated to the depth of the thermometer. There is a regression formula that the 
software Origin 7.0 uses to account for the 3 dimensional plotting. It re1ates the depth of 
three things: temperature, position on x-axis and the position on y-axis. Therefore, these 
isotropic lines show how the heat has been flowing from the top ofthe sample. On the 
other hand, the color and thickness shows the amount and the radial distribution of the 
heat across the sample. It is found that the thermometer numbers 6, 7,8 recei ve 
maximum amount ofheating, whereas, the rest ofthe thermometers are being heated, but 
slowly. This graph gives prooffor an irregular distribution ofheat in the microwave 
oven. 

In Figure 2, the object shape is circular and the turntable is kept rotating, it can be seen 
that there is a difference in pattern ofheating. It is found that the area of maximum 
absorption ofheat shifts from thermometer number 6,7,8 to 5, 6, 7. The pattern for the: 
flow of heat in this case is just the same as in the previous one. It is only the region of 
maximum probability that is being shifted fi-om one experiment to another, which is due 
to the change in those controlled variables as mentioned above. It is found that in ali the 
five runs shown and plotted in different figures (Figures 1-5) that the temperature 
distribution pattern when seen from top to bottom is the same, but the intra - layer 
distribution or the so called radial distribution ofheat in the microwave oven is non 
uniform. In part 1 ofthis experiment the sample used was a cheese cake. In this part ofthe 
experiment the sample used is a perfect die1ectric constant material that is water and it is 
the water inside the food that is assumed to be responsible for the heating. As water is a 
polar molecule and when subjected to 2.5 GHz frequency microwave fie1d inside the 
oven the water molecule starts "spinning" and exhibits the resonance phenomenon. At 
resonance, its bonds break and this accounts for the release of energy, which is then 
absorbed by the food particles. Now, ifthe water molecule itself doesn't receive a 
uniformly distributed energy as seen in this experiment, how can one expect the food 
particles to be heated uniformly. 
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THE DATA ANI) THE GRAPH 

With the turntable 00 aod the microwave power at 50% 
(Rectangular Bowl) 

SNO (X) 
1 
2 
3 
4 
5 
6 
7 
8 
9 

Initial Temp eC) Final Temp (OC) 
23.5 24 
22.5 24 
21 24 
22.3 26 
22.5 28 
22.5 29 
24 30 
22.8 24 
22 30 

Distribution ( Y ) 
0.5 
1.5 
3 
3.7 
5.5 
6.5 
6 
1.2 
8 

23456789 

Thermometer Nos. 

D 

J.7611 

HUl 

1125 
lsm 

18.75 

22.611 

"~25 3lm 

Fig 1. Temperature in·e vs the number ofthermometers for a rectangular 80wl 
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With the turn table 00 aod the microwave power at 50% 
(Circular Bowl) 

SNO (X) 
1 
2 
3 
4 
5 
6 
7 

8 
9 

Initial Temp CC) Final Temp (0C) 
24 26 
24 25 
24.5 25.5 
26 28 
23 29 
22.5 25.5 
24 24 

22.8 26 
23 26 

Distribution ( Y ) 
2 
l 
1 
2 
6 
3 
O 

3.2 
3 

234 567 8 9 

Thermometer Nos. 

D 

J.19J 

1.!111l 

1125 

15m 

18.15 

22.511 

.~25 
JDm 

Fig. 2. Temperature in ·C vs the number of thermometers for a Circular Bowl 
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With the turn table off and microwave power at 50% 
(Rectangular Bowl) 

SNO (X) 
l 
2 

3 

2 

4 
5 

6 
7 

8 
9 

3 

Initial Temp (OC) Final Temp (0C) 
24 25 
24 29 

24.5 28 
26 27 
23 26 

22.5 23 
24 29 

22.8 25 
23 26 

4 5 6 7 

Thermometer Nos 

Distribution ( Y ) 
l 

8 

5 
3.5 
l 
3 

0.5 
5 

2.2 
3 

9 

D 

J.191 

1.5111 

Fig. 3. Temperature in'C \lS the number of thermometers for a rectangular Bowl 
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With the turntable off and microwave power at 100% 
(Rectangular Bowl) 

SNO (X) 
l 
2 
3 

4 
5 

6 
7 
8 

Initial Temp (OC) Final Temp COC) 
20 30 
25 32 
26 33 

22 35 
23 36 

24.5 35 
24 33 
26 33 

Distribution ( Y ) 
10 
7 
7 
13 
13 

10.5 
9 
7 

D 

6l1li 

1Dm 

3lm 
25m 

:IIm :~t,~~;\r;(~~ 
.J;m 

IDm 

234 5 678 9 

Thermometer Nos. 
Fig. 4. Temperature in·C vs the number ofthermometers for a rectangular Bowl 

9 25 32 7 
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With the turntable offaod the microwave power at 100% 
(Oval-Shaped Bowl) 

SNO( X) 

2 

I 
2 
3 
4 
5 
6 

7 
8 
9 

3 

Initial Temp (0C) Final Temp (OC) 
26 33 

28 33.2 
26 31.2 
25 31.5 
28 33 
28.5 33.5 

26.3 34 
25.5 35 
25 32 

4 5 6 7 8 

Thermometer Nos 

Distribution ( Y ) 

9 

7 
5.2 
5.2 
6.5 
5 
5 

7.7 
9.5 
7 

1 O 

1J.1J 

17SJ 

21.88 

2625 
;",'" ' '~, 

~;n.6J 
35m 

Fig. 5. Temperature in °c vs the number of thermometers for an oI/al shaped Bowl 
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Exploring Solar Cells: 
A Freshman Engineering Project 

Emily L. AUen', Huong D. Vu', and David Pa,...,n!·· 
'Depanment of Chemical and Materials Engineenng 

"Depar1ment of Electrica! Engineenng 
San Jose State University 

EIO Project Goals 

• Interest students in semiconductor 
technology 

• Recruit for Microelectronics Process 
Engineering program & courses 

• Photovoltaics: simple process, appeals to 
students, easy to test 

• EIO objectives: spreadsheets, multimeter 
usage, design 

Related Activities 

• MatE 25/153: Fabricate solar cells 
- Pilot tested 

- Feasible activity for one lab period 

- Process needs improvement 

• Spartan Solar City 
- Devicelmachine designs powered by 

photovoltaics 

- Replace EIO design problem 

- Energy conversien demo 
- Open House, CoE PR 
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El O: Introduction to Engineering 

• Introduction to Solar Cells 

• One week module offered to EI O instructors 

• Guest I ecturer 

• Student lab assistants 

• Hands-on lab experience 

Project Activities 

• Pre-lab homework assigrtment 

• Guest lecture on photovoltaic technology 

• Measure solar cell IV curves in series & 
parallel 

• Plot power output curves 

• Design solar cell array for remote 
application 

• Currently: test commercial cells 

• Future: test Spartan Solar cells 

EIO Lecture 

• Varies by lecturer 
- Microelectronics Process Engr faculty 

• lntroduction to Photovoltaics 
- Applications, Device Physics 

• lntroduction to Processing 
- Process flew, materials science 



Uses for Solar Energy 

• Renewable power 

• Power for remote locations 

• It's free ... (sort of) 

Basic Physics of Solar Cells 

• Semiconductor material can be p-type or n-type 

!I1@~1 
• N-type - impurities with an extra electron 

(phosphorus ) 
• P-type - impurities with one fewer electron 

(horon) 

• Put them together: p-n junction 

• A solar cell is a very large p-njunction (or diode) 

Generating Charges From The Sun 
• Connect diode ta a circuit 
• Photocurrent goes 
• Causes a voltage drop 
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What is a Solar CeH? 

• Semiconductor device (diode) 

• Photovo/taics convert solar energy to DC electrical 
energy. 
- Supplies a voltage and a current ta a resistive load 
- Power'" Current x Voltage 

• Lila! a battery: it supplies DC power 

• Unlila! a battery: voltage supplied changes with the 
resistance ofthe load. 

Generating Charges From The Sun 
• Light breaks silicon bonds and creates "frec" 

electrons and holes "missing electrons" 

• Roles are positi ve charges 
• Built-in field separates electrons and holes 

-E-field 

Generating Charges From The Sun 

• Forward biases the diode 

• Causes a current in opposite direction 



Generating Charges From The Sun 
• If Ris very large, V is ver)' large 
• l f V is very large, IFB = Ipc 

.1=0 
• Open Circuit condition 

·v ....... =,----, 

V-IR 

"'-...;::===_.::.." - - - - --
~ 

~ 
f 

....- 0471.2 

m_ 
[2 1 -r-.- I 

~ .- "/ .-
~ 

Solar ceIl properties: 
- Open circuit vol13ge r:v oc) 
- Short circuit =t (Iscl 
- Max.imwn power 
- Efficiency 

-
I 

: 

-' 
! 

I 
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Generating Charges From The Sun 
• lf Ris very small, V is very small 
.lfV=O,IF9=O 

• 1= Ipc 

• Short Circuit condition 
~,..---. 

Solar CeH Fabrication 

• Similar pracedures for lcs 

• Emphasize aur fab caurses 

• Brief discussian of pracessing 

Student Lab Manual 

• Divide inta graups 

• Setting up circuit 

• Measure IV curve for single cell 

• Identify Voc' IlO and P mlX 

• Plot pawer curve 

• Repeat for series and paraIlel circuits 

• Penonn design problem 



Student Lab Manual 

Design Questions 
• What is the total number of solar ceHs you need in 

your photovoltaic array? 

• Based on the ceHs that you measured in the lab, 
how big would this solar array need to be (in m')? 

• lf the ceUs cost $2 apicee, what would be the cost? 

• What do you think would be an affordable price? 

• What do you think is an appropriate size? 

• What are some ways to reduce the sizc and cost of 
the array? 

Project Results 

• Good questions from students 

• Spr 01- FO 1 results 
- 40- 50% feeI skiHs improved 

- 20% "very interested" 

- 78% interested or somewhal interested 

• lnstructors evaluations 

- Keep it in curriculum 

- Improve equipment access (more stations) 

• New eval form this year 
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Design Problem 
Thc fisute bc:low sMWS a pholDvoltak: system which powers a vaccine stIlrage 
~ftiBerator. The s~ providei a means of storing vaccÎnCs; anei medical 
lupplics in a f'eiion whc~ reliable powcr is not availsblc. YOut' Team'sjol:: is'~ 
design a pnotovoltaic Ilmly ta powcr fuis syst=m 10 iti rcquired ipeCificatioru.. 

Project Results 

• Grad student project 
- SOI: 150 students; FOI: 350 students 

• AY 02-03 
- Two students hired to improve equipment 

- Team captains for student assistants 

- Recruited 18 new assistants for 24 labs 

- 480 students 

Solar CeH W orkshop 

• Monday 1 pm 

• SJSU Microelectronics Process Engr lab 

• Make and test your Own solar cells l 
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The Rapid Collection and Analysis of Biocatalytic Data 

H. Alan Rowe 
Professor of Chemistry 

Norfolk State University 
Norfolk, Virginia 

Key Words: catalyst, reaction kinetics, reaction order, enzymes, inhibitors 

Prerequisite Knowledge: Basic knowledge of chemi cal reactions, basic chemi cal 
kinetics, action of catalysts on chemical reactions 

Objective: To use the interface to spend a small amount oftime collecting data so much 
more time can be devoted to the understanding and analysis of catalytic data. In this 
manner, the concepts (basic chemical kinetics, the action of catalysts) the lab exercise is 
intended to demonstrate and reinforce can be more effectively presented. 

Equipment: Labworks TM (or similar) interface with spectrophotometer probe/software, 
computer, catechol, polyphenoloxidase, appropriate buffers, pipettors 

Introduction: 

The use of catalysts is an extremely important concept in chemical kinetics. However, 
it is often difficult to examine catalysis quantitatively in the laboratory setting. This 
exercise allows for the study of catalysts and kinetics in a setting that minimizes time 
spent on data collection and maximizes analysis and consideration of the data. A 2000 
National Assessment of Educational Progress study in science has shown that science 
students improve their performance when using probes and computers to collect and 
analyze data (1). Reaction rates can be rapidly ca1culated and reaction orders inferred. 
Inhibitors of catalysts and catalytic response to variables of temperature, differing 
reactant concentration, etc. can be easily incorporated into the experiment. 

Procedure: 

The biological catalyst, polyphenoloxidase, reacts with ortho- ("side by si de") 
diphenols and oxygen gas to produce a quinone and water. Specifically, nearly colorless 
catechol (an ortho diphenol) reacts with oxygen and the quinone formed is a brown color 
that absorbs light at a wavelength of 430 nanometers. Oxygen gas is always in excess in 
this reaction. The catalyst assay consists of the addition of: 1.0 mi of 0.1 M catechol, 1.5 
mi of 0.20 M sodium phosphate buffer, pH 7.2, and 0.5 mI of the polyphenoloxidase 
catalyst. With the Labworks™ interface (SCI Technologies Inc.) the solution of catechol 
and buffer is used to zero the instrument and then the enzyme is added as the timer is 
started. The progress of the reaction is followed by the increase of the absorbance at 430 
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nm with time. The Labworks™ interface am measure 5 data points per second (and the 
newer version is much faster) allowing for the collection of very many more data points 
over the 3 minute reaction period than can be collected manually. To be done "by hand" 
only about one paint every 15 seconds can be collected from rapidly changing 
spectrophotometer readings so frequently the reaction is stretched out over a very much 
longer time period and the concentrations of reactants and catalyst are appropriately 
adjusted. 

The spreadsheet inc1uded with the software allows the student to convert the readings 
into absorbance values and then to plot them versus time. The slope of the curve c.m 
directly calculated for each series of measurements and this value directly related to the 
reaction rate. 

Comments: 

Since the collection of data is so rapid, veI)' many determinations can be conducted in a 
short amount of time. This gives the students the opportunity to design their own 
investigations altering different variables in the assay. For example a series of 
measurements can be made changing: pH, temperature, reactant concentration, catalyst 
concentration, the amount of potential activators or inhibitors, etc. This is an "open 
ended" reaction where the student can take a meaningful part in the exploration of the 
kinetics ofthis reaction. 

References: 

1) http://nces.ed.gov/nationsreportcard 
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A Simple but Effective Experiment 
to Illustrate Second Order Dynamic Systems 

G. Song*, M. Zeng, and P. Lam 
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Key Words: Spring-mass-damper dynamic system, resonant frequency, undamped natural 

frequency 

Prerequisite Knowledge: Basic concepts of a dynamic system 

Objective: To illustrate mechanical resonance and verify the relationship between its occurrence 

and the excitation frequency 

Equipment and Materials: 

1. A vibrating platforrn with 3 spring-mass-damper systems. The platforrn is driven by a De 

motor (24V, 1.6A) 

2. A Tachometer 

3. A De power supplier 

Introduction: 

1. Motivation and technical background: 

A vibration experiment is built to demonstrate mechanical resonance of second order 

dynamic systems for mechanical engineering students who are taking System Dynamics and 

Responses. This vibration experiment employs a platforrn subjected to sinusoidal input force via 

a De motor. By employing three underdamped spring-mass systems with different spring 

stiffness but same mass, this experiment can clearly demonstrate the relationship between the 

natural frequency and stiffness, the occurrence of resonance and its dependence on the input 

frequency. 

2. Mechanical model and the equation of motion: 

A typical second order mechanical system can be represented as shown Figure (1). 
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B 

, F(t)=Asin(rot) 
Figure (1) Spring-mass-damper system 

M, B, and K represent the mass, the damping coefficient, and the spring constant of the system, 

respectively. x represents the system coordinate. F(t) is the external harmonic excitation. Since 

most mechanical systems are underdamped and resonance occurs in underdamped systems, we 

will only consider such systems in this paper. 

There are two kinds of vibrations to be involved in this paper. One is a free vibration. In 

this case the response is caused by non-zero initial conditions, and the vibration will die out due 

to viscous damping. In this paper, this free response is used to determine the damping ratio of the 

system by utilizing the logarithmic decrement method. The other one is a forced vibration, which 

is induced by external harmonic force. The system will oscillate and its magnitude depends upon 

the frequency of the driving force. When the excitation frequency matches the resonant 

frequency of the system, the amplitude of the motion will be at its maximum and resonance will 

take place. The forced vibration is used to demonstrate the resonance of a mechanical system in 

this paper. 

The free vibration of the spring-mass-damper system is governed by the following second 

ordinary differential equation: 

(1) 

Where1; = k and ro. = (K denote the damping ratio and undamped natural frequency of 
2 KM VM 

the system. 

The forced vibration response is governed by equation (2): 

Mx+Bx+Kx = F(t) (2) 

The force can be a sinusoidal forcing function. Substituting F(t)=Asin rot into equation (2) yields: 

Mx +Bx + Kx = Asinrot (3) 
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Here A and O) represent the amplitude and frequency of the hannonic excitation force 

respectively. 

The steady state solution to the second ordinary differential equation (3) is: 

x(t) = Xsin(O)t+~) (4) 

The amplitude, X, can be written as X = A / K and the phase shift, ~, is given 
~(1-1l2)2 +(21;11)2 

by ~ = - tan -1 [ 21;112], Il is the ratio of the excitation forcing frequency to the natural frequency 
1-11 

ofthe system. This ratio is defined as: Il = ~. 
O)D 

When O ::; 1; ::; 0.707, resonance may occur and the resonant frequency is 

O)r = O)D ~1- 21;2 . The magnitude ofthe resonant peak is Mr = R' 
21; 1-1;2 

Procedure: 

1. Experimental setup: 

Figure (2) Experimental setup 
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The experimental setup, as shown in Figure (2), consists of a vibrating platform with 

three different underdamped spring-mass systems. These three spring-mass systems have 

identical mass but different springs. The platform can be excited by a De motor via a crankshaft 

by adjusting the applied voltage. Each mass block can oscillate along the stainless steel guide 

with a linear bearing, which generates some damping to the system. 

2. Experimental Demonstration: 

a). Motor speed at 370 rpm b). Motor speed at 610 rpm c). Motor speed at 710 rpm 
System #3 is in resonance System #2 is in resonance System #1 is in resonance 

Figure (3) System #1,2, and 3 in resonance 

In the demonstration, the speed ofthe De motor is increased by adjusting the De power 

supply. The rotation of the motor can be measured by a tachometer. When the motor speed is 

about equal to 370 rpm, close to the resonant frequency of the system #3, only the block #3 

oscillates with a large magnitude and the other two blocks do not vibrate too much. The so-called 

resonance occurs for system #3 as shown in Figure (3)a. When the De motor speed increased, 

the vibration of the block #3 disappeared. At about 610 rpm, the block #2 is in resonance and 

vibrates dominantly as shown in Figure (3)b. When the block #1 is vibrating in resonant 

frequency as shown in Figure (3)c, the speed ofthe motor is about 710 rpm. Decreasing the De 

motor speed slowly, the resonance occurs from system #1 to #2 then #3. 

3. Experiment data and analysis: 
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The undamped natural frequencies of the system #1, #2, and #3 can be calculated from 

the equation ro" =.JK / M and shown in Table 1. 

Table 1. Characteristic Parameters ofthe Systems. 

MassM Stiffness K Natural frequency ro" 
System 

(kg) (N/m) (Hz) (rpm) 

#1 0.083 410 11.2 672 

#2 0.083 368 10.6 636 

#3 0.083 157 6.9 414 

The free decaying oscillations of the systems are captured by a laser sensor. The 

logarithmic decrement method, as shown in equation (5), is used to determine the damping ratio 

of the system from the free vibration response [Ogata, 1998]. 

(5) 

Where XI is the peak amplitude at the time tI, Xn is the amplitude measured at time t=1l- (n-I)T. T 

is the period of decaying oscillation. The damping ratios and the resonant frequencies of the 

systems are calculated and listed in Table 2. 

Table 2. Comparison of Calculated Resonant Frequencies ( ro, ) and Observed ro,. 

System Damping ratio S 
Calculated ro, Observed ro, 

(Hz) (rpm) (Hz) (rpm) 

#1 0.02 11.2 671.7 11.83 710 

#2 0.036 10.59 635.2 10.17 610 

#3 0.038 6.89 413.4 6.17 370 

Comments 

From the experimental data, it is clear that the observed resonant frequencies are very 

close to the calculated ones. The differences between the results are mainly due to the 

nonlinearity of the spring constants. The damping of each subsystem in this experiment is very 
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smaI!. The natural frequency is approximately equal to its resonant frequency. The dependence 

of the natural frequency and the resonant frequency on the system's stiffness constant is clearly 

illustrated through the experiments. The experiments aIso clearly demonstrate the occurrence of 

resonance and its dependence on the frequency ofthe externaI force. 

Survey Results 

The effectiveness of this demonstration was surveyed during the class of System 

Dynamics and Responses in the Spring semester of 2002. There are 12 students responded to the 

survey. The survey results are shown in Table 3, which clearly demonstrates the effectiveness of 

this resonance experiment. 

References: 

Table 3: Demonstration Survey Results 

Survey Results 

6 ,..--------.-......., ... 
5 -.---~~--

.. 4 ---~---- --------

~ 3 
> 2 

1 
O~--_______ _ 

Not 1 
Effective 

2 3 
Somewhat 
Effective Effective 

4 
Very 
Effective 

1. K. Ogata, System Dynamics, 3rd edition. Upper Saddle River, NJ: Prentice HaIl, 1998 
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Returning Back 
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Key Words: Noncrystallinity, crystal structures, thermodynamics, kinetics, metallic glass, 
amorphous metals, x-ray diffraction, rapid solidific.ation, diffusion, equilibrium, metastability 

Prerequisite Knowledge: Crystal structures, noncrystallinity, diffusion, annealing treatments, 
x-ray diffraction, equilibrium 

Objectives: Devise and perform experiments to monitor the change from the noncrystalline to 
crystalline state of metallic glass ("metglass"). 
• characterize noncrystalline material 
• explain different processing methods to fabricate metallic glass 
• predict and perform x-ray diffraction (XRD) on a noncrystalline material 
• describe the interplay of thermodynamics and kinetics in context of annealing metglass 
• devise annealing treatments (based on Temperature and time) to crystallize metglass 
• monitor the changes from the noncrystalline state to the crystalline state 
• explain the mechanism for the structural changes 
• explain the structural changes (due to processing) and the effects on properties 
• give examples of applications ofmetallic glass 

Equipment and Materials: 
1. Metallic glass (Honeywell, other sources) 
2. X-Ray Diffractometer 
3. Furnace 

Introduction: 
Incorporation of metallic glass (or "metglass") into a sophomore-Ievel "Structures of Materials 
Laboratory" has allowed the illustration of several different concepts in Materials Science and 
Engineering. The structural differences between crystalline and noncrystalline materials are 
defined and observed experimentally through x-ray diffraction (XRD). Special fabrication 
techniques (e.g., rapid solidification by melt spinning, or lattice frustration) are frrst explored to 
explain how processing results in nonequilibrium or metastable structures. 

Thermodynamics and kinetics are invoked to help frame the situation and also to help predict 
structural changes upon heating. Annealing treatments are then performed to confrrm 
predictions. Further exploration ofmetallic glass or ofprocessing treatmentsfar from 
equilibrium can then be made. 
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Procedure: 
X-ray diffraction is first perforrned upon the metallic glass. The differences in XRD scaus with 
typical crystalline metals are investigated. Discussions on rapid solidification and non
equilibrium processing are employed. The return to equilibrium is usually correctly proposed by 
the students. 

Students are then asked to devise their own annealing treatments to monitor the trausforrnation 
that will occur during annealing ofthe metallic glass. After a discussion on diffusion, a grid of 
different temperatures aud times are often generated. (A couple oftemperatures aud times are 
sufficient to observe the trend.) One treatment (at a particular temperature aud time) can be 
assigned to a group or team, aud the class shares ali the data. Students then perforrn the 
aunealing treatments aud redo the XRD. Applications ofmetallic glass are also explored in order 
to make the full connections among processing, structure, properties, aud perforrnauce. 

1. Perforrn x-ray diffraction (XRD) on a piece of the metglass. (For contrast, also try a piece of 
alurninurn foiI.) What kind of XRD pattern do you get with the noncrystalline material? 
Why is the pattern different from most metals? 

2. Devise some experiments to monitor the chauge from the noncrystalline state to the 
crystalline state. (What are your possible test parameters?) 

3. Perforrn the experiments aud discuss trends that you see with the processinglhistory aud the 
structure of the samples. 

Further Applications 
4. What are some applications ofmetglass? (Cite sources.) What are some special properties 

that are derived from the amorphous structure? 

5. What are some typical compositions ofmetglass7 (Cite sources.) Why are these particular 
elements used? 

Comments: 
This laboratory cau be easily adapted as a demonstration, or could be expauded to fit the needs of 
the course. With the right samples, magnetic properties can also be studied as a function ofthe 
processing treatments (to connect processing-structure-properties). 

The as-received amorphous metal should produce a single, large XRD peak (Figure 1 a). The lack 
ofperiodicity, or translational symmetry, results in noncrystallinity aud, therefore, the absence of 
sharp XRD peaks. While thermodynamics dictates that metals are generally crystalline, rapid 
solidification cau prevent the atoms from ordering onto a periodic lattice. In addition, a mixture 
of several different sized atoms can "frustrate the lattice" aud assist in the ability to forrn a 
noncrystalline structure. 
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The actual annealing treatments will vary according to the metglass. A window oftimes and 
temperatures should be determined by the instructor before the lab. The students should realize 
the effects oftemperature and oftime, based on the diffusion equation, 

x=Ji5i 
were x is the average diffusion distallce, D is the diffusion coefficient (which is dependent on 
Temperature), and t is time. 

With annealing, the metglass obtains enough energy to return to equilibrium (i.e., crystallinity) 
through diffusion ofthe atoms. The XRD scalls should display a decrease in the large, broad 
peak and the appearance ofwell-defmed peaks (Figure lb and lc). 

The lab works well as an inquiry-based exercise. where the students are asked several questions 
and then discover answers through experimentation. Excitement and satisfaction are usually 
generated when discovering that predictions are verified by experiments. 

Students are usually fascinated with the topic ofmetallic glass and their applications. Because 
the metglass is noncrystalline, there are no defects (in the usual sense) such as dislocations. 
Rather than plastically deforming, the metglass can be quite strong and have more of an elastic 
response. Several websites on golf clubs and coatings exist (see References section). A 
demonstration called "Atomic Trampoline" is also available for purchase 
(http://ice.chem.wisc.eduJorder.html) and has proven to be very popular. 

References: (websites on applications or demollstrations) 
http://mrsec. wisc .eduJedetc/ amomhous/ 
http://www.metglas.com! 
http://v..'Ww.liguidmetalgol f. com! 
http://www.physics.helsinki.fi!-diamondlindex.html 
http://www.armacor.com! 
http://science.nasa.gov /headlines/y200 1 /ast23 apr 1.htrn?list48859 
http://www .msnbc.coll1/newsI77607 6.asp 
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Figure 1. X-ray diffraction scans ofthe metglass in the a) as-received condition, b) annealed at 550°C, 3 minutes, and c) annealed at 
550°C, 10 minutes. The metallic glass changes from an amorphous to crystalline structure upon annealing. 
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Casting Thermoset Polymers: Process Considerations and 
Evaluating the Effects of Fillers on Flexural Strength 
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Key words: polyrner, urethane, casting, silicone, polyrnerization, thermoset, 
thermoplastic, fiber reinforced composite, flexural strength 

Prerequisite knowledge: Students should understand the basic concepts of 
polyrnerization, modulus of elasticity, and tensile strength. This experiment can also be 
used for illustrating the processing steps for casting, by including observations about 
mold design features (gating system, draft, mold cavity alignment, venting) and process 
considerations including; mixing and pouring requirements, removal of air bubbles, mold 
maintenance, and flash removal. 

Objectives: Students gain hands-on experience creating and using single and multiple
use molds to cast thermoset polyrner materials. Students create test bars offilled and 
unfilled materials which are tested as cantilever beams to determine the modulus of 
elasticity ofthe material. 

Equipment and Materials: 
Urethane casting compound (2-parts) 
Silicone rubber casting compound (2-
parts) 
polyrner fibers (e.g. acrylic, nylon) 
talc (talcum powder) 
silica sand 
Synthetic clay 
Plastic disposable plates 

Procedure: 

Mold release 
Small disposable plastic cups 
Stir sticks 
Patterns (small non-porous objects) 
scissors 
aluminum foiI 
paper towels 

The thermoplastic casting experiment is typically performed over at least two sessions, at 
least 24 hours apart, to allow the polyrner materials to cure. During the first session, the 
instructor gives a short introductory lecture to explain the procedure and review 
appropriate material handling techniques. Each student is given a handout which details 
the procedures and equations to be used, and provides a worksheet for calculations. 
Students work in teams oftwo to four students, as assigned by the instructor. During the 
first laboratory period each team is given a kit ofmaterials and allowed to choose their 
own pattern for the first casting exercise. Keys, coins, medallions and other small objects 
have been effectively used as patterns. The students make a mold cavity using clay, and 
cast an article using the urethane casting compound. The urethane resin and hardener are 
mixed at a ratio of 1 : 1, by volume. Small plastic cups are used to measure the 
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components, which are mixed by stirring. After stirring, the mixture is poured into the 
mold cavity, then allowed to cure, which takes approximately 3 minutes. Aluminum foiil 
Of disposable plates are used under the c1ay to catch any overflow ofthe urethane and to 
provide a base for the c1ay. After the resin is cured, the part can be removed, c1eaned, and 
trimmed, if necessary. 

Figure 1 
A single-use cavity formed from synthetic c1ay. Next to the c1ay is the pattern used to 

make the cavity. 

Student teams then use a silicone rubber mold cavity (provided for them) to create test 
bars ofurethane. Figure 2 shows the preparation ofthe mold cavity for the test bars. The 
pattern is shown in the bottom ofthe container, which is being filled with silicone rubber 
molding material. The mold material is poured slowly from one end to avoid trapping air 
bubbles. 

Figure 2 
Making a multiple use mold cavity from silicone rubber, using a c1ay "moat" to contain 

the silicone rubber. 
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The students cast bars from unfilled urethane, urethane filled with 1.5 % fiber, and 
urethane filled with 3 %, 6% and 30% particulates, by weight. Fibers are prepared by 
cutting yam into 1/8 inch long pieces. 

Each cast bar is removed from the mold cavity after approximately 5 minutes, but is 
allowed to cure for at least an additional 24 hours before deflection testing. Figure 3 
shows a test bar being cast in the silicone rubber mold cavity. Urethane resin has been 
poured into the mold and has begun to cross link.. The color change from translucent to 
opaque can be observed at the center ofthe right side ofthe test bar. Figure 4 shows 
several samp1es of cast bars, ready for deflection testing. 

Figure 3 
Silicone rubber mold for casting test bars. 

Figure 4 
Cast bar samples, shown with the silicone rubber mold cavity. 

The final activity for the first laboratory period is to create the first half of a two-part 
silicone rubber mold. Students choose an object to use as a pattern, and create a container 
to hold the mold. The students must choose an orientation for the parting line and for a 
gating system through which the finished mold with be filled with casting material. 
Careful planning is required at this stage to create a useful mold cavity. Synthetic clay is 
used to fiII the bottom half ofthe mold container, and the object is pressed into the clay, 
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up to the desired location of the parting line. Figure 5 shows a mold container with the 
clay and a pattern in place. Additional clay has been used to create a sprue extending 
from the top ofthe screw. This sprue will be vertical when the completed mold cavity is 
used. 

Figure 5 
Mold container with clay and pattern. 

After the pattern is inserted into the clay, the top part ofthe mold container is filled with 
silicone rubber mold compound. The silicone rubber is allowed to cure for at least 4 
hours. 

During the second laboratory session, the mold container is inverted, and the clay 
removed. Figure 6 shows the first half ofthe silicone rubber cavity now in the bottom of 
the mold container, with features cut into the silicone rubber on either side of the pattern 
to provide a means of aligning the two parts of the finished mold cavity. 

Figure 6 
Mold container with half of the silicone rubber mold cavity, inverted, ready for second 

part ofmold cavity. 

This mold container is now ready to be filled with silicone rubber mold material, to form 
the second part ofthe mold cavity. The pattern remains in the cast silicone rubber, and 
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the surf ace ofthe exposed pattern and the silicone rubber are cleaned with isopropyl 
alcohol. After coating the silicone rubber surfaces with mold release, the remainder ofthe 
mold container is filled with silicone rubber, which is again allowed to cure for at least 4 
hours. After the cure is complete, the mold container is removed, the two halves ofthe 
mold cavity are separated and the pattern is removed. A sprue, gate, and runners can now 
be cut into the mold cavity as required. The two-part mold can now be used to cast 
"copies" ofthe original pattern, using the two-part urethane casting compound. Figure 7 
shows the finished two-part silicone rubber mold cavity, with the original pattern on the 
right, and two parts cast from urethane. The sprue can be seen on the cast parts, and mold 
"flash" is also visible on the cast part that has been removed from the mold. 

Figure 7 
Silicone rubber two-part mold, with cast parts and pattern. 

Aiso during the second laboratory session, the cast urethane test bars are analyzed to 
evaluate the effects of the additives on the modulus of elasticity. Data is collected for the 
thickness of each ofthe test bars, and the bars are tested for deflection under load. The 
bars are mounted as cantilever beams using a clamp to secure one end. A load is applied 
to the free end, and the deflection ofthe free end is measured. A load value should be 
chosen to allow for measurable deflection in the elastic range ofthe beam material. For 
this experiment, a load of 0.2 pounds was selected, and all ofthe beams were 0.5 inches 
wide, with a free length of 5 inches. The thickness and deflection data were used to 
compute the modulus ofelasticity for the materials using the following formula: 

Where E = modulus of elasticity in tension, in psi 
P = load in pounds ( 0.2 pounds ) 
L = beam length, in inches ( 5 inches ) 
y = beam deflection, in inches 
1 = beam section modulus, (width*thickness3)/12 , in inches4 

(the test bars were 0.5 inches wide) 
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Table 1 lists average modulus values calculated from cast urethane test bars. The results 
indicate that adding small amounts of talc had no significant effect on the modulus value. 
Adding 30% by weight did increase the modulus, and the effect was larger for sand than 
for the very soft and finely divided talc. The addition of 1.5 % by weight of acrylic fibers 
may have rai sed the modulus slightly, but the effect was small and may not have been 
significant. Larger weight percentage additions of acrylic fibers were not practical for this 
gravity-casting method. 

Table 1 
Composition and Modulus for Cast Test Bars 

Material Average Calculated Modulus, ksi 
Unfilled Polyurethane 151 
Polyurethane with 3 wt. % talc 148 
Polyurethane with 6 wt. % talc 147 
Polyurethane with 30 wt. % talc 190 
Polyurethane with 1.5 wt. % a~rylic fibers 159 
Polyurethane with 30 wt. % sand 225 

Comments: 
Casting samples and test bars with urethane requires some care in laboratory technique. 
The two components ofthe system must be measured carefully, and then quickly mixed 
thoroughly without stirring in additional air bubbles. Urethane materials are moisture 
sensitive, so measuring should be done just before use, and raw materials and additives 
must be kept dry. If excessive moisture is pn:sent in the materials, the cast parts will 
"foam" and contain excessive amounts oftrapped gas bubbles. The weight percent of 
added fibers must be kept low, to allow for complete wetting ofthe fibers, and to allow 
the filled resin to flow into the mold cavity. 

This exercise provides many opportunities for discussion of process parameters and 
considerations. Students can observe the ways in which mold design and material 
preparation iofluence successful casting. Allowing the students to cast an object that the)' 
would like to take home as a "souvenir" increases their desire to create defect-free 
castings. Using a resin with a short cure time allows the students to experiment with 
process variables and develop an understanding ofthe repeatability ofthe process. 

Many variations on this experiment are possible. Other resin and additive choices are 
available and may provide good altematives or additions to the materials used here. 

Small quantities of casting resins and mold materials can be purchased from the 
following sources: 

Alumilite Corporation, 315 East North Street, Kalamazoo, MI 49007 (800) 447-9344 
www.alumilite.com 
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Eager Plastics, !nc., 3350 W. 48th Pl., Chicago, Il 60632-3000 (773) 927-3484 
v\ww.eagerplastics.com 
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Alumilite's Casting Manual, Alumilite Corporation, Kalamazoo, MI 

Kenneth G. and Michael K. Budinski, Engineering Materials: Properties and Se1ection, 
Seventh Edition, Prentice Hali, Upper Saddle River, New Jersey, 2002 

Robert L. Mott, Applied Strength of Materials, Fourth Edition, Prentice Hali, Upper 
Saddle River, New Jersey, 2002 

Biography: 

Sarah Leach, P.E., is an assistant professor of Mechanical Engineering Technology at 
Purdue University ElkhartJSouth Bend. She has an undergraduate degree in Mechanical 
Engineering from Vanderbilt University, and a Master's Degree in Materials Science and 
Engineering from the University ofNotre Dame. Her primary teaching responsibilities 
are in materials and applied mechanics. Sarah possesses over 15 years ofindustrial 
experience in manufacturing, research, and product development for electromechanical 
devices, multiplayer circuits, and sliding electric contacts. She remains an active member 
of the American Society of Mechanical Engineers and the American Society of 
Engineering Educators, and serves as the faculty advisor for the local student chapter of 
the American Society of Mechanical Engineers. 

Patricia J. Olesak is an assistant professor ofMechanical Engineering Technology at 
Purdue University, where she has taught courses in quality and materials science. She 
received a B.S. in Metallurgical Engineering from Michigan Technological University 
and an M.S. in Material Science Engineering from Purdue University. She has twelve 
years of industrial experience in the metallurgical and quality areas. She is a CQE and 
belongs to ASQC, ASEE and TMS. 

13! 





HEAT TREATMENT OF Cu-De COMPONENTS 
FOR HIGH-FREQUENCY COAXIAL 

CONNECTOR ASSEMDLIES -
A UNIVERSITYIINDUSTRY DESIGN 

PROJECT COLLABORATION 

James F. Shackelford 

Department of Chemical Engineering and 
Materials Science 

University of California 
One Shields A venue 

Davis, California 95616 

Telephone: 530-752-4030 
e-mail j fshackelford@ucdavis.edu 

and 

Michael T. Powers 

Agilent Technologies 
1400 F ountaingrove Parkway 
Santa Rosa, California 95403 

e-mail mike~owers@agilent.com 

133 



James F. Shackelford 

1:>4 



Heat Treatment of Cu-Be Components for High-Frequency 
Coaxial Connector Assemblies - A University/Industry 
Design Project Collaboration 

James F. Shackelford 
Department ofChemical Engineering and Materials Science, University ofCalifomia, One 

Shields Avenue, Davis, CA 95616 
and 

Michael T. Powers 
Agilent Technologies, 1400 Fountaingrove Parkway, Santa Rosa, CA 95403 

Key Words: 

Heat treatment, design, copper-beryllium alloys 

Prerequisite Knowledge: 

Senior standing in engineering, preferably with a major or double major in materials 
engmeenng. 

Objectives: 

In Spring 2002, an undergraduate process development team at the University of 
California, Davis investigated new processes for heat treating of copper-beryllium alloy in 
collaboration with a process design engineer at Agilent Technologies. Specific project 
objectives were: 

1. Dimension and tolerance (before and afler heat treatment) 
To ensure that the center conductor fits inside the connector and the connector 
achieves its intended electrical performance, the dimension and tolerance of the 
material before and after heat treatment must be precise. The ratios oftolerances 
compared to the dimensions are between one one-hundredth to one three
hundredth and the accuracy ofthe tolerance is within a thousandth of a millimeter. 

2. Hardness: 35 to 40 Rockwell Hardness C 
After heat treatment, the material must be between 35 to 40 HRC to prevent the 
material from deforming during use. 

3. 98% Overall Yield 
A process yield of98% or greater represents an optimum process. 

4. Decrease residence time 
Decreased residence time of the process will increase the throughput of the 
product. Increasing throughput also decreases the engineering overhead and 
operating cost of the system. 

5. Decrease cost 
Decreased cost will increase the revenues from the product. 
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Equipment and Materials: 

Currently, Agilent Technologies employs two processes for the heat treatment of copper
beryllium center connector components involving the use of a) a batch fumace and b) a belt 
fumace. 

The batch fumace is a c10sed heat treatment system. Control of the fumace' s 
atmospheric pressure and temperature along with the application of an inert gas blanket 
prec1udes oxidation of the samples during heat treatment. Agilent uses pure nitrogen gas from a 
liquid source for oxidation prevention in their batch heat treatment process. Parts are held at a 
temperature of approximately 315°C for two to four hours. Cooling of the parts is enhanced by 
increasing the nitrogen flow rate inside the fumace muffie during temperature ramp down. 

The belt fumace is an open and continuous heat treatment system. Samples placed on a 
belt move at constant speed through three heating chambers and one cool ing chamber. The two 
ends ofthe fumace muffie are exposed to the ambient atmosphere, which leads to a greater 
possibility of oxidation as compared with the batch fumace process. However, high flow rate 
nitrogen "curtains" are used to rninimize the amount of air that can enter the fumace at the ends 
ofthe muffie. Agilent's belt fumace process involves heating parts to approximately 370°C with 
a total fumace residence time of approximately 17 minutes. In the heating zone, forming gas 
(nitrogen with about 4 volume percent hydrogen) is injected into the muffie to prec1ude 
oxidation. Then, pure nitrogen is injected into the cooling zone to accelerate the temperature 
ramp down process. 

Testing was performed on one-centimeter diameter by one-centimeter long copper
beryllium test blanks. The material for the test samples was Brush-Wellman Alloy 25 UNS 
CI7200 received as half-hard wrought rod. The composition was 1.8 %(wt.) Beryllium, 0.2 
%(wt.) Cobalt, with 0.6 %(wt.) maximum allowable Nickel and 0.2% (wt.) maximum allowable 
Lead. The material used for the actual center conductors at Agilent is Brush Wellman Allo)' 
M25 UNS C17300. This alloy has an addition of 0.2 to 0.6 %(wt.) Lead to improve the 
machinability ofthe material. It is assumed that the difference in lead content between the two 
alloys is inconsequential with regard to the results ofthe Rockwell hardness testing. 

Introduction: 

Accreditation criteria and employer expectations increasingly require that students obtain 
"real world" design experience before graduation. To enhance this experience for Materials 
Science and Engineering majors at the University of California, Davis, the Department of 
Chemical Engineering and Materials Science revised its senior design course. In the Spring of 
2002, a new course EMS 188 (Materials Design Project) was taught jointly by the two authors. 
The format of the course was one in which the students worked together as a team to define, 
justify and develop a cost effective process for heat treating Cu-Be components used in high 
frequency coaxial connector assemblies (a project of ongoing interest to Agilent Technologies). 
To defme and develop this process, the students needed to consider the desired material 
properties, as dictated by the component design, and how the heat treat process affects the 
properties. They also needed to consider pre- and post-heat treat process sequences, such as 
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machining operations and electroplating, to ascertain what ancillary process steps may be 
impacted (e.g. cleaning processes). The team was expected to address economic, regulatory and 
environrnental/safety issues associated with the proposed process design and its development. 
The team was responsible for designing and conducting any experiments necessary to evaluate 
the process design and the resulting material properties ofthe components. The tearn reviewed 
both batch fumace and belt fumace methods. Experimental tests on both processes were 
conducted to investigate resolutions to existing issues. Tests were performed to investigate a 
shorter residence time at a higher temperature. Experiments were run in an attempt to increase 
the throughput ofthe process. Final team recornrnendations focused on the belt fumace process 
and modifications to increase product throughput. 

There is an ongoing interest in improving the residence time, cost and periodic yield (lot 
to lot) for both the batch and belt fumace processes. This proved to be an excellent, "real world" 
problem for the student team. 

For the batch fumace process, the mean residence time of six to eight hours (depending 
on the application) resuIts in a relatively low throughput that in turn dictates a higher than 
desired operating cost. Unfortunately, increasing the set point temperature ofthis process is not 
practical because the parts can undergo overaging as a result ofthe slow heating and cooling 
rates ofthe batch fumace. Although the overall yield ofthe batch fumace is maintained at or 
above the 98% target for an optimal process, the periodic yield can occasionally fali below this 
value with a detrimental impact on cost variance for the process center. 

The belt fumace process with residence time of only 17 minutes has a higher relative 
throughput than the batch process, but the parts are more susceptible to the risk of oxidation 
because the fumace is an inherently open system. This can occasionally result in a lower 
periodic yield for the continuous heat treat process. The student team estimated cost ofthe belt 
fumace process to be about 30% ofthe cost for the batch fumace process, as compared on a per 
boat basis. 

Procedure: 

The background knowledge on copper-berylliurn material properties, safety precautions, 
the Brush-Wellman Cu-Be aging curve, and the key objectives ofthis project were ali factored 
into the experimental design for determining an improved heat treatment process. Although both 
the batch and belt fumaces were studied, process economics and time Iimitations led the team to 
concentrate on the belt fumace process. 

The Cu-Be samples were first cleaned of any organic contarnination using an industrial 
detergent obtained from Agilent Technologies called Formula 815GD by Brulin and Company, 
Inc. The concentrated detergent was diluted using distiIIed water at a ratio of 1 :20. The cleaning 
solution was heated to a temperature of 60-80°C, and the Cu-Be samples were then placed in it 
for approximately ten minutes. The samples were removed from the cleaning solution, rinsed 
with de-ionized water, and carefully dried with pressurized air. 
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The design objective ofthe belt fumace experiment involved attempting to achieve the 
appropriate material hardness by employing a higher temperature than the 370°C process used at 
Agilent. In this way, the team hoped to shorten the process residence time and ultimately 
improve overall yields. The belt fumace experiment involved four iterative trials using a 
Lindberg Model 814 continuous belt fumace at the Agilent Technologies plant in Santa Rosa, 
California. For each trial, five cylindrical Cu-Be samples were placed into a boat and then run 
through the belt fumace. The trials used the temperature set points and belt speeds indicated in 
Table 1. 

The fumace cooling rate using only nitrogen gas in the cooling zone was determined 
from initial temperature profiles to be approximately 54°C/min. With the addition of an 
equivalent flow rate ofhydrogen to the cool ing zone gas flow (which effectively doubled the 
cool ing zone flow rate), the cool ing rate increased by over 50010. 

Two Cu-Be samples were tested at least four times each using a Rockwell hardness tester 
in the mechanical metrology laboratory at the Agilent site. The hardness results corresponding 
with belt speed and temperatures are listed in Table 1. 

T bl 1 B 1 F a e . et urnace p arameters an dR l' S 1 H d esu tlOg ampl e ar ness 
Trial Belt Speed (in/min) Temperature(°C:) Hardness (HRq 

1 10.4 450 32.7 
2 11.25 450 33.6 
3 11.25 430 35.2 
4 11.25 410 36.2 

Some ofthe Cu-Be samples that were heat treated in the belt fumace were cut axially 
with a diamond blade saw. Half of the sample was then mounted in Epomet mounting powder. 
The mounted samples were machine polished using 240, 300, 420, and 600-grit sandpaper. 
Next, the samples were further polished using 6-micron diamond polishing compound. Colloidal 
silica polishing suspension with a pH of9.8 was used to fine polish the samples and complete the 
polishing process. The solution used for general purpose etching ofthese copper alloys is: 3 
grams ammonium persulfate, l-mL N~OH, and 100-mL water. To achieve better grain 
boundary contrast, the design team also used an etchant comprised of: 2 grams K2Cr207, 4-mL 
saturated aqueous NaCI, 8-mL H2S04, and 100-mL water. Optical micrographs taken by 
members ofthe student design team (Figures 1 and 2) indicate that samples with higher hardness 
values display fmer grain sizes due to being heat treated for shorter times and at lower 
temperatures. 

C:omments: 

Hardness values were used as the measur~: of success for the trials conducted at the 
Agilent plant. Hardness from 35- to 40-HRC wa'i considered an acceptable value for the Cu-Be 
samples. As indicated in Table 1, the requisite hardness range was achieved for trials 3 and 4 
where the effective peak temperatures were decreased relative to those in trials 1 and 2, while the 
belt speed was held constant at 11.25 inches per minute. Ofthe trials that were conducted by the 
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student design team at Agilent, the best results were obtained for trial4. Ifthe conditions oftrial 
4 were implemented, the residence time would decrease by approximately 8%, with a concurrent 
increase in the overall throughput. 

The student design team identified several potential risks associated with the 
implementation ofthe procedure developed in trial4 including the increased use ofhydrogen gas 
in the cooling process, the effect ofhigher tempera ture on the parts, and increased wear on the 
fumace. The safety issue associated with an increased flow rate ofhydrogen in the fumace 
cooling atmosphere is always a concern due to the combustible nature ofhydrogen. The team 
suggested that this concern could be mitigated by dilution ofthe cooling zone gas mixture with 
inert gases such as nitrogen or argon. The higher temperature used in trial 4 could result in over
aging ofthe material ifthe time at temperature is not closely controlled. The higher temperature 
and belt speed can also accelerate mechanical wear in the fumace. In light of this fact, the team 
suggested that inspections ofthe fumace should occur more frequently. It was the consensus of 
the design team that their trials could have benefited from more on-site testing at Agilent 
Technologies. They felt that further testing would be needed before final recommendations on 
optimum fumace set point temperatures and belt speed could be made. 

During the early part ofthe course, the students were required to make an oral 
presentation in which they outlined and justified their project investigation. This included a 
return-on-investment (ROI) for their expected results. The project fmal review was also 
conducted as an oral presentation, but one presented to a "management review panel" comprised 
of an engineering manager and two engineers from Agilent Technologies, along with the authors. 
For both oral presentations, each ofthe students was required to participate. In addition, the 
students were required to provide a fmaI project report to the course instructors. It should be 
noted that the panel members from Agilent were very impressed with the thoroughness and 
professionalism displayed by the student design team in the final project review and report. 

Both the students and faculty assessed the design project class as part of a Total Quality 
Management process to improve future offerings ofthe course. It was agreed that equipment and 
safety training should be set up during the frrst few weeks of class to minimize the impact on the 
time available for actual experimentation. This would include distribution of laboratory door 
access codes. Lists of ali equipment available at VC Davis facilities would be given to the 
students, including equipment outside of Central Facilities, during the fust week of class. It was 
also recommended that on-site experiments at the facility ofthe industrial partner should occur in 
several visits. This would allow the students to plan their follow-up experiments based on the 
findings ofthe initial visit. It was suggested that the design project could be more effective if 
extended to two quarters instead of one. In the interim, a one-unit orientation course is planned 
prior to the quarter of offering to allow the student team to be more fuIly prepared at the 
beginning ofthe design project quarter. 
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Figure 1. Optical micrograph of Cu-Be alloy heated at 4500 C and 10.4 in/min 
belt speed at Agilent Technologies, with some polarized light and color
enhancement. 

Figure 2. Optical micrograph ofCu-Be alloy heated at 4100 C with a belt speed of 
11.25 in/min at Agilent Technologies, with some polarized light and color 
enhancement. 
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Although this experiment is clearly specific to this particular industrial collaboration, we 
present it as a general example ofthe unique opportunities that are available to students in such a 
partnership. 

We thank Professors Jeffrey Gibeling and Joanna Groza ofthe Department of Chemi cal 
Engineering and Materials Science at UC Davis for their substantial involvement in the design of 
EMS 188 and to Professor Groza for participating in this inaugural offering. The authors 
gratefully acknowledge Jerry Stiles of Agilent Technologies for assisting the process design team 
with temperature profiling and operation ofthe belt fumace. We would also like to thank Paul 
Lomeli, Matt Condron, and Nelson Settles of Agilent Technolgies for attending the final review 
presentation and for their generous comments and input to the design team. Most of ali, we 
gratefully acknowledge the participation ofthe students: Karen Chan, Ivy Chow, Daniela 
Fredrick, Ivan Hung, Dena Joseph, Nancy Maa, and Air Sritiraj (shown in Figure 3 at Agilent 
Technologies with M. Powers). 

Figure 3. ue Davis - Agilent Technologies design team. 
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Abstract 

In order to predict the mechanical behavior of polymers such as polymer liquid crystals 
(PLCs) we create one and two-phase materials on a computer and subject them to tensile or 
compressive stress. These materials are composed of flexible and rigid segments, the later 
spatially arranged in the form of islands amidst the flexible matrix. 

A method to create realistic computer generated materials has been developed, as well as 
procedures to visualize in three-dimensions the materials and the simulations performed on them. 

We conduct molecular dynamics simulations on these materials to obtain information on 
crack formation and propagation as well as scratch resistance and recovery as a function of time. 

The results so obtained can be used to develop new real materials with improved 
performance and better scratch resistance. The methods used for graphical visualization can be 
used as a tool both in teaching and in research. 

Keywords: Computer simulation, OpenGL, Molecular Dynamics, Fracture Analysis 

Prerequisite Knowledge: Basic understanding ofthe structure ofpolymeric materials 

Objective: To learn about the structure ofpolymers, deformation processes, failure mechanisms 
and scratch resistance and recovery 

Equipment: PC running Windows 98/20001ME1XP 

1. Introduction 

The mechanical behavior of materials has been an important field of activity for 
engineers along time. Understanding and predicting the response of a part under service is not 
only important for the manufacturers but has implications for the consumer as well. Thus, 
reliability of materials is of great interest to alI ofus [1, 2]. 

Although metals have been used for centuries and many of their properties are well 
characterized, much stiH needs to be researched. Comparatively, polymers have only recently 
been used on a global scale and the knowledge of their properties is very limited. Most plastic 
parts continue to be manufactured with little use of Materials Science and Engineering (MSE) 
knowledge but instead relying on empirical experience. 
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Computer simulations have been evolving in the past years and have reached a degree 
that makes their use as a predictive tool viable, allowing us to study a variety of phenomena that 
cannot be studied experimentally. Simulating the mechanical behavior of polymers requires a 
high degree of complexity though, due to the large number of variables involved. Another 
problem presented by simulations is that the material being simulated on the computer must 
adequately mimic the characteristics and behavior or real materials [3]. Although our earlier 
simulations [4-6] have been performed using two-dimensional materials, these lacked several 
features that can only exist in three dimensions. 

We have developed reliable simulations based on molecular dynamics (MD) using 
realistic computer-generated polymers. To thls end our computer-generated materials are created 
using a polymerization process on a triangular lattice of individual monomers, resulting in an 
agglomerate of chains with controllable degree of orientation, molecular weight and 
composition. These computer-generated polymers have shown to mimic several features of real 
polymers [3]. 

A different approach to the generation of polymeric chains was developed by Theodorou 
and Suter [7, 8] for the structures of glassy polymers. They have proposed a method for the 
generation of a material on the computer based on the rotational isomeric state (RIS) theory as 
espoused by Flory [9]. After an initial guess ofthe chain conformation, the system is brought to a 
lowenergy state at or near the minimal potential energy. 

Fossey and Tripathy [10] have provided an improved way of model ing spider silk 
elasticity. They have combined the method of Theorodou and Suter to form a polypeptide glass 
and Termonia's three-phase system model ofthe spider silk elasticity [11]. 
Non-atomistic methods also exist, such as the use of fracture mechanics for the study of crack 
formation and propagation phenomena as well as calculation of stress intensity factors in 
materials. Binienda and coworkers [12-14] have been using this method for the analysis of 
interfacial and interactive cracks. 

Computer simulation and animation can also play an important role in teaching students 
about the structure of polymers as well as their mechanical behavior. The animations resulting 
from our simulations clearly show a variety of physical phenomena which may not be easily 
understood from static two-dimensional pictures. These anirnations are available from our 
website at http://www.unt.edu/LAPOMIresources.htm/[15]. 

We have also been developing a code for the simulation of scratch resistance and 
recovery of two-phase polymers. Early results of our simulations can be seen in Figure 1. In this 
figure we represent the depth of each segment on the surface of the material along time. The 
force is applied perpendicular to the surf ace and moves along the surface from one segment to 
the next. As the force moves to a segment, it is pushed deeper into the material and then recovers 
along time after the force moves to another segment. Since our group conducts scratching 
experiments on polymers [16, 17], comparing the result from simulations and experiments 
should prove valuable. The animations resulting from our simulations enable students to 
understand on a molecular level why and how materials recover from scratching. 
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Figure 1 - Scratch resistance and recovel)' as a function oftime 

2. Procedure 

The creation of our computer-generated materials is based on a polymerization process 
[3]. Initially we have a large number of individual monomers arranged in a triangular lattice. 
Each of these individual monomers can react with a neighboring monomer and form a polymer 
chain. Therefore, we rapidly will have many small chains formed from the monomers. Each of 
those chains will keep growing by addition of more monomers until there are no neighboring 
reactive ends of chains. At this stage, the material will contain chains with a distribution of 
molecular weights, ranging from veI)' small to very large chains; see Figure 2. The distribution 
obviously depends on the random nature ofthe polymerization process. However, it can also be 
somewhat controlled. If the process is stopped before full polymerization was achieved, the 
average molecular weight will be lower. On the other hand, promoting further growth of chains 
after complete polymerization by creation of new reactive centers will increase the average 
molecular weight. Students can learn about these details of polymerization by watching the chain 
growth process in real-time and stopping it at severa! stages. 

Another feature of our polymers that mimics real materials is the presence of 
entanglements between chains [3]. As shown by Goldman [18], entanglements can largely detine 
the mechanical behavior of polymers. The random nature of chain growth and their coiled shape 
allows for this phenomenon. A higher average molecular weight of the chains indicates longer 
chains and as a consequence, a higher probability of entanglements between different chains or 
different parts of a chain. The influence of the molecular weight on mechanical properties such 
as the elastic modulus of the material can also be studied by simulating materials with varying 
average molecular weight ofthe chains. 
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Figure 2 - Polymeric structures created in three-dimensions on the computer show several 
important features of real materials 

Both single and two-phase materials can be created using this method. We have devoted 
more attention to two-phase materials since these have been less studied and usually present 
more complex behavior. Such is the case of polymer liquid crystals (PLCs) which consist of a 
rigid phase dispersed in the midst of a flexible matrix. The rigid segments tend to agglomerate in 
the form of quasi-spherical islands [19]. When creating our computer-generated materials we can 
specify the concentration of rigid phase that we want and that will determine how many islands 
will be distributed in the material. Due to random chain growth and the fact that islands are 
placed in random positions but are not allowed to touch, there will be a physical lirnit to how 
many islands we can place on the matrix. We have found that concentrations above 50 % 
become increasingly difficult to achieve. However, this limit will depend on the size of the 
islands, which can be chosen [6]. Also, due to the discrete nature of the segments we cannot 
achieve any concentration; the total number ofrigid segments has to be a multiple ofthe number 
of segments in a single island. We cannot place only part of an island or even part of a segment 
in the material. 

Using this procedure we can create a variety of two-phase structures, with varying 
concentration, island size and island distribution. Thus, the structure of two-phase polymeric 
systems can also be graphically represented. 

Our computer simulations are based on the MD method [4]. In this method, originally 
developed by Bemi J. Alder and collaborators [20], alI particles in the system are moved 
simultaneously. Each ofthese particles is defmed by a set ofthree cartesian coordinates and three 
momentum components along the cartesian axes. 

When external forces are applied to particles, their effect on the system can be observed. 
A sufficient1y high tensile force applied along one of the Cartesian axes will cause the material to 
elongate along that axis and contract along the other two axes. The ratio of the elongation along 
the force axis to the perpendicular contraction is defined as the Poisson ratio. In our simulations, 
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a uniaxial tensile force increasing linearly with time is applied to the extreme segments of the 
material on that axis. This is the same procedure followed in real-life tensile testing with a 
sample between two grips ofthe machine. Again, the behavior ofthe material can be emulated in 
computer simulations, and the resulting animations used to teach about the viscoelastic 
properties ofpolymers. 

An important aspect of reliability of polymers consists on the analysis of failure 
mechanisms, including crack initiation and crack growth pattems. Previously [6] we have 
reported on the use of computer simulations to predict crack initiation loci and crack growth. We 
found that paths of high local concentration in the material create favorable conditions for cracks 
to grow along. The animations that resulted from these simulations can also be used for teaching 
on the cracking phenomena in polymers [21]; these are available on our website [15]. We have 
since devoted our attention to the different deformation mechanisms that the material can exhibit 
before fracture occurs. 

Several concurrent deformation mechanisms occur in real materials during deformation; 
the most comrnon being chain slippage, chain scission and conformation changes. Chain slippage 
allows for deformation without rupture of chemical bonds inside the chains. This can occur at 
relatively low values of applied force, since it must only overcome the weak van der Waals 
(dispersive) forces between chains; see Figure 3. Chain scission occurs for higher values of 
force, since chemical bonds inside the polymeric chain have to be ruptured. Usually before chain 
scission occurs we observe a change in conformation of the bonds, from cis to trans. That allows 
for deformation without any rupture of bonds. 

Figure 3 - Chain slippage allowing for failure of the material without any rupture of chemi cal 
bonds between segments 
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Entanglements also play an important role in defonnation since these constitute 
additional linkage between chains; see Figure 4. Thus, two entangled chains will reach a 
defonnation limit when one ofthem will have to break so that further elongation is possible. The 
influence of entanglements on the mechanical properties of materials has hardly been 
characterized, since one cannot measure experimentally how many chain entanglements exist in 
a material. However, simple logic would indicate that a higher degree of entanglements would 
result in higher rigidity of the material. We are now trying to confinn that statement with our 
simulations. 

Ultimate material failure may result from several or mainly one of the possible 
mechanisms. Our simulations have shown in different cases alI these molecular phenomena. The 
graphical animations created and roade available on our website [15] can be used to teach them 
interactively. 

Figure 4 - The presence of entanglements between chains on cor.Jputer generated materials 

In order to graphically visualize the struc1ure of our computer-generated materials as well 
as the results from the simulations, a program was developed using the OpenGL rendering 
engine [22]. This program was written in Visual C++ and runs under Microsoft Windows 
environment. The program takes text-based infonnation files resulting from the creation of the 
material or the mechanical simulation and displays it in a three-dimensional (3D) environment. 
Thus, each segment in the material can be represented as a sphere, and their motion along time 
can be visually followed. Animations can then be created to exemplify a specific phenomenon. 
This type of graphical representation has only recently started to be used for educational 
purposes; however, its advantages are obvious. Students respond weB to visual stimuli and 
complex phenomena such as fracture in polymers can be more easily understood with 3D 
graphical representation. 
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3. Concluding remarks 

Computer simulations present several interesting features; results can be obtained fairly 
fast once the program exists and runs adequately. We can avoid costly materials as well as 
human inaccuracies during experimentation. But the most important aspect is that simulations 
can provide us information which is not accessible experimenta11y [23]. Experimenta11y 
observing physical phenomena such as deformation and fracture at a molecular level is stiU not 
possible, although progress is continuously being made in this area. 

However, simulations also present several problems, including the need to validate data 
with experimental results, the limited capability of fully representing physical systems on a 
computer, and limitations in computational power which determines the maximum level of 
complexity ofthe simulated systems. 

We have devoted a significant effort to ensure the materials we create on the computer 
mimic the important features of real materials. We found that features such as molecular weight 
distribution, varying chain orientation and chain entanglements are alI present in our materials 
[3]. We have also observed realistic deformation mechanisms in our simulations. 

The animations created from our simulations results can be used as a visual teaching too1. 
Three-dimensional graphical representation in real-time allow a student to observe and 
understand complex physical phenomena at a molecular level interactively. The same methods 
we use for the representation of polymeric materials, mainly PLCs, can be used for the 
representation of any material. Computer animation has been increasingly used for educational 
purposes and this trend will surely continue in the future. An important advantage of animations 
is that they can be seen in any home computer, allowing students to dedicate variable amounts of 
time to each subject, depending on its complexity and the student's interest on that particular 
topic. 
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Prerequisite Knowledge: basic knowledge on strength of materials, stress analysis, 
deflection of cantilever beams. 

Objective: to understand that the strength and fatigue behaviour of metallic components is 
influenced by their geometry. To determine the differences in fatigue behavior of 
components with geometric discontinuities. 

Equipment and Materials: 
Equipment 

1. A universal tensile testing machine, Instron. 
2. A rotating-bending fatigue machine powered by an AC motor*. 
3. Separate sets of sets of metal fatigue samples with a 90 mm radius, a semi-angle 

36°notch, and a set ofparallel-sided tensile samples. 
4. A measuring device to determine the number of cycles to failure of the metal 

samples. 
*The fatigue machine design is based on that developed by R R Moore and uses the 
cantilever bending rotating beam principle(Collins 1993; Instron 2002). The specimen 
functions as simple cantilever beam loaded at one end. When the specimen is rotated one 
half cycle, the stresses in the metal just below the neutral axis ate reversed from tension to 
compression and vice versa. At the end of one revolution the stresses are once more 
reversed so that during one revolution the test specimen goes through a complete cycle of 
flexural stresses. The machine accepts parallel circular shaped specimens which are locked 
into a jaw chuck within a set of collets, the spacing between clamped ends is 62mm. Stress 
is applied to the specimen at free end by applying a deflection to the end of the beam not 
attached to the motor. The machine operates at a speed of 1 38Orpm. At the nominal rate of 
1380rpm the machine is capable of 82,800 cycles per hour .. A pulley is attached to the 
end of the specimen which is then attached by a belt to the counter. The mechanical digital 
counter provides an accurate indication of the number of cycles attained by each specimen. 
When the sample fails, the counter stops. At no stage are stress calculations required. 
Observation of the effect of end deflection is an indicator of the relative stress loading. 
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Materials: 
There are 3 samples of either aluminum or steel, with one of the geometries given in Table 
1. A total of 6 samples for fatigue testing. A further 3 samples of parallel-sided tensile 
samples of aluminum or steel are also provided [Figure 3]. Due to time restrictions, only 
one type of metal is tested. Results for the other type of metal are collected from other 
experiments and distributed to the student groups. At the end ofthe semester ali the results 
for ali the test samples are collected and a statistical analysis ofthe data is performed. 

Table 1. Typical geometries offatigue and tensile test specimens. 

Aluminum Steel 

(a) 36 semi-aIU!le o notch 36 semi-anl!le o notch 

(b) 90 mrn radius 90mrn radius 

( e) Parallel sided Parallel sided 

Introduction: 
By far, the majority of mechanical failures happen from fatigue. According to independent 
studies by Battelle in 1982, between 80-90% of alI structural failures occur througb a 
fatigue mechanism (Halfpenny). Fatigue may be defined as jailure under a repeated or 
otherwise varying /oad which never reaches a /evel sufficient to cause jai/ure in a single 
application. An understanding of the effects of fatigue is critical to the design of devices 
and structures subjected to cyclic loading. Failure can result in fracture, customer 
dissatisfaction, fmanciallosses, or endangerment. 

A stress concentration is a physical or metallurgical condition that increases the local stress 
in the part by some factor. Geometric discontinuities which are unavoidable in design, such 
as holes, fillets, groove and keyways, cause the stress to be locally elevated and so are 
called stress raisers or notches (Dowling 1999). Their presence may reduce the resistance 
of a metal component to fatigue failure. A good example is the shaft with a keyway. The 
stress in the area of the corner of the keyway varies depending on the size of the corner 
radius. A small radius can increase the stress dramatically. This may simply be a 
consequence of the locally higber stresses, causing fatigue failure cracks to initiate and 
propagate at such locations. Stress concentrations, indicated by the symbol Kt, can be 
caused by changes in metallurgy, internal defects, or changes in shape. The resultant 
values depends on both the type of stress, i.e., bending, torsion, etc., and the general shape 
of the part. Stress concentrations have a great effect on crack initiation because of their 
effect on increasing the local stress. The crack can start solely as the effect of the operating 
loads or it can be multiplied by the stress concentration factor (Hyler, Lewis and Grover 
1954). 

In many engineering applications a shaft is a metal bar usually cylindrical in shape and 
solid, but sometimes hollow, that is used to support rotating components or to transmit 
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power or motion by rotary Ofaxial movement. Shafts may be subjected to a variety of 
loads in general, tension, torsion, compression, bending or a combination ofthese. 

When smooth specimens of metal shafts are fatigue tested at a range of stress levels a 
variation in fatigue life (stress at failure) is found (Dowling 1999; Callister 2001),resulting 
in the common S-N curves. When tested in tension the result is one value which is 
indicati ve of the material strength. Aluminum and steel display such a range of fatigue 
lives and tensile strengths. Moreover, due to the effect of different stress concentrators, 
there may also be a distinct difference in fatigue life and tensile strength ofthese metals. In 
applications involving relatively low stresses applied for large numbers of cycles design 
against fatigue may require only that the fatigue strength at long lives of the order 106 to 
108 cycles be known. Rotating-bending fatigue tests are often used for these calculations . 

Many modification factors may be incorporated into the analysis of fatigue life (Callister 
2001). A quantifiable effect is that of the presence of a notch. If a notch is present, the 
fatigue life is reduced by a fatigue notch factor kj which may be simply defmed by the ratio 
of fatigue strength of the metal component with the notch, divided by the fatigue strength of 
the metal component without the notch (Dieter 2000). The S-N type fatigue behaviour may 
often not be seen for these samples with a notch, or the fatigue life may be dramatically 
reduced (Hyler, Lewis and Grover 1954) The mathematical applications of the effect of 
stress concentration factors can become quite complex and bas been detailed in a number of 
extensive publications (Neuber 1946) .. These applications and approaches are not 
investigated in this exercise. They are left as a mlţjor exercise in the junior year of the 
course for mechanical engineers. 

Normally, long life fatigue testing is performed in rotating bending or cantilever bending 
where a stress gradient is imposed on the material (Collins 1993) (Instron 2002). However, 
the effect of notches and geometrical changes on the tensile and fatigue strength and life of 
metal components can be illustrated by simple experiments which do not require an 
understanding of the mathematics of notches. The experiments are phenomenological in 
that the results illustrate the outcome of rotating bending fatigue conditions on metal 
samples with varying loading and geometric conditions. 

In these experiments a selection of either steel or aluminum test pieces which contain either 
a severe stress concentrator, semi-angle semi-angle 36° notch, or a mild stress concentrator 
in the form of a 90 mm radius groove(essentially a specimen without a notch) are tested in 
both a rotating-bending fatigue mode, and tensile mode. In addition, ali the sample 
geometries together with standard test pieces are tested in a Universal tensile testing 
machine, to illustrate the effect of stress concentrators on the tensile strength of metals . 

The fatigue equipment used in this experiment is a typical bending-fatigue rig that is 
applying a constant load to one end of a rotating shaft causing a cyclic tensile and 
compressive stress to operate [Figures la,lb and le]. An indication ofthe loads applied as 
the deflection is increased is given in Figures 2a,2b,2c, and 2d. This data was obtained 
from simulation modeling using Mathematica©. 
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Procedure: 

Tensile testing (Figure 4) 
1. Measure the minimum diameter of each sample 
2. Use the Instron Universal tensile testing machine on the 20 kN range. 

Run the chart at 2 cm per minute to obtain graphs for each test. 
3 .. Tensile test THREE samples of each oftest specimens [Figure 4]. 
4. Record aod calculate the tensile strength, and the fracture strength, inc1uding the me~m 

value and standard deviation. 
in either Table 2 or 3 as appropriate for your specimens 

Fatigue Testing (Figure la,lb, and le) 
1. Conduct fatigue test at four deflectioos, 

i.e.: 1, 1.25 and 1.54 and 175 mm 
each representing a different loading condition. 
The value of the loading condition is not required. 
An indication of the load applied to the specimens is shown in the graphs of Figure 
la, Ib, Ic, and Id. 

2. Fatigue test THREE samples at each deflection. 
3. Refer to Figure 4 for a view ofthe experimental equipment. 
4. Raise the bearing moulding until the dial gauge just stops tuming 

Place the test piece in the chuck and tighten the chuck with the tools provided. 
It is absolutely vital at this point that the bearing centre and the chuck are at the 
same height and collinear otherwise the act of tightening the chuck will bend the 
specimen before the test load is applied. 

5. Simultaneously turn the chuck by hand and lower the bearing housing. Continue 
until the bearings just begin to rotate and have just touched the test piece. 

6. Set zero on the dial gauge. 
7. Continue lowering the bearing housing until the pre-determined deflection is shown 

on the dial gauge. 
8. Fasten a pulley onto the test piece. Make sure that the groove ofthe pulley is inthe 

same vertical plane as the groove ofthe pulley on the counter. 
9. Set the counter to read zero. 
10. Install a rubber band as a belt between the pulleys. 
II. Switch the motor ono 
12. Record in the table provided, the number ofrevolutions to failure at each deflection 

in either Table 2 or 3 below. The loads at each deflection have been previously 
measured and are inserted in the tables. If a fatigue specimen remains unbroken 
after 25000 cycies, remove it and record the number of cycies as >25000 

Comments: 

The overall fatigue results should show a decrease in the number of cycies to failure as the 
applied load (deformation) is increased. Since only four deflections are used, a curve of 
'best fit' is drawn through the data. The curve indeed does show that there is a decrease in 
fatigue life as the applied stress increases. This situation occurs for both the 90 mm radius 
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samples and the semi-angle 36° notch samples. When the effect of severity of notch is 

compared, the semi-angle 36° notch samples have a marked decrease in fatigue life when 
compared with the 90 rom radius samples. 

Shown in Figure 5 are the failed steel tensile samples. AlI samples appeared to fail in a 
ductile manner. A similar result occurred for the aluminumtensile samples. When 

comparing results from the tensile test, it is again seen that the semi-angle 36° notch 
samples fail at a higher stress than the other samples. The local stress at the root of the 
notch is higher than the 'far field' stress for either the 90 rom radius samples or the standard 
parallel-sided samples. 

This phenomenological approach is implemented for the conduct of these experiments for 
freshman students of engineering. Over half the cohort is comprised of electrical 
engineering!computer science students and only require a basic knowledge of fatigue 
behavior. The remainder of the cohort is comprised of civil and mechanical and 
biotechnology engineering students - they will have the principles of fatigue behavior 
elaborated upon in later years. At this stage it is sufficient that they also have a basic 
understanding ofthe effect ofvarious stress concentrators on the fatigue behavior ofmetals. 

Typical Results: 

A set of typical results for the tensile testing of specimens is given in the last row of results 
from Tables 2 and 3. Here it is seen that the effect of stress concentrators is to modify the 
load at which the various specimens faiI. Before the fatigue tests take place, a class 
discussion ensues as to the effect of the stress concentrators and various loads on the final 
life of the specimens. The students then undertake the experiment. 
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Table 2: 90 mm radius test pieces of Aluminum and Steel(average of30 tests)· 

n_A ALUMINUM . 

. , . . ..... 
DEl'LBC'I'ION ". Ferce INumberof Force NuMber'of 

(newton) CycJes (newton) Cyc:Jes 
. 

IM ... 32 >25000 12 5679 
.. 

1.25"· 38 10454 14 1100 

1 .... 48 3763 16 616 

1 . .,5 •• 55 170 18 25 

Stressat otfset 
yieldof g()·lJlUl· 

.. ' 

659MPa 212 MPa 
mdil.1S_~ 

StreSsatOflret 
yidi.qf~ .. 

523 MPa 332 MPa 
sided ___ 
sample$ 

• 

Table 3: senU-aJ ~e 36 
o 

notch test Jlieces of Aluminum and Steel(average of 30 tests' 

STUL" -ALUMINIJM 

D~ 
... 

Ferce N""of F~ 
..' .. 

NUIIlbcIr of 

.\' I (newton) CycJes (~ .CycJes 
'. > '. ". ' ...... '. 

1"- 248 1002 95 52 
.... 

1.25 •• ' . 310 535 130 18 
. ....... 420 238 145 6 

1.'1S .... 490 46 170 2 
:. .:.:" 

~II:'" yWdqf .......... ..... 1178MPa 422 MPa ... :; .... 
Stren· 8t oISet 
yieldqf 
par8Jlohi~; taJIIe.,, __ ... 523 MPa 332MPa 
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Fig. 1 a. Typica1 arrangement of the bend rotating fatigue rig with a fatigue sample eg with 

semi-angle 36° notch test pieces ofSteel 

Fig. lb. Typical arrangement of the bend rotating fatigue rig with three fatigue samples 

running at once. 
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Fig. lc. Front view ofthe bending-rotating fatigue showing the 

establish a deflection of the cantilever beam. 

Load 
(Newtons) 

Deflection (metres) 

indicator employed to 

Figure 2a. Deflection Force (Newton) Vs Deflection (metre) for Steel: 90 mm radius test 
pieces. (data obtained from simulation model ing using Mathematica© 
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Figure 2b. Deflection Force (Newton) Vs Deflection (metre) for Aluminum: 90 mm radius 
test pieces. (data obtained from simulation modeling using Mathematica© 
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Figure 2c. Deflection Force (Newton) Vs Deflection (metre) for Steel: semi-angle 36° 
notch test pieces. (data obtained from simulation modeling using Mathematica©) 
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Figure 2d. Deflection Force (Newton) Vs Deflection (metre) for Aluminum: semi-angle 

36° notch test pieces. (data obtained from simulation modeling using Mathematica© 

Aluminum Steel 

Fig. 3. Layout ofthe fatigue and tensile sample (refer to Table 1) 
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Figure 4. Sample in the tensile testing machi ne [Instron] 

(a) 

(b) 

( c) 

Figure 5. Example offailed specimens; (a) semi-angle 36° notch, (b) 90 mm radius, 
and (c) parallel sided tensile sample. 
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Key Words: High-cycle fatigue, statistical treatment offatigue test results, probability paper, 
material fatigue properties, fatigue diagrams, family of fatigue curves. 

Prerequisite Knowledge: Basic knowledge of fatigue strength of materials, fatigue failures, the 
relation between fatigue strength and number of test cycles, and statistical treatment of test 
results. 

Objectives: Determine fatigue properties of steel or polycarbonate specimens using: 
1. Conventional method, 
2. Constant stress level, 
3. Response or survival method, and 
4. Step test procedure. 

Compare test results collected from the different testing methods and make appropriate 
conclusions. 

Equipment: 
1. Three cantilever type rotating-bending fatigue machines. 
2. 100 standard round fatigue specimens of 1018 cold rolled steel or an equivalent material. 
3. A computer with MS Excel© or equivalent software for construction of S-N plots. 
4. Probability graph paper (normal and log-normal) for performing statistical treatment of 

test results. 

Introduction: The fatigue testing methods were incorporated into laboratory sections of the 
Mechanical Engineering Design Course at Purdue University Calumet. These experiments and 
fracture mechanics tests (observation and ana1ysis of crack growth, determination of stress 
intensity factor and J-integral, accelerated fatigue testing) discussed in [1,2,3] give our students a 
comprehensive knowledge ofvarious fatigue testing techniques and the interpretation oftheir 
results. Through experimentation, students recei ve the necessary background in fatigue testing 
and statistical treatment oftest results, to permit evaluation of accumulated damage and 
prevention of fatigue failures. 

The students work in teams ofthree or four and conduct tests at assigned load levels. These 
teams then share their test results, and in order to perform a reliable statistical treatment, results 
from previous years are included in the ana1ysis. AlI accumulated data and procedures are 
available on our web page as well as on Blackboard,© our e-Education provider. 
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Fonnal reports are required. The reports include an introduction, ali collected data from these 
tests as well as other sources, which are used in statistical analyses, presentation of data in the 
fonn of plots (constructed on probability graph paper), discussion of results, and conclusions. 
Use of appropriate software for the generation of plots (instead of the attached probability paper) 
is encouraged. 

Procedures: We used recornmendations given in reference 4 sections 10.2 through 10.5 to 
develop procedures for the four different tests described below. The Conventional Test results in 
a load vs. life (S-N) graph. A best-fit straight line is drawn through the data points. This is the 
inclined region (where most samples fail at a lifetime less than 106 cycles and can be considered 
a 50% probability of failure due to fatigue. The shortcoming ofthis method is the large scatter 
that can result from the probabi!ity nature of fatigue, using only a few specimens at each loading 
level (and the resulting uncertainty) and the number ofload levels tested to accurately reach the 
hottom ofthe inclined region. The Constant Stress Test assumes the fatigue lirnit is roughly 
known. Four equally spaced load levels starting at 80% ofthe tested material's yield strength to 
this fatigue limit are tested. S-N results replotted on log-nonnal probability paper (of life time 
vs. probability ofsurvival by loading levels) pennit determination ofthe 95 - 50 - 5% 
probability of survival along the inclined portion ofthe S-N curve. Up to this point, the fatigue 
endurance limit has not been found in a statistically sound manner. The Response or Survival 
Method is designed to overcome this inadequacy by testing several specimens each at closely 
spaced stress levels near this limit. A statistical treatment is perfonned to detennine the fatigue 
!imit. A major drawback ofthis method is the many samples that are required to perfonn the 
test. The Step Method requires a prior estimate ofthe approximate fatigue limit. This test is a 
quicker method that can be used to verify material properties, e.g. during a manufacturing 
process. 

1. Conventional Test 
Twelve to fifteen specimens are tested on six load levels, two or three on each level. (We 
typically run three groups ofthree per lab on separate fatigue machines.) The test begins at 
the load level corresponding to 90% ofthe yield strength ofthe selected material. The results 
are recorded on a standard S-N (Stress Amplitude versus number of cycles) plot, semi-log 
paper, as shown on Figure 1. A best fit or mean curve is constructed through the results. The 
horizonta1 portion or endurance limit ofthe curve, the stress level below which failure by 
fatigue is not expected, is difficult to constrllct from this test. Two or three specimens can be 
tested below this estimated fatigue limit for validation. Additionally, a "conservative" 
fatigue curve can be constructed by "eyeing a curve, inclined and horizonta1 portions, that is 
just below alI test data points and the corresponding endurance limit is recorded. 

2. Constant Stress Level Test 
Sixty or more specimens are tested on four different, equally spaced, amplitude stress levels. 
At least fifteen specimens are tested on each selected level, beginning with a maximum stress 
level that is 80% ofthe yield strength ofthe selected material. For each test, the following 
procedure is carried out: 

a. Record the failure life. 
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b. Plot the data on a standard S-N plot (use semi-Iog paper). The test results are used to 
plot probability of survival versus cycles to failure for the different stress levels, and 
then to draw incline portions of 5%,50%, and 95% probability fatigue curves on S-N 
plots (stress amplitude versus number of cycles). 

c. Plot stress amplitude versus cycles to failure on log-nonnal probability paper for each 
stress level and verify the actual statistical distribution (Figure 2.). 

d. From this plot, determine the mean and variance for log-life at the particular stress 
level. 

e. From this plot, detennine mean and variance for log-life at the particular stress level. 

f. Detennine the fatigue endurance limit for the 50% probability of survival. 

3. Response or Survival Test (probit Metbod). 

The following procedure is utilized for this test method. 

a. Detennine or estimate a fatigue limit for the specimen material. For ferrous materials 
with an ultimate strength, uu, less than approximately 180,000 psi, the fatigue or 
endurance limit can be estimated as uj2 at a lifetime of 106 cycles. 

b. Based on the estimated fatigue limit, four additional stress levels are selected for 
testing. Two levels are greater than and two levels are less than the estimated fatigue 
limit. These levels should span approximately two standard deviations above and 
below the mean for the estimated fatigue limit. Standard deviations can be 
detennined from the results of Constant Stress Level testing (described above). One 
standard deviation is the change in stress from 50% to 84.4% probability of failure. 
(Figure 3.). 

c. Test fifteen specimens at each IOad level (there are a total offive levels). 

d. Record the results on a standard S-N plot. The numbers of surviving specimens or 
run-outs (survival test) at each load level are noted on the plot. 

e. Calculate the probability of survival at each load level, e.g. 5 survive of 15 at given 
load level equates to 33% probability of survival. 

f. Plot the probability of survival versus amplitude stress level (at a specified number of 
cycles) on nonnal probability paper. A best fit or mean curve can be constructed 
through the results. If a least squares analysis is perfonned to draw an optimum line 
through the points then the Probit method was utilized. Record directly from the plot 
the mean fatigue limit and the standard deviation ofthe stress (Figure 3.). 
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g. Plot S-N-P curves (family fatigue curves) determined by using the constant stress 
level method in the ftnite life range ,inc1ined portion as in Figure 2., and survival 
method in the inftnite life range , horizonta1 portion as in Figure 3. Plot is shown in 
Figure 4. 

4. Step Test Method 
Start the test at an amplitude stress level that is about 70% of the estimated mean 
fatigue !imit, or the mean fatigue limit determined from the results ofthe Probit test. 

a. Test one specimen at this stress level until either failure oecurs or the run-out life is 
registered at one million cycles. Iffailure occurs, the stress level and failure life are 
recorded, and a second test is to be conducted at a lower stress level, approximately 
one estimated standard deviation ofthe estimated fatigue limit, which can be 
determined from the S-N-P plot ofthe Probit test. 

b. Ifrun-out oecurs, increase the stress level approximately one standard deviation of 
stress. Run the test at this new stress level until failure occurs or run-out is registered 
at one million cycles. 

c. Repeat this procedure until the specimen fails. It is recommended to have at least ftve 
progressive survival steps to obtain reliable results. 

d. Test 10 additional specimens using the same procedure. 

e. Plot progressive testing results (number of cycles versus stress on semi-Iog paper) for 
each specimen tested (Figure 5.). 

f. Using the results from ali ofthe progressive tests, construct a plot of stress amplitude 
versus probability of surviving at one million cyc1es. From the probability plot, the 
50% probability (mean) fatigue Iimit and standard deviation can be recorded. 

The test results are presented in Figures 1-6. As we can see from Figures 3 and 6, the difference 
in endurance limits determined from the survival test and the step test is negligible for a life-time 
of 106 cyc1es and 50% probability offailure. 
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Tbe Cam Shell: An Inno\"ative Design with Materials and Manufacturing 

W Richard Chung, Department of Chemical and Materials Engineering, San Iose State 
University, San Iose, CA 95192-0081 

and 

Frank M. Larsen and Rob Komienko, NASA-Ames Research Center, Moffett, Field, CA 
94035-1000 

Abstract 

Most ofthe personal audio and video recording devices currently sold on the open market ali 
require hands to operate. Little consideration was given to designing a hands-free unit. Such a 
system once designed and made available to the public could greatly benefit mobile police 
officers, bicyclists, adventurers, street and dirt motorcyclists, horseback riders and many 
others. With a few design changes water sports and skiing activities could be another large area 
of application. The cam shell is an innovative design in which an audio and video recording 
device (such as palm camcorder) is housed in a body-mounted protection system. This system 
is based on the concept ofviewing and recording at the same time. A view cam is attached to a 
helmet wired to a recording unit encased in a transparent body-mounted protection system. The 
helmet can also be controlled by remote. The operator will have full control in record ing 
everything. However, the recording unit will be operated completely hands-free. This project 
will address the design considerations and their effects on material selection and 
manufacturing. It will enhance the understanding of the structure of materials, and how the 
structure affects the behavior of the material, and the role that processing play in linking the 
relationship between structure and properties. A systematic approach to design feasibility 
study, cost analysis and problem solving will also be discussed. 

Key Words: Polymers, Acrylics. Polycarbonates, Thermofonning Process, Computer-Aided 
Design (CAD), Design for Manufacturability (DFM), Design for Assembly (DFA), Rapid 
Prototyping (RP), Concurrent Engineering, Quality Function Deployment (QFD), Ashby 
Diagrams 

Objective: To provide an environment with a realistic understanding ofthe design process. 
T o apply the structure-property-processing relationship to a real product design. 

Equipment and Materials: 

1. Acrylic sheet (3.175 mm thick, 609.6 mm x 609.6 mrn) 
2. Polycarbonate (4.76 mm thick, 609.6 mm x 609.6 mrn) 
3. Thermofonning machine 
4. Strip heater 
5. Double stick adhesive tape 
6. Scissors 
7. Exactor knife 
8. Super g1ue 
9. Velcro (50.8 mm wide and 914.4 mm long, 2 pieces) 
10. AIIen head screws (31. 75 mm long, 6.35 mm in diameter, 2 pieces) 
Il. Acrylic plastic hinges (2 pieces) 
12. Povurethane foam (12.7 mm thick) 
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Introduction 

In our technological society, engineering design plays an important role in creating innovative 
products and services. improving existing commercial machine performance, promoting new 
product development. encouraging business entrepreneurship, and enhancing the quality oflife 
for our society. To teach the design process and to enhance the leaming opportunity and 
experience in producv'process design for our students, a product design laboratof)' project in 
conjunction with thermoforming process was developed. Students were guided through the 
entire design process beginning with the design concept, material selection to a fabricated 
product using a correct manufacturing process The structure-property-processing relationship 
was then evaluated upon the completion ofthe project. 

Product design process can be broadly categorized into three major areas: computer-aided 
engineering design (CAD), design for manufacturability and assembly (DFMI A), and rapid 
prototyping fabrication (RP). Each area requires computer hardware, unique software, and 
certain equipment to perform specific functions for developing a new product. Before the 
product design process initiates, the problem statement must be identified fus!. Then, a 
product development plan win be generated. Engineering specifications and initial concepts 
for the design will be developed, concept feasibiIity evaluation will be performed. and final 
concept selection will be refined. Based on the selected design concept, a product design 
development and evaluation win then be performed. These may include material and 
geometric configuration selections for the design (Ashby diagrams), relevant engineering 
analyses, and design optimization tasks. Rapid prototype fabrication will be implemented to 
expedite and enhance the design process. (Due to time constraints, this step was not performed 
in this·project.) Tests wiIl be perforrned on the design prototype. An iterative process will be 
used to finalize the product design Cost evaluation and manufacturing specifications will also 
be considered. Final as-built documentation win be made for the product. 

Product Design 

• Establish a Design Procedure with Key Elements 
At this stage, a basic design concept and product cycle for a product design process will have 
to be developed in class. This includes needs assessments, product specifications (employing 
concurrent engineering and quality function deployment practices), functional requirements, 
concept evaluations and decision-making. Tasks associated with the product and process 
design will be identified and grouped so that they can be planned, scheduled, and processed 
easily Students will be asked to use computer software such as Auto CAD and Microsoft 
Project 2000 to aid in their design. Besides the Thomas Register database and Internet access, 
supplementary design handbooks (Dieter's engineering design book and ASM handbooks) will 
be provided for this lab project. 

• Learn how to do Process Planning 
Lab instruction materials related to process planning will be provided In this lab activity, 
students willleam how to use computer software to help manage multiple tasks. First, students 
wilileam the functions and requirements for Microsoft Project 2000. Then they will design and 
list ali possible manufacturing processes related to the product they have just created. All 
variables affecting the production process will be implemented in the planning. They include 
cost factors, human resources, rime management, priority scheduling, equipment alIocation, 
etc. Finally, a network logic diagram win have to be constructed using the same software. 
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Students will have ta apply the concepts ofthe critical-path method (CPM) and program 
evaluation review technique (PERT) to detenrune the most feasible and efficient way to 
conduct manufacturing processes Priorities will be assigned according to the critica! paths 

• Develop a Laboratory Procedure for Manufacturing and Assembly 
In order to effectively design a product for manufacturability, one must c1early understand the 
principles and methodologies invo!ved in manufacturing. Among conventional manufacturing 
practice in a manufacturing plant, process engineering is the utmost important. In the process 
engineering area, designers have to realize the advantages and disadvantages of each process 
chosen for a designed product. In general, there are eight major categories associated with 
processes: (1) casting processes, (2) deformation processes, (3) machining processes, (4) 
polymer processing, (5) powder processing, (6) joining processing, (7) surf ace treatment 
processes, and (8) assembly processes. 

The factors that influence the selection of a process for a design involve the manufacturing cost 
and the cost associated with product life cycle, the quantity of parts to be made, the complexity 
ofthe product and material, quality ofthe part, and availability of material, manufacturing 
lead-time, and delivery schedule. The designers have to go through a systematic approximation 
for each factor. The total weighted number will help the designer tind the most feasible way for 
a process. Using this approach, an a1gorithm embedded with the thoughts for 
manufacturability and assembly will be established in the software. Once a design is created, a 
designer can enter the dimensions ofthe product and any necessary requirements for a tinal 
product (such as packaging, vibration, and surface conditions). A systematic approach can be 
executed, and an optimal condition for manufacturing and assembly can be established. 

At this stage, a polymer thermoforming process will be introduced to the c1ass. The 
viscoelastic behavior of a polymer along with the material orientation will be analyzed in order 
to expedite the experiment Temperature and time factors will be studied against each selected 
plastic material. Some statistica! functions and defect controls and reporting can also be 
implemented in the various lab activities. Specific manufacturing and assembly processes will 
be recommended for optimal design consideration. In addition, students will a1so be able to 
analyze the operational planning procedure for production of the product design ta determine 
the most feasible and efficient way to conduct manufacturing processes. Priorities will be 
assigned according ta the critical paths 

Material Selection 

Professor Ashby of University of Cambridge, UK, has generated many useful materials 
selection charts that can compare a large number of materials at the concept design phase. A 
common practice in a design phase is to minirnize weight or cost. Lines of constant slope are 
drawn on the diagrams. Depending on the product requirements (geometry and Ioading 
conditions) lînes of different sIope will apply. In this project the product requirements such as 
Iightweight, impact strength, damping resistance, optical c1arity, and cost factors are 
determined to be the key factors for material selection. Polycarbonate is chosen due to its high 
impact resistance and acceptable cost. Two sample charts are selected and are shown below. 
Figure 2 is a chart comparing specific modulus to specific strength. Figure 3is a chart 
comparing strength with cost per volume. 
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Experimental Procedure 

A pattern, as shown in Figure 1, was drawn based on the original design A polycarbonate 
sheet (4.76 mrn thick) was cut to size (355.6 mrn x 558.8 mrn). Edges were filed to provide a. 
smooth surface. Four corners ofthe plastic sheet were drilled and miUed to secure the 
attachment ofthe Velcro straps. A strip heater was utilized to form a bend in order to fit the 
body curvature. 

A thermoformer was turned on, and the temperature was set to 200°C The polycarbonate sheet 
was placed under a radiant heater. The heater was quickly removed once the plastic sheet was 
in a pliable state. The plastic sheet was then sandwiched between a pre-designed square 
shaped yoke and a platen. Air pressure was turned on slowly until movements ofthe plastic 
sheet began. Only one atmospheric pressure (14.7 psi) was needed to blow form a spherical 
(dome) shape ofthe polycarbonate sheet. Too much pressure would force the plastic into a 
bubble shape that, iftoo rapid, the plastic would burst. The air pressure was held until the 
polycarbonate sheet was cooled. A free air blown part was then created. A back sheet (acrylic) 
combined with the molded part was joined together using double-stick tape. Velcro straps WI!re 
sewn to the four attachment points. The plastic hinges were bonded to the surface ofthe back 
plate using the super glue. The fabrication ofthe cam shell was then completed. The final 
integration part ofthis cam shell design was to add a camera to a recorder (kept in the cam 
shell). The cost analysis, shown in Table 1, was performed based on the total cost for one part 
(prototype) and for 300 parts (a mass-produced environment). Cost reduction was listed for 
future manufacturing consideration. 

Table "1. Cost Analysis 

Item Prototype Cost (1 unit) Production Cost (300 units) 
BlowMold $300.00 $300.00 
Foam $8.00 ea. $4.35/ea. x 300 = $1,305.00 

I Hinges $300 ea. x 2 = $6.00 $1.25 ea. x 300 = $375.00 
Hardware $0.28 ea. $21.00 lot 
Adhesives $19.25 $38.50 lot 

I Labor 6 hrs @$7500 = $45000/ person 40 hrs'âS75.00 = $3,000/person 
Polycarbonate sheet $24.00 ea. N/A 
Polycarbonate sheet N/A $11 7 00/ sheet x 3 O = $3,510 for 
4 x 8 enough for 10 300 units 
pcs. 
Acrylic sheet $8.00 ea. N/A 
Acrylic sheet 4 x 8 N/A $4200/sheet x 20 = $840 for 300 
enollgh for 15 pcs. units j Total costs $815.53 $9389.00 for 300 units or 

$31.29 per unit 

Conclusions 

The prototype development of the cam shell from the design concept to product completion 
was found to be educational and enjoyable. The product was completed with some satisfaction. 
Students learned the concept of design process by employing a system approach. The 
relationships among structure, property, and processing were studied using the Ashby 

182 



diagrams. By evaluating the finished prototype, students can relate their design to future 
product improvement. During the design process the cost analysis and the material 
performance were evaluated at the same time. Although physically working the product 
deve10pment was a beneficial experience in understanding development processes. However. 
the real benefit would be to automate production providing consistent quality while 
maximizing profits and material performance. 
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Figure 4. Semi-finished Product 
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Figure 5. Acrylic Hinges Were Chemically Adhered to the Molded Part 

Figure 6. Stand Back View 
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Figure 7. Stand Front View 

(a) (b) 

Figure 8. Rear Close Up Views (a) and (b) 
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Viscoelastic Behavior of Foamed PolystyrenelPaper Composites 

Robert A. McCoy 
Professor of Mechanical Engineering 

Youngstown State University 
Youngstown. Ohio 

Key Words: Sandwich composite, cantilever beam, elastic modulus, viscoelastic behavior. 

Prerequisite Knowledge: Basic knowledge ofstress, strain, Hooke's law, and creep. 

Objective: To understand the principle behind why sandwich composites are so stiff as weB as 
light-weight and therefore are in common use in structural applications where stiffness and low 
weight are important. 

Equipment: 
1. A sheet ofStyrofoam (foamed polystyrene) approximately 122 cm (4 ft) long, 35.5 cm 

(14 in) wide, and 1.83 cm (0.72 in) thick. 
2. A metal frame with a clamp to hold one end of the Styrofoam beam. 
3. Six metal washers, about 3.8 cm (1.5 in) diameter. 
4. One jumbo paperclip. 
5. One large paper grocery bag. 
6. Scissors, cutting knife, and paper glue. 
7. A ruler or meter stick. 
8. A weighing scale or balance. 
9. A computer with MS Excel 

Introduction: 

A sandwich composite consists of a very lightweight core (such as a foamed polymer or 
honeycomb structure) with sheets of another material (such as paper, plastic, fiberglass, or 
aluminum) on the top and bottom surfaces. Applications for sandwich composites requiring both 
high-stiffness and lightweight include aircraft panels, boat hulls, jet skis, snow skis, partitions, 
and garage doors. In this experiment, the students clearly see the increase in stiffness when the 
top and bottom skins are added to the Styrofoam beam to form the sandwich composite. Also 
this experiment includes a creep test on the Styrofoam beam to illustrate the viscoelastic 
behavior of the polymer. 

Procedure: 

For each group of students performing this experiment, at least four rectangular bars 
approximately 2.5 cm (l in) wide and 35.5 cm (14 in) long were cut from the Styrofoam sheet. 
Moreover, at least four paper strips, also approximately 2.5 cm (l in) wide and 35.5 cm (14 in) 
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long were cut from the grocery bag. The students then constructed the following four Styrofoam 
beam configurations: 

A. Styrofoam bar with no paper. 
B. Styrofoam bar with paper strip glued to the top surface. 
C. Styrofoam bar with paper strip glued to the bottom surface. 
D. Styrofoam bar with paper strips glued to the top and bottom surfaces. 

The glue was allowed to dry thoroughly before testing the beams. The six metal washers 
were each weighed and their weights written on their sides. Starting with beam A, one end was 
clamped as shown in the photo in Figure l. Ajumbo paperclip was bent into a shape such that it 
penetrated the free end of the beam and looped to allow the hanging of six washers. The other 
end ofthe paperclip was bent horizontally to act as a pointer to read the vertical height ofthe 
beam end above the countertop using a ruler or meter stick. Before adding any weights 
(washers) onto the paperclip, the beam dimensions ofb, d, L (defined below), and the initial 
height above the countertop were measured and recorded. Then the washers were added one at a 
time with height measurements taken after 10 seconds of adding each weight. This procedure 
continued until either the beam broke or ali six washers had been added. AII four beam 
configurations were tested in this same manner. On the data sheet seen in Table 1, the free-end 
deflection eS was found by subtracting the initial unloaded height from the loaded height. The 
cumulative weight on the beam was found by adding the weights of ali the washers that were 
currentlyattached. Using the weight and deflection data shown in Table 1, four weight-versus
deflection curves, one for each beam configuration, were constructed as shown in Figure 2. 

Finally a creep test was conducted on the beam A while a constant load of two washers 
was maintained for 20 minutes, whereupon the load was removed. Deflection measurements 
were taken at various time intervals (generallyevery 5 minutes). After the load was removed at 
the 20-minute time period, deflection measurements were acquired for an addition 10 minutes to 
test for recovery ofthe deflection. Data from this creep test is shown in Table 2 and plotted in 
Figure 3. 

Comments: 

By drawing a straight line through the first several data points on each weight-versus
deflection curve seen in Figure 2, the slope W/eS value for each beam was found graphically. 
Then by substituting this W IeS value into the following equation, l the elastic modulus E of ea<:h 
beam was calculated: 

where L = unsupported beam length (from clamp to free end) 

W = weight of attached washers 
b = beam width 
d = beam thickness 
eS = free end deflection = unloaded height - loaded height 
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For beam A: W/O = 8.7 g/cm and E = 55 kg/cm2 

For beam B: W/O = 24 g/cm and E = 152 kg/cm2 

For beam C: W/o = 28 g/cm and E = 174 kg/cm2 

For beam D: W/O =105 g/cm and E = 651 kg/cm2 

Note that the stiffness of beam D is 12 times that ofbeam A. This is a remarkable increase in 
stiffness due on1y to the presence of the paper skins. 

The creep curve as seen in Figure 3 demonstrates the viscoelastic nature of the 
polystyrene. The instantaneous deflection of 4 cm upon the applying of the load and un10ading 
at 20 minutes is the result ofthe elastic strain. The slowly increasing deflection during the first 
20 minutes is due to viscous flow ofthe polystyrene. Part ofthis deflection is recovered over 
time after the load is removed as seen on the curve between 20 and 30 minutes. This type of 
viscoelastic behavior must be considered when a plastic or elastomeric part is to support a 
constant load over a long period of time. 

References: 

1. W. Callister, Materials Science & Engineering: An lntroduction, John Wiley & Sons (2000). 
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Table 1. Cantilever Beam Data 

Beam A L= 26.8 em 
W (9) Ht (cm) /) (cm) 

0.0 30.4 0.0 
17.09 28.5 11.9 
34.59 26.4 4.0 
51.80 23.8 6.6 
69.42 20.3 10.1 
86.96 excessive 

deflection 

BeamB L = 26.9 em 
0.0 32.6 0.0 
17.09 32.0 0.6 
34.59 31.2 1.4 
51.80 30.1 2.5 
69.42 28.9 3.7 
86.96 26.8 5.8 
104.78 23.5 9.1 

BeamC L= 26.7 em 
0.0 28.4 0.0 
17.09 27.7 0.7 
34.59 27.1 1.3 
51.80 26.6 1.8 
69.42 26.0 2.4 
86.96 25.3 3.1 
104.78 24.7 :::.7 

BeamD L= 26.7 em 
0.0 30.4 0 .. 0 
17.09 30.3 0.1 
34.59 30.1 0.3 
51.80 30.0 0.4 
69.42 29.8 0.6 
86.96 29.6 0.8 
104.78 29.4 1.0 
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Table 2. Creep Data for Beam A 
Loaded with 34.59 9 

Time (min) 
o Unloaded 
0.1 Loaded 
1 Loaded 
3 Loaded 
5 Loaded 
10 Loaded 
15 Loaded 
20 Loaded 
20.1 Unloaded 
22 Unloaded 
25 Unloaded 
30 Unloaded 

Ht (cm) 
29.8 
25.8 
25.7 
25.6 
25.55 
25.45 
25.4 
25.35 
29.4 
29.5 
29.55 
29.6 

o (em) 

o 
4.0 
4.1 
4.2 
4.25 
4.35 
4.4 
4.45 
0.4 
0.3 
0.25 
0.2 
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Figure 1. Cantilever Beam Fixture 
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Figwe 2. V'eight vs. Deflection Curves 
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MST -Online: the Updating of an Educational Internet Resource in Materials 
Science and Technology 

N. Harris 

Norfolk State University, 700 Park Avenue, Norfolk, VA 23504 

Key Words: swap image, layers, library, template, and tweening. 

Prerequisite Knowledge: basic knowledge of HTML 

Objective: to add sound, animation, and newness to a commonly vi·:itcd website. 

Equipment: 

1. Macromedia Flash MX 
2. Macromedia Dreamweaver 
3. Internet 

1 ntroduction: 

MST-Online continues to provide students and educators with opportunities to 
leam more about materials technology and provide usefullinks, vibrant images, and 
informative resources. In order to better meet the needs of educators and students MST
Online is continuously being updated. We are adding animation created through 
Macromedia Flash MX and images provided by NASA Langley Research Center. 
Animations wilI be influenced by the Centennial of Flight, profile various airplanes, and 
other activities that occur at NASA Langley Research Center. By using animation, MST
Online hopes to provide students and others with an understanding ofthe activities and 
tasks that are involved with materials technology. 

Procedure: 

a) Develop a template for each web page. 
b) Collect alI ofyour resources needed for example sound, background colors, 

and images. Make sure to keep a record of the addresses at which you found 
your resources. 

c) Place your items on the web page from back to front meaning choose your 
background first then your text and so forth. Think of evcrything as a layer 
i.e. an image layer, picture layer, text layer, etc. 

d) Add or attach links to alI necessary text and check to make sure the addresses 
connect. 

e) Add images. Make sure that alI images are visible and ali the appropriate size. 
f) Animation and or action can be created in various ways. For the welcome 

page animation called tweening was used in Macromedia Flash MX. To 
tween: 
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1. Place your image in the beginning spot or frame at \',hich you want 
your animation to begin. 

2. Select Insert then Create Motion Tweening. 
3. Move the image to the ending location Of frame .. t which y,lU would 

like your animation or tweening to stop. 
4. Select Control then Test movie to make sure thal your image moves 

smoothly and correctly. 
g) For the home page an action called swap image was used in Macromedia 

Dreamweaver. To swap an image: 

Comments: 

1. First name the image in which you want to swap. To name an image 
go to the upper left most text entry box and type in a name. 

2. While your image is highlighted or selected choose Windows then 
Behaviors. 

3. Select the plus button and choose the swap image action from the pop·· 
up menu. 

4. Select the image whose source you want to change from the image list. 
5. Enter the path and file of the new image in the Set Source to field Of 

click Browse to select an image file. 
6. Click OK. 

The results of the Macromedia Flash MX program should h~ an im:cge that moves 
from on place to another. The results ofthe Macromedia Dreamw\~,lver pro:;r un should 
be an image that when the pointer or mouse selector is moved over lhe imac·· it swaps or 
tums into another image. 
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Computer Graphics Software For 
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Ricardo Sim5es 
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Science, University ofNorth Texas, Denton, TX 76203-5310, USA; rsimoes@unt.edu 

Abstract 

Continuous advances in computer hardware as well as graphical programming interfaces 
have made possible the development of graphical software tools for educational purposes. One of 
the many possible applications ofusing three-dimensional mode 1 ing and rendering software is in 
teaching crystallography. While it is sometimes confusing to leam the various structures of 
crystals from two-dimensional static pictures, this task becomes much easier when one can 
visualize, move, rotate and apply a variety of effects to a structure in three-dimensions. 

Inexpensive software such as Matvis and the world-wide availability of computers allow 
students to have this software installed in their own computers or available in computer rooms at 
their university. In this way in-class leaming can be complemented outside the classroom at a 
time convenient for the student. Educational software that students can run on their own can also 
be used in distance leaming courses. 

Keywords: Crystallography, Materials Science & Engineering, Computer Software, OpenGL 

Prerequisite Knowledge: None 

Objective: To leam crystallography 

Equipment: PC running Windows 98/20001MEIXP 

1. lntroduction 

MateriaIs Science and Engineering (MSE) can be a difficult subject both for teaching and 
leaming [1]. This is due to its interdisciplinary nature, including elements of physics, chemi cal 
engineering, mechanics and others. Also, unlike some other areas, MSE often deals with 
phenomena that can be hard to visualize. Multimedia techniques were presented some time ago 
as a tool to solve this problem [2]. The worldwide availability and use of computers provides 
students access to graphical tools which can be helpful in understanding physical phenomena. 
Multimedia software does not intend to be a replacement for instructors, but can provide them 
with additional means to explain a subject [3]. 

However, the use of multimedia techniques is not yet being used to the extent of its 
capabilities. Three-dimensional (3D) computer graphics and animations are widely employed for 
game programming and have also been used for research purposes [4, 5]. However, their 
capabilities in terms of educational applications have been somewhat disregarded. Many 
classrooms still do not possess computer equipment to allow ali students to use computer 
software during the class; however, the instructor can use the software for a multimedia 
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presentation while covering the subject. Software that the students can run in their own 
computers outside the classroom environment provides an important complement to the lectures. 

When teaching a crystallography course, it can be a difficult task to explain the non-basic 
crystal structures, particularly at the undergraduate level. Relying on stereographic projections or 
even static images presents several problems. This is further complicated when dealing with 
complex structures based on lattices containing many atoms. However, crystallography is a very 
important area of MSE, not only for basic understanding of metals and ceramics and their 
properties, but also for diffraction and a wide variety of phenomena. Perforrning mental 
operations to understand a 3D structure from a 2D image demands a cognitive effort from the 
brain in converting the representation. Not everyone can perform this operation easily. However, 
if the information is already presented in 3D, the effort of the brain is now perceptive, which is a 
much simpler operation [1]. 

2. The program 

MATVIS [6] employs this principle and renders 3D structures in a virtual world, 
allowing the user to manipulate them at will; see Figure 1. The structure can be moved and 
rotated in any direction in space and several of its properties can be changed. For this, we have 
used the OpenGL graphics interface [7] with Visual C++ programming on the Microsoft 
Windows operating system. OpenGL is a software interface to graphics hardware. The key 
advantage of using OpenGL is that high quality rendering is easily achieved and the program can 
be made fully interactive. The advantage over using simple animation files as tutorials is that 
interactive leaming can increase student interest and allow him to control the visualization to 
answer particular questions. Other software for interactive learning of crystallography has 
existed for some time [8], but advances in computer technology now allows us to use 3D real 
time graphics for this purpose. 

This program currently runs under Windows 98120001ME1XP and does not require 
advanced resources. A Pentium II or an equivalent processor running at 400 MHz with 64 Mb of 
memory is the minimum recommended system. However, having a Pentium III or better 
processor and a 3D accelerator video board highly enhances the performance ofthe program and 
should be used for the manipulation of complex structures. Any of these systems is nowadays 
available on a common household and the majority of students in educational institutions at the 
undergraduate level should have access to one. 

3. Procedure 

There are two main components of the MA TVIS program. One allows the students to 
visualize a diversity of pre-defined structures and the other allows the creation of new structures. 
By choosing a pre-defined structure, the studen1 can learn from the mos1 basic to moderately 
complex lattices. These include the most common lattices of metals and ceramics including so
called high technology materials: 

Simple cubic (SC); 
Body centered cubic (BCC); 
Face centered cubic (FCC); 
Hexagonal closed packed (HCP); 
Rock-salt (e.g. NaCI); 
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Diamond / Zinc blend (e.g. ZnS); 
Perovskite (e.g. CaTi03); 

Spinel (e.g. AbMg04); 
Inverse spinel (e.g. MgTiMg04); 
Fluorite (e.g. CaF2). 
The student can load one of these lattices and change its properties, such as the radius of 

each type of atom. For visualization purposes. the spacing between the atoms in the lattice can 
also be changed. For each of these systems, some elements can be readily hidden or shown. As 
an example, when visualizing the diamond structure, one can choose to show only the atoms in 
the FCC sites or the atoms in the tetragonal sites; see again Figure 1. The lattice cell and the 
bonds on these structures can also be hidden or shown. 

Along with these basic lattices, more complex structures of each type are also pre-
defined: 

Triclinic; 
Monoclinic; 
Orthorhombic; 
Tetragonal; 
Trigonal; 
Hexagonal; 
Cubic. 
A total of over 80 structures in over 40 different space groups have been included. 

An example of a complex structure is shown in Figure 2. 

The second main component of the program is a module to define new structures, which 
we caII custom structures. The student can define any structure based on the positions of its 
atoms. These positions can be obtained for instance from diffraction of an unknown sample and 
its structure can then be visualized on the program. The program allows recording the 
information about the structure to a file for future use. In this way, any number of structures can 
be easily added to the program. 

The structure construction procedure is very intuitive. The user adds atoms to the 
structure and inputs data about each atom. The required data are the coordinates of the atom in 
space, the radius of the atom and the type of atom (a structure can contain up to four different 
types of atoms). Each atom in the structure can be modified at any time and it can also be 
temporarily disabled, which removes it from the visualization of the structure. In this way, an 
atom or series of atoms can be hidden either to show some detail of the structure or to display 
onIy atoms in a determined lattice position. Along with defining atoms, one can also add bonds 
between atoms in a similar way. The information required for the bond is simply the definition of 
which two atoms are connected by that bond. Bonds can be disabled in the same way atoms can. 

This module can also analyze the structure created and report on the total number of 
atoms and bonds, number of atoms of each type, statistics about atom radius and bond lengths, 
and the space occupied by the lattice. 

Another important feature ofthe program is the representation of crystallographic planes; 
see Figure 3. Planes can be shown in any pre-defined or custom structure. Several of the most 
commonIy used planes are pre-defined and can be readily shown or hidden with a simple click. 
A distinction is made between planes in hexagonal and non-hexagonallattices. This is due to the 
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fact that hexagonal lattices are defined by four indices instead of three indices in the non
hexagonallattices case. 

In addition to these pre-defined planes, any custom plane can be defined by three Miller 
indices (for non-hexagonallattices) or by the coordinates ofthe three or four vertices ofthe plane 
(for any lattice). A total of up to 10 custom planes can be represented. Any custom plane c~m be 
deleted ifit is no longer needed. 

Representation of planes can be used not only for teaching about crystallographic 
directions and planes but also for the measurement of atomic density along a plane. Thus, the 
program can also be used in research. Since students can run this program in their own 
computers or any computer lab, homework can be assigned based on the representation of planes 
on a structure. 

4. Special features ofthe program 

Other features of MA TVIS that enhance visualization include: 

Selection of the rendering quality. Since the program can be slow on some systems,. the 
quality can be reduced while moving and changing the structure and then increased when the 
user wishes to capture the image to a file; 

The colors of each atom type, background, ceH, bonds, axes, and on-screen information 
can be changed; 

Several textures for the atoms are pre-defined and their quality can be selected; 
Both the mouse and the keyboard can be used to move or rotate the structure and to 

control several features ofthe program; 
Other rendering settings include choice of light sources and transparency blending; 
The structure can be animated about one or more axes. 

A toolbox window can be used to control most of the program functions in a simple 
manner. 

The program also allows the capture of a current structure either to the clipboard, from 
where it can be pasted into other programs, Of to a file, in the standard Windows Bitmap (.bmp) 
format. The image file in this format can be used in most Windows applications. In this way a 
student can easily prepare a report or a presentation based on images of structures obtained fi'om 
the program. 

5. Concluding remarks 

The use of computer graphics for educational purposes is not a recent event. However, 
the use of computers in a classroom environment in the field of Materials Science and 
Engineering is stil! not very common so far. 3D graphical rendering through OpenGL has not 
been sufficiently explored for education. The program under discussion is also a step in this 
direction. 

The advantages presented by multimedia teaching tools carmot be ignored: most 
crystallographic structures are very hard to explain in terms of their 2D images. Software that 
students can run at home allows them to spend as much time as they want or need to learn details 
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of a structure. Therefore, programs such as this one can have a high impact inside and outside of 
the c1assroom. They can also be used for distance-leaming courses. 

Inexpensive group licenses of this program allow ali students in a course to have access 
to it, which is an important aspect. More complex programs for creation and visualization of 
structures are comrnerciaIly available [9, 10], offering complex structure manipulation and 
rendering options. However, their high prices limit their use. Possibly then can be more 
appropriate for research where a much higher level of detail may be required. 

The second version of MATVIS is scheduled to be released in August 2002. For more 
detailed information about the program please visit our webpage at http://matvis.htmlplanet.com/ 
where you can also download a free trial version. 

6. Future development 

New features are planned for inc1usion in the program. Along with those, the library of 
pre-defined structures will be increased to accommodate for samples from additional space 
groups. However, it was found that some structures are either too complex for this type of 
representation or have little educational purposes, their usefulness limited to specific research 
topics. Future versions of the program will also contain amorphous and semi-crystalline 
structures, inc1uding polymers. 

In development are new modules for representation of crystal defects, such as interstitials 
and dislocations, and ductility through movement of dislocations. The representation of diffusion 
mechanisms is also planned. These new features will be interactive but mostly prepared as 
tutorials, with text accompanying the visual representation. 
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Figure 1 - Different representations of the Diamond structure. Atoms in the FCC and tetrahedral 
positions are shown in different colors. 

Figure 2 - The trigonal structure of Si02 alpha - quartz 
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Figure 3 - Representation of the (111) and (lOD) planes in the Perovskite structure 
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Prereguisite Knowledge: Introductory physics 

Introduction 
A piezoelectric material is basically a ceramic that outputs a voltage upon being mechanicalIy 
strained. Sensors made of this material are sensitive enough to generate signals when subjected 
to low-amplitude mechanical waves such as sound waves traveling through solids. This makes 
them candidate materials for alI kinds of exciting applications. For example, sensors mounted on 
a wing surface could detect ice formation on the wing using surf ace active waves. Since the 
velocity of sound in a given medium is a function of temperature, such sensors are also being 
used to actua1ly measure temperature. It is important for students to be aware of this new 
generation of materials and to be familiar with the use of these materials for measuring 
fundamental quantities such as the velocity of sound. This experiment has been designed for use 
in an introductory mechanical or materials engineering instrumentation lab. Initial setup (after 
procuring ali the materials) should take the lab instructor about 2 hours. A single measurement 
can be initiated and saved to disk in less than 3 minutes, allowing for ali the students in a typical 
lab section to take their own data rather than share a single set of data for the entire class. 

Approach 
Our experiment utilizes long single strand wire of different materials coiled on a cylindrical 
spool with the coils widely spaced to avoid interference. A piezosensor is connected to each coil 
at the same polar location and the electric signal is fed through an amplifier to an oscilloscope. 
A sound wavetrain is generated by a pencil lead break at one end of the wire and progresses 
through the length of the wire. The time lag between the wavetrain's arrival at successive coils, 
and the reduction of the signal's amplitude are a measure of fundamental material properties 
such as the velocity of sound and the attenuation factor for that material. The experiment 
enables students to interface concepts of physics, materials science and materials engineering 
and encourage them to develop scenarios for the practical application ofnovel materials. 

Eguipment and supplies 
General supplies and measuring equipment commoniy found in most physics/instrumentation 
labs are listed in Table 1. Materials/supplies that wilI need to be purchased specialIy for this 
experiment are listed in Table 2. 
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General Purpose 

X-Acto Knife 
6in. Metal Ruler 

240 Grit Sand Pa per 
Soldering lron and Supplies ---,-_._- -,~_. ,. ~.-

Aluminum Backing Plate 
00'00_0- CopperoFC>iI----.- .· .. ··.0 

Pipe Thread 
Digital Oscilloscope (2 ch.) with necessary leads Mechanical Pencil 
Electric Insulating Tape 

Table 1. GeneraIly available supplies and equipment 

Supplier Parl# Qty. Cost 
Piezo Electric Material Piezo Systell1~ Inc. T110-A4E 1 $150 
2 in. X2 in. (enough for 186 Massachusetts Awnue -602 

1 

atÎeast 1bosensors) Cambridge, Massachusetts 02139 
...... 

(617) 547-1777 

f 
www.Qiezo.com 

.. r_ o- . . - ..... - -' .. o. - .. ,,- ~ __ '_'_~'_h_""" '- _.~_._---- _. --

Galvanized Wire Master Halco 5570 1 $10 
(a 10 Ib coil)o PO Box 365 

... - --. - ,- ,- ~ . ; 

La Habra, Ca 90631 
(562) 694=6787' 1- .. 

www.fenceonline.com 
.. _ .. " ... - ----."" .. .,-" - .."" _'0" ... . 

BNC Jack Radio Shack IUG-1094 2 $4.00 
. .... ...... ..... ......... - .. . 

300 West Third Street Suite 1400 o ... 

Fort Worth, Texas 76102 
'0 

(ă1i)4-15~3200 ...... -
www.radioshack.com 

" ._"- .. - -~--- - ,-,,- -

Wood Supports Home Depot 2X4 1 $3 
2455 Paces Ferry Rd. wood 
Atlanta, GA 30339 

-
(770) 433-8211 
www. homedeoot.com I 

,- --1 

... 

.. 

... 

Table 2. SpecIal supphes reqmred for this expenment (pIezoelectnc matenal cost can be spread 
out over 5 sets of2 sensors each) 

Experimental Procedure 
Initial Setup 

1. Insert the pipe through the galvanized wire and arrange the wire so that none of the coils 
are touching. Tie the coils to the pipe with string 

2. Arrange the pipe with the coils on two wood supports so that the coils are suspended. 
3. Create two sensors by cutting a 1/2in. x 1/4in. piece of piezoelectric material into several 

thin strands. Attach the ends of the piezoelectric material to two pieces of electrical tape 
so that the middle of the piezoelectric material is exposed. Attach a thin piece of copper 
foii to the exposed area ofthe piezoelectri1c material and tape them together. 

4. The coil of wire specified in Table 2 has about 23 Y:z coils. For this coil, clean two 
sections of the wire 8 coils from one end and 1 coil from the other end with sand paper. 
Number of coils wiIl vary if you use other materials, and the suggested numbers should 
be adjusted appropriately. 
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Figure 1 Coil setup & detail of wood support for pipe ends 

5. Attach the sensors without cracking the piezoelectric material to the two c1eaned areas. 
Make sure the copper is not touching the wire. Wrap the sensor tightly to the wire using 
electrical tape. 

6. Attach a ground to the wire using copper foiI. Wrap it tightly using electrical tape. 
7. Solder a wire to the sensor, and then solder the wire to the inside of a BNC jack. 
8. Solder a wire to the ground, and then solder the wire to the outside of a BNC jack. 
9. Attach the BNC jacks to coaxial cables and attach them to an oscil1oscope. 
10. Cover the sensor and ground areas with aluminum foiI. 
Il. Check the continuity of the circuit with a multimeter. 

Experiment 
1. Measure/count and record the following data regarding the coil: total number of tums in 

the coil, number oftums between left sensor (Sensor 1) and right sensor (Sensor 2), mean 
coil diameter, wire diameter. 

2. Set the oscilloscope to trigger and collect left sensor (Sensor 1) and right sensor (Sensor 
2) data to disk (implementing aneasy-to-understand file naming system is crucial!) 

3. Using a mechanical pencil, break about a 1/16 in. piece of lead on the tip of the 
galvanized wire. 

4. Observe the results on the oscilloscope and store the voltage-time data to disk. 
5. Repeat steps 2 and 3, except break the pencil on the other tip ofthe galvanized wire. 
6. Steps 3-5 can be repeated to replicate the data, if desired. 

Data Analysis 
1. Plot side-by-side the voltage - time curves for left and right sensors for the left pencil 

break event. You should see one distinct peak for the left sensor plot and two distinct 
peaks for the right sensor plot. The second peak for the right sensor plot is the reflection 
ofthe wavetrain from ilie right end ofthe coiI. 

2. Determine the time elapsed between the left sensor peak and the frrst right sensor peak. 
Call this IL. 

3. Plot side-by-side the voltage - time curves for left and right sensors for the right pencil 
break event. You should see one distinct peak for the right sensor plot and two distinct 
peaks for the left sensor plot. The second peak for the left sensor plot is the reflection of 
the wavetrain from the left end of the coiI. 

4. Determine the time elapsed between the left sensor peak and the first right sensor peak. 
Call this tR. 
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5. From your coil dimensional data, calculate the circumference of one coil turn and 
therefore the distance L I_2 along the coil between left and right sensors. 

6. The velocity of sound for left pencil break will be LI -2 / dl[, and that for right pencil break 
will be LI _2 / dtR. 

7. Check that the two numbers match c1osely. 
8. Also check how c10sely the numbers match with the theoretical velocity of a longitudinal 

sound wave propagating in a solid medium, given by the equation v = (E/p)lI2. 
9. Collect the velocity data from other c1ass members and perform statistical analysis to 

determine the mean value and standard deviation ofthe data. 
10. Present your resuIts, graphs, calculations, discussions and conclusions in a report. 

Typical Results 
The resuIts presented in Table 3 were obtained consistently by the student workers at NC A&T 
State University and are presented for the instructor's reference only. The authors found the data 
to be extremely repeatable and consistent. The result matched the theoretical calculation of 
longitudinal wave 

Dimensional calculations 
Wire diameter 
Coil diameter 
Coil circumference 
Left sensor location 

0.125 in. 
28 in. 

87.96 in. 
7.5 th turn 

Right sensor location 22.5 th turn 
Right end of coil 23.5 tums 
(ali distances measuredfrom left end o/caii) 
Distance between 
Left end and left sensor 
Left sensor and right sensor 
Right sensor and right end 

Location of pencil break Trial # t L (s) 
Left 

659.73 in. 
1979.20 in. 
2067.17 in. 

659.73 in 
1319.47 in, 

87.96 in. 

tR (s) dt (s) v (ft/s 
O 0.0065613 0.0065613 16,758 

Right 0.0065145 O 0.0065145 16,879 

Specific weight of steel 

Acceleration due to gravity 

Density of steel (rho) 

Elastic modulus of steel E 
Velocity oflongitudinal wave 

I fi ,'" I • " (EI"" l" 

Table 3. Typical results of experiment 

0.283 1b/in3 

386.4 inls2 

0.0007324 Ib.s2/in4 

3.00E+07 Ib/in2 

202,389 inls 
16,866 ftJs 
5,140 mls 

Figures 2 & 3 show the typical plots for left pencil break. 
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Figure 2 Lefi piezoelectric sensor signal for pencil break at lefi end of coil (peak location at O s 
and is the oscilloscope triggering event) 
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Figure 3 Right piezoelectric sensor signal for pencil break at lefi end of coil (notice initial peak 
at about 0.007 s and a second peak at about 0.008 s, a result ofreflection ofthe 
wavetrain at the right end of the coil) 
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Conclusions 
This paper reports on a fairly inexpensive test setup to expose students to a very sophisticated 
new generation of smart materials. Students are able to measure micro-tim escale physical events 
and calculate meaningful values for physical properties and relate them to analytical quantities. 
Further, the nature of the experiment allows for generation of data by individual students and 
further statistical analysis of class data. 
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Science Fairs as a Vehicle to 
Inspire the Next Generation of 
Scientists and Fngineers 

Roy K. Okuda, Ph.D. 
DepartmeOI of Chemistty 

San Jose Slale Uoiversily 

Levels of Science Fairs in the U.S. 

• School Fair (~feeder fair") 

• District Of State Fair 

• Intematiooal Fair (e.g Intel ISEF) 

• Most fairs are held in the early spring 

Science Fairs in Silicon Valley: 

Tbe SYnor-Y1 Outreach FoundItiOD OVCf8CCl: 

- A progmrn which provided ltipends '" high sehool 
teacben who naemor itudm:u in science f&ir projects. 
and maeriaJ support forthe proje<:ts 

- Research classes during the aummer 
- The "Mod Scie.ce Labormay" (q>ening Ocl 30) 
- Two maia events: 

• scienc:epalooza! (middle oehool fain) 

• The Synopsys Cbampioomip (lhe lnlel 'SEF 
affiliated Falrj. in ooopemion with the exisling local 
seieoce fsir board 

~. • 
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Why Science Fairs? 

• MosI communities in Ihe US bave exi.ling science 
fairs, ran,gins from elemenlBly 10 higb scboollevel 

1be experience gives K-12 studems an early 
introduclion into perfaming hands-on 
experiments and crilical thinking skills 

• Can inspire smdents to continue 10 science and 
enginecring majors in coD.Il" 

One community's approach: Science 
Fairs in Silicon Valley 

In 1999. S)'DOpII)'I. Inc. provided S3M to eUblilllt • ...,. 
prora fOlllldatiOll to promoIc ood _evitiea mIatcd 
to BCience and <ligi_ring fair in thc Santa aan Valley. 

• Tbe misllim of thc SynopsylOutrcadJ FoundaUoo is to 
iocrrase ibidem intercst in SItE. lcad..ing k) incmlIed 
n_ choaiing _ fields in colIege and uJtimaIeJyas 

"""'"'" • Otber ara. ampeniea bave joioed 10 support the pl.. of 
the OUllaCh FoundaIion 

www.outreach-fou.ndalioo.org 

sciencepalooza! 

MoIlty fOI" ja:Iicr biah ..... 
AtI "'iDIroducay" ac:iCDCC flir -Projoc;:I8are .... dy liIIIfk 

- dUpIoyIm juda<d -_ ............ 
n:ceivc. __ 

1be experiCIDCC" moIi,,1IICd 
l1IIIJY ...... 10 pIIIWe DD'C 

oopiIioâ .............. f"' ... 
<l>anpi-



The Synopsys Championship 

• Thc local Intel ISEF alTIlialed fBir (held in March) 

• Winners must follow guidclines set forfu by ISEF 

• Projects are judged by subject category 

• The outstanding prqects are selec led ta attend the 
California State S&E Fair ar the Intel ISEF. 

• li' inning students are sent OII an aJl-experue paid 
trip 

The Intel International Science and 
Engineering Fair (ISEF) 

• Compctition il in t4 
subjcct category ...... 

Judges are Ph.D.'. MD .• 
01" profeasicmals wi1h >6 
yeam expericnce 

ProjeclB an: srored. !hen 
jud ... mcet 10 rank 
projects 

The Intel International Science and 
Engineering Fair (lSEF) 

Usually > S2M in cash. 
oeholarshipi and oIher 
awants 

Top prize is S50K 
unl'<8triC1ld sebolarship + 
!tip to Nobel prize 
cercmony 
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The Intel International Science and 
Engineering Fair (ISEF) 

Tbe oldes: irtemational 
s&E competitiOll 

HeJd eacb May in • liS Of 

CODadian city 
• Jnvolves ovcr t.coo 

Itlldcnts fn:m-40 
ooumri .. aad aii liS lIUItes 

The Intel International Science and 
Engineering Fair (ISEF) 

."'" & _ ", ,--,~.1 ,'fi'"! .. .. ' ~ r· ., •. ;â.""-.·''''-:1\ ..• ~ •• 't~ v· .-~-' .~ • - .:,.. ~. ,.;.., .. 
>li'! I ,," ,1 . : .. C I~ 

Current Status in Silicon Valley 

• Numbers el schools and stUdent 
participation in sciencepalooza! and 
Championship have grown steadily 

• Quality of projects appears to be imJrov'ng 



The Challenges: 

• For students 

- Time 

- Mentoring 

- Access to workspace. 
equipment 

- Family mi/Of peer 
pcrception 

For tht science fair 
organization 

- Expenoe 
- Voluntcer help 

- judges 

Educatom and Professionals: how yoo can 
support student invdvement in science fairs 

• At the International level: 

- V ohmlcer 10 be • judge al IDtd ISEF 
• Yoor hdp i. _ r.,.. 2 days rr ... aud w 0<1) 

· a .. cland (May 2003) 

• portland, OR (tent&ive, May 2(01) 

- www.sciserv .org 

Ms. Heidi Black (Eul Side Uuion HS Diltrict) 

Mr. Gat)' RoI:inaon (Preside!1.. Syoopsys Outrcach 
Fouodation) 

Synopsys Outreach Foundation and Syoopays 
CbampiOlllhip Boord 
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EducatOIS and Professionals: how you can 
support student invdvement in science fairs 

• A t the local level: 

- Assist tht local scitnce fair organization 

- Offer menloring help 
• ODe on one with a project 

• 00 .peafic sspects of cooducting reocarcb 

- FmanciaI or in-kind suppat 

- Promote among yrur company or JIUfessional 
societies 

Summary 

Scicnce ood Eol!i-nng 
fairo need gTOaIcr 
iovalvemcnt by educators 
aud p<Jf eosionalB! 

• Tbis i. ODe "001 in the 
",beel" 10 ioaaae student 
interest in scieuee aud 
eoginecring 
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Status of Materials Science & Technology (MST) Curriculum 

John M. Rusin, Edmonds Community College, 
20000 68th Avenue West, Lynnwood, WA 98036-5999, (425) 640-1376 
jrusin@edcc.edu 

Thomas G. Stoebe, Professor Emeritus, Materials Science & Engineering, 
University of Washington, Box 352120, Seattle, WA 98195-2120, (206) 543-7090 
stoebe@u.washington.edu 

Materials Science and Technology (MST) are topics that excite students' 
interest because the student has everyday, hands-on experience with 
materials. Thus materials topics are great motivators in any engineering, 
technology or science course. Materials Science activities can a1so be used 
in both academic and vocational courses and thus assist in the transition 
for techno10gy students across the high school-community college boundary. 

Several institutions have developed MST activities and curriculum with 
support from the Department of Energy, the National Science Foundation, and 
other agencies. MST classes are currently being offered in several high 
schools throughout the U.S. Students obtain either science or technology 
credit for the class. MST curriculum has been aligned with National 
Science, Math, and Technology Standards and some state standards such as the 
Washington (State) Essential Academic Leaming Requirements. 

MST teacher training is currentIy offered by the NSF DUEI ATE Enhancement of 
Materials Technology for Manufacturing (EMTECH) program 10cated at Edmonds 
Community College in Lynnwood, W A. EMTECH conducts workshops and institutes 
at several sites located throughout the U.S. 

References & Resources 

1. Materials Science and Technology Teachers Handbook, Battelle, Pacific Northwest 
National Laboratory, Karen J Wieda, Science Education Specialist I Science 
Education Programs, kj.wieda@pnl.gov ,509-375-3811, Battelle, Pacific Northwest 
National Lab, P.O. Box 999 I MS Kl-12, Richland, WA 99352. See also 
http://www.pnl.gov/educationk20/mst.stm. The MST Handbook produced by PNL is 
used in our workshops and institutes. These web pages contain parts of the 
Handbook and other information and links re1ating to materia1s science curriculum. 

2. Materials Science Technology Curriculum Modules, Energy Concepts !nc. - 404 
Washington Blvd., Mundelein, IL 60060, Phone 847-837-8191 Fax 847-837-8171 
info@energy-concepts-inc.com, http://www.energy-concepts-inc.com/ 
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3. Engineering Materials Technology: Structures, Processing, Properties and Selection, 
4/e, James A. Jacobs, Norfolk State University, Thomas F. Kilduff, (Emeritus) 
Thomas Nelson Community College. Copyright 2001,767 pp., Cloth Bound with 
Disk format, ISBN 0-13-014280-8, Prentice-Hall, Inc., Upper Saddle River, NJ 
07458, http://vig.prenhall.comlacademic/productll,3411,0130142808,00.html 

4. lntroduction to Materials and Processes, l/e, John R. Wright, School ofTechnology, 
Central Connecticut State University, New Britain, CT, Larry D. Helsel, School of 
Technology, Eastem Illinois University, Charleston, IL, Delmar Publishers, 1996 
ISBN/ISSN: 0-8273-5020-1, http://www.delmar.coml 

5. Materials World Modules, Northwestem University, 2115 North Campus Drive, 
Evanston, IL 60208-2610. Modules in this series include: Biodegradable Materials, 
Biosensors, Ceramics, Composites, Designing Efficient Experiments, Infrastructure 
Materials, Materials and the Environment, Materials Design, Polymers, and Smart 
Sensors. http://www.materialsworldmodules.org! 

6. MAST- Materials Science and Technology Teacher's Workshop, prepared by the 
Materials Science and Engineering department at the University of Illinois, 
Urbana/Champaign, Judy Brewer c/o MAST Modules, Department of Materials 
Science and Engineering, University of Illinois (UIUC), 1304 W. Green Street 
Urbana, IL 61801 (217) 333-1441, http://matsel.mse.uiuc.edu/-tw/ 

7. National Plastics Center & Museum, Valerie A. Wilcox, Executive Director, 210 
Lancaster Street Route PO Box 639, Leominster, Massachusetts, USA Tel. (978) 537-
9529, http://npcm.plastics.com 

8. MTI - Materials Aspects of Manufacturing Technology, Dr. Thomas G. Stoebe, 
Materials Science and Engineering Department, University of Washington, 
http://depts.washington.edu/mtil.This is the web site for previous NSF materials 
science teacher-training grant at the University of Washington. Information and 
pictures from previous workshops and institutes can be found on this web site along 
with an extension list of web resource links. 

9. EMTECH - Enhancement of Materials Technology of Manufacturing, 
http://emtech.edcc.edu.This is the web site for the current NSF materials science 
teacher-training grant at Edmonds Community College. 

10. Materials Science and Technology: What do the Students Say? 
http://scholar.lib.vt.edu/ejoumals/JTE/v5n2/whittaker.jte-v5n2.html.This article is 
by Guy Whittaker, one of our master teachers and a teacher of MST at Coupeville 
High School, Coupeville, W A. It is an excellent overview of the program. 

Il. National Science Education Standards -
http://www .nap. edu/readingroomlbooks/nses/htrnll 

12. Materials Education Library - a resource for Materials Educators and Students, 
www.materialseducation.org The site is under construction. 

13. Chemistry and Materials Workshop - Sponsored by the Institute for Chemical 
Education (ICE) and the National Science Foundation (NSF), 
http://ice.chem.wisc.edu/materials/teachersusing.html 



14. Institute for Chemical Education (ICE), Kathleen M. Shanks, Outreach Program 
Manager, Department ofChemistry, 1101 University Avenue, Madison, WI 53706-
1396,608-262-2940,800-991-5534 FAX: 608-265-8094, shanks@chem.wisc.edu, 
http://ice.chem.wisc.edulice 

15. American Plastics Council, Catherine Norris, Associate Director, Education, 1300 
Wilson Boulevard, Suite 8000, Arlington, VA 22209, 703-253-0619 FAX: 703-253-
0701, CathLNorris@plastics.org, www.plastics.org. 

16. University ofWisconsin Materials Research Science and Engineering Center on 
Nanostructured Materials and Interfaces, http://mrsec.wisc.eduledetc/ 

17. CORD - Center for Occupational Research and Development, Dan Hali, President 
and Chief Executive Ofticer, 800-972-2766, hull@cord.org, 
http://www.cord.orglindex.cfm 

18. Pitsco Inc., 800-835-0686, http://www.pitsco.com.orders@pitsco.com. source of 
1aboratory supplies 

19. Education Innovations Inc., 888-912-7474, http://www.teachersource.com. 
info@teachersource.com, source of laboratory supplies 

20. Flinn Scientific Inc., P.O. Box 219, Batavia, IL 60510, 800-452-1261, 
http://www.flinnsci.com. source of laboratory supplies inc1uding "happy/sad balls." 

21. Rio Grande, 7500 Bluewater Road NW, Albuquerque, NM 87121-1962, 1-800-545-
6566, 1-505-839-3300 FAX 1-505-839-3310, http://www.riogrande.com, 

22. lASCO - Industrial Arts Supply Co., 5724 West 36th Street, Minneapolis, MN 55416-
2494, 1-888-919-0899,952-920-7393, FAX 952-920-2947 http://www.iasco
tesco.com 

23. KEVIN Technology, 280 Adams Blvd, Farmingdale, NY 11735, 1-800-535-8469, 1-
631-756-1750, FAX 1-800-756-1025,1-631-756-1763, http://www.kelvin.com 

24. Otto Frey and Jules Borel, P.O. Box 796, 126 Second Street, Oakland, CA 94604, 
800-772-3456, 510-832-0355 FAX: 800-900-3734, 510-834-6217 

25. Seattle Pottery Supply, 35 South Hanford, Seattle, W A 98134, 1-800-522-1975, 206-
587-0570, FAX: 888-587-0373,206-587-0373, http://www.seattlepottery.com 

26. Northwest Art Glass, 9003 151 sI Avenue NE, Redmond, WA 98052, 800-888-9444, 
206-861-9600, FAX 206-861-9300 

27. Fiberlay Inc., 2425 NW Market St, Seattle, W A 98107, 1-800-942-0660, 
fiberlay@fiberlay.com, http://www.fiberlay.com. source of resins, c1oth, and supplies 
for making composite beams. Educational discount available. 
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Attention-Getting Materials Science Demonstrations 

John M. Rusin, Edmonds Community College, 20000 68th Avenue West, Lynnwood, 
W A 98036-5999, (425) 640-1376, jrusin@edcc.edu 

In the Materials Science & Technology (MST) teacher training workshops and institutes 
conducted by the NSF Enhancement of Materials Technology for Manufacturing 
(EMTECH) program at Edmonds Community College we use several quick, attention
getting demonstrations that teachers can use to "hook" their students. Most ofthe 
activities have been picked up from other sources including the MST master teachers in 
our program. 

Happy/Sad or Decision Balls 

Two balls that look identical are dropped from the same height onto a hard surface. One 
bounces to almost the same eight while the other does not bounce. Although the two 
balls have some similar physical properties, such as size, color, and density, they differ . 
greatly in elasticity. Happy Balls contain highly cross-linked neoprene rubber or 
polybutadiene resulting in the high resiliency. If cooled, Happy Balls will not bounce as 
well. Sad Balls are composed of several different materials including butyl rubber artd a 
block co-polymer of poly(styrene-butadiene) or a block co-polymer of poly(vinyl
butadiene); or polynorbomene rubber. Molecules in Sad Balls absorb most ofthe energy 
ofthe fali and thus do not bounce. Ifheated in boiling water, Sad Balls will bounce [1,2]. 
You can make your own Happy/Sad Balls from Dow Coming Slygard 184 elastomer [3] 

Sources: Educationallnnovations, Flinn Scientific 

NiTinol Memorv Metal 

NiTinol memory metal has two crystalline phase forms with a transition temperature 
between 30° and 50°C. At high temperature the NiTinol alloy prefers the Austenite phase 
while at low temperature, the alloy prefers the Martensite phase. Because the Martensite 
phase crystal structure consists of a series of planes that may be displaced, it can be 
deformed. The Martensite structure has 24 different variants to carry out this 
transformation and, as a result, can be deformed in nearly any direction. When the alloy 
is heated to the Austenite phase, the planes are slid back into place and the structure 
reverts to its original form. 

A sample ofNiTinol wire can be "set" into a shape by heating to 500°C. Typical sample 
shapes include a straight wire, a four-Ieaf clover, and a paper clip. The wires can be 
deformed at room temperature and when heated to the transition temperature of 50°C (hot 
water or a hair dryer), they will return to their original "set" shape [1). 

Source: Educationallnnovations 
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Water Loc (Sodium Polyacrylate) 

Sodium polyacrylate (CH2-CH)nCOONa) is the sodium salt of polyacrylic acid (CH2-

CH)nCOOH). Like alI polymers, this is a long-chain molecule, but in this case is also a 
"salt" with Sodium. The entire molecular array functions as a semi permeable membrane. 
This means that, on either side of the membrane [in this case, inside and outside the 
molecular array] the solutions strive for equal sodium concentration. Thus, very pure 
water will be absorbed very well, diluting the sodium solution within the array. The more 
salt you have in the water, the less water will be absorbed [4]. 

Take three paper cups and put a small amount of soldium polyacrylate into each ofthem. 
You can slightly moisten the powder to allow the cup to be turned upside down. Arrange 
the cups for the classic shell game. Pour some water into one of them. Shuffie the cups 
and ask a student to select which one has the water in it. Turn the cup upside down to 
show that there is no water in the cup. For greater effect, turn the cup over the student' s 
head! At the end ofthe activity, add salt to the water absorbed sodium polycrylate to 
reverse the process. 

Sources: Educationallnnovations, Flinn Scientific 

Heat Treating a Bobby Pin 

Heat the "U-shaped" end of a hobby pin in the flame of a propane torch or Bunsen burner. 
Slow cool one of the heated bobby pins in air and quench another heated bobby pin in 
water. Hand out to students and have them pull the pins apart. The slow cooled pin 
should still bend but the water quench pin should break. Water quench another bobby 
pin and then gent1y reheat in the flame and slow cool. The reheated and slow cooled pin 
should no longer be brittle. 

Steels (alloys of iron with up to 1 % carbon) <:an also be hardened by heating and 
quenching. At high temperatures (red hot), iron has a face-centered cubic (FCC) structure, 
which can dissolve carbon. At low temperature, the iron changes to body-centered cubic 
(BCC), which cannot dissolve carbon, so it precipitates as an iron-carbon compound. If 
quenched, this compound does not have time to form; the carbon is trapped and distorts 
the BCC crystal structure to create a new, hard and brittle structure called Martensite. If 
Martensite is gently heated, the carbon can precipitate giving a strong, tough structure [5]. 

Cold Working or Work Hardening of Copper 
Hammer pieces of 16 Of 18-gauge solid copper wire of copper wire until it is about half 
its original thickness. Bend the flattened wire back and forth several times. Observe. 
Heat the flattened (work hardened) piece of copper in the flame of a Bunsen burner or 
propane torch until red-hot. QuickIy quench the wire in a beaker ofwater to prevent it 
from oxidizing rapidly in the air. (Note: the wire may also be slow cooled without 
quenching). Bend the heat-treated wire back and forth several times. Observe. 
Because plastic deformation results from the movement of dislocations, preventing this 
mot ion can strengthen metals. When a metal is deformed, new dislocations are produced .. 
As dislocations are generated and move, the metal can be bent or shaped without 
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cracking. As the number of dislocations in the crystal increases, they will get tangled or 
pinned and will not be able to move. This will strengthen the metal, making it harder to 
deform. When this is done at or near room temperature, the process is known as cold 
working. When cold-worked metals are annealed (heated gently), new grains form from 
the cold worked structure and grow until they replace it with new, soft crystals [5, 6]. 

"GAK" 
Polymer cross-linking can be easily demonstrated by making "GAK" (Elmer's Glue™ 
and Borax) or Slime (4% Polyvinyl Alcohol solution and 4% sodium borate or borax 
solution) [7]. 1 prefer to make GAK as the materials are readily obtained from a grocery 
store. Dilute 10 mi of Elmer's Glue with 10 mI ofwater. Prepare a 4% borax solution by 
supersaturating borax in water. Pour 20 mi ofthe Elmer's glue solution into a cup. Add 
10 mi ofthe cross linker (borax solution) to each cup. Irnmediately begin stirring the 
solutions together using the wooden stick. Another source of sodium borate is liquid 
laundry starch such as Sta FloTM. Use equal portions ofElmer's Glue and liquid starch. 

Elmer's glue is copolymer polyvinyl alcohol, PV A, a plastic made from oiI. Borax is a 
natural mineral mined from the earth made ofboron, sodium, oxygen and water. When 
you add water to Elmer's glue the PV A, being unstable, starts to dissolve in the water. 
When you add the wet borax, it is slightly acidic, and it reacts with the PV A to cross-link. 
This cross-linking causes the mixture to undergo an irreversible gelation [8]. 
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COMPOSITES APPROACHING NEUTRAL DENSITY IN W ATER 
L. Roy BwmeU 

Teacher, Materials Science Technology 
Southridge High School 
Kennewick, WA 99338 

KEY WORDS: Composites, Neutra! Density, Epoxy, Microballoons 

PREREQUISITE KNOWLEDGE: Students should have a general understanding ofthe 
concept of density, and some experience mixing and casting epoxy resins. 

REQUIRED MA TERIALS: 
Pumpoxy-UV epoxy, in containers with metering pumps, Industrial Arts Supply Co. 
3M Glass Microballoons, Industrial Arts Supply Co., Minneapolis, MN 
Paper Mixing cups and Popsicle sticks for stirring, same supplier as above 
CAUTION: THE VERY SMALL SIZE AND LOW DENSITY OF 
MICROBALLOONS MAKE THEM HIGHL Y RESPIRABLE. THE 
MICROBALLOONS SHOULD BE HANDLED ONL Y WITH SUITABLE 
VENTILA nON, SUCH AS AN OPEN-F ACED HOOD. 

INTRODUCnON 
According to Archimedes, a solid object that displaces a volume of fluid with a 

weight exactly equal to the object's own weight is said to be neutra!ly buoyant in that 
fluid. Absolute neutra! buoyancy is rarely if ever achieved, but the concept provides an 
interesting problem to be solved by the proper application of composite concepts. 
Loosely defined, a composite material is composed of at least two separate materials, 
combined to provide (generally mechanical) properties that are superior to those of the 
separate ingredients. By using two materials with appropriate densities, it should be 
possible to make a material with a bulk density approaching that of water. The lab 
described below provides some simple methods to produce such composites, and to 
measure how close their density is, at least in relative terms, to that of water. 

EXPERIMENTAL 
In principle, achieving neutra! buoyancy in water requires only that two materials 

--one denser than water and one less dense-be combined in the proper ratio. For the 
two materials, 1 chose an epoxy resin and glass microballoons. These microballoons are 
hoUow glass spheres, produced as a fiUer for polymers such as epoxies, where they 
perform as thickeners or density reducers and enable the cured epoxy to be sanded to a 
very fine finish. Figure 1 is a scanning electron micrograph of some of these 
microballoons, and shows that they are very spherical and quite variable in size. 
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Fig. 1. SEM Micrograph of Glass Microballoons, at Low Magnification. 

At a higher magnification, see Fig. 2, it can be seen that the balloons have very thin 
walls. Their low' the bulk 0.07 grams/cc. 

Fig. 2. Glass Microballoons, at Higher Magnification, Showing very thin walls. 
Spectrurn indicates that the Glass Composition is Similar to Common Window Glass. 

In principle, if the density of the epoxy and the lower-density material are both 
known, the proportion of each needed to produce a given density can be calculated by 
simple algebra. However, the true density ofthese tiny microballoons is not simple to 
measure, and they are so light that very precise weight measurements would be required 
to add the proper amount. So 1 decided that measuring the microballoons by volume 
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would be more reproducible, especially for my high school students. A cooking measure 
(1/4 tsp) appeared to work very well, since the surf ace could be struck offflat using a 
straightedge to produce a reproducible volume. 

Since the only certainty was that the epoxy was denser than water (it sinks in 
water) and the microballoons are less dense (they float), an iterative approach appeared to 
be the most reasonable way to approach the problem. Using values from the previous 
school year for some initial guidance, students were instructed to weigh out between 7 
and 10 grams of premixed epoxy and hardener, and add a carefully-measured V4 tsp of 
microballoons, stirring minimally to blend the materials while not introducing many air 
bubbles. The batches of epoxy/microballons were then placed in a vacuum chamber to 
eliminate air bubbles, then cast into a plastic ice-cube tray, see Fig. 3. 

Fig. 3. Ice-cube Tray Used as a Mold for Composite Specimens; Tray makes up to 60 
Specimens at a time. 

Each student floated a tiny piece of paper, with their initials and period number, on the 
surface ofthe epoxy, so they could identify their specimens later. The epoxy was then 
cured for 1 h at a temperature of 60 degrees Celsius. 

RESULTS: 
The density ofthe specimens could have been measured by Archimedes' Method, 

but a simpler method was used which was easier and more interesting for students. This 
method was simply to release the specimens at mid-height in a 1000-cc graduated 
cylinder, then to use a stopwatch to time how long the specimen took to rise to the 
surf ace or sink to the bottom of the cylinder. The specimens are all similar in size and 
shape, so a graphical comparison of the sink/float times should be able to detect the 
proper amount of epoxy to approach neutral density. Note that, at this stage, we do not 
care whether specimens floated or sank, just how much time they took to do either. A 
peak should appear on a plot of sink/float times as a function of epoxy/microballoon 
ratio. Figure 4 shows a plot from this year's work, and a somewhat poorly defined peak 
can be seen between 2 and 6 grams of epoxy per V4 tsp of microballoons. 
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'"Fig.4. SinklFloat times for First Round ofNeutral-Buoyancy Composites 

The peak did not appear at the location expected from the previous year's work; 
this was apparently caused by the fact that the current year used a different brand of 
epoxy. The bulk density ofthe epoxies, measured by Archimedes' Method, are 1.09 and 
1.17 grams/cc, respectively, for last year's and this year's epoxies. Since the volume of 
microballoons is constant, a greater weight of the less-dense epoxy would be required to 
approach neutral buoyancy. 

Once the peak was defined by the scouting experiments, a second round of 
specimens was prepared by the students, who were directed to examine the plot and 
prepare their "official" specimen to have the epoxy/microballoon ratio which would 
produce the longest time to sink or float. Students took extra care in their measurements 
this time, having benefited from the experience of the scouting experiment. Once again, 
students identified their specimens using the small pieces of paper. 

Testing the specimens, done the following day, took the form of a "race" in which 
the slowest competitor was the winner. Students were fairly excited about the 
competition, and were surprised to see that specimens cIosest to neutral density would 
appear to "hover", if only for a period of a few minutes; see Fig. 5. this year' s winning 
racer required about 3 minutes to surface. With more refinements, this time is expected 
to increase further. 
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Fig. 5. Students Racing Neutral-Density Composites. 

Since the microballoons tended to float to the surface, there was an additional 
opportunity for ''tuning'' on race day. Students could sand the top surf ace if racers were 
too buoyant, or sand the bottom ifthey were too dense. Figure 6 shows a plot from the 
actual race, and shows that performance generally increased as a result of students having 
a target as a result ofthe scouting experiment. This process of iteration could be repeated 
if time permitted, but the point of this iterative experiment appeared to have been made in 
two cycles. In surnmary, this lab activity appeared to be ofhigh interest for students, and 
demonstrates both that composites can be made for various purposes and that iteration 
can sometimes be substituted for more precise data. 
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Fig. 6. SinklFloat Times for Second Series of Composites, with longest times omitted. 
The longest times were on the order of 3 minutes. 
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Science Explorations with Simple Materials 
From The Exploratorium 

By Paul Doherty 

Senior Staff Scientist 

Pauld@exploratorium.edu 

The Exploratorium 

3601 Lyon St. 

San Francisco, CA 94123 

The Exploratorium 

The Exploratorium Website: www.exploratorium.edu 

Online Explorations: www.exploratorium.edulexplore/online.html 

Hands-on Activities: www.exploratorium.edulexplore/handson.html 

Exploratorium Books: www.ex.ploratoriumstore.comlclasres.html 

Many new science explorations can be found in the book Square Wheels, from the 

Exploratorium. 

Paul Doherty's website 

Paul's Website: http://www.exo.netl-pauld 

This website contains over a hundred explorations for science teachers and students. 

A written version of this lecture 

Written versions of the explorations demonstrated during this lecture are posted on Paul's 
website. 

The Exploratorium Teacher Institute Workshops for science teachers. 

The Exploratorium Teacher Institute offers 4 week summer institutes for high school 

physics, and biology teachers, and for middle school mathematics, life sciences, and 

physical science teachers. Teachers attending these institutes receive a stipend. For 

infonnation, go to: http://www.exploratorium.edulti 
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H"CTRICITY • MAGNETISM • SOUND 

Modulated Coil Using a simple electromagnet, you can wirelessly 

transfer the sound from a radio to the speaker of 

a tape player. 

Hear the magnet! 

Materials 
• wire stIipper or knile 

• about 3 ft (1 m) 01 insulated wire 
(e.g., RadioShack #20 or #22 
solid copper wire with plastic 
insulation) 

• steel bolt, abaut Ţ-in diameter 
and 2 in long (nut optional); 
exact size 01 bolt is not critical 

• audio cab le, 6 ft (2 m), ~-In 
phone plug an ane end and two 
alilgatar cllps an the other (e.g., 
RadioShack #42-2421; a phone 
plug is sometimes called a mini 
plug) 

• small radio wlth headphone jack 
(e.g., RacfioShack #12-799) 

Square Whee/s • An Exploratorium Science Snackbook 
C> 2002 The EJcplOl1ltorium 
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• portable tape cassette player with 
speaker (il the player doesn't have 
Its own speaker, yau'lI have ta 
have the headphones on) 

MODULATED COIL 49 



T A B L E 
.. lntroduction 

«it Teachers' TIps on Using Snacks 

• 3-D Shadows 
See 3·dim~nsional shadows. 

.. Bits and Bytes 

o F 

Record a binary message an the worfd's cheapest digital 
tape recarder. 

• Circuit Workbench 
Circuits sa interesting you can 't possibly get board. 

• Diamagnetic Repulsion 
Use a magnet ta push a grape around without touching it. 

• FUm Can Racer 
A new version of an old toy 

• Fractal Pattems 
Squeeze paint drops ta make freaal pattems. 

• Hoop Nightmares . 
Try ta shaot a basket using a prism that retrains your brain. 

• Hydraulic Arm 
Use hydraulic pressure in a syringe te operate a rabat arm. 

• Hyperbolic Siot 
Put a straight rod through a curved slot. 

• Light Conversation 
A light-sensing night light cammunicates with itseff and 
other night lights. 

• Membrane Aerophone 
Make a simple pseudo-saxophone. 

• Modulated Coil 
Send an audio signal over a moduloted magnetic field. 

• Modulated LED 
Usten to music carried on a beam of light 

• Oil·Spot Photometer 
Compare the brightness of two lights. 

• Palm Pipes 
Whap the end of o PVC pipe ta moke music thot's out 
afhond. 

• Periscope with a Twist 
Tum the tap mirror an a periscape ond wotch the worfd 
go around. 

• Personal Pinhole Theater 
A pinhole camera you con really get inta. 
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c o N T E N T 
• Perspective Window 
Draw the world an a plastic window. 

• Pinhole Mirror 
Image may not be everything, but for the sun it tells 
you a lot. 

• Reverse Masks 

s 

A cancave mosk of a face seems ta follow you as yau move. 

• Saltwater Pentacell 
Moke a saltwarer battery and light an LED. 

• Sensitive Filament 
Use your breath to aeote a visible change in an electric 

,6rcuit. 

• Shadow Panel 
Make a shadow with a life of its Owrl. 

• Snip and Snap 
A baII that baunces higher thon it falls. 

• Soap Film in a Can 
See fasdnating interference patterns in a soap film. 

.Sound Bite 
Usten to music conduded to your ears by bone. 

• Sprotating Cylinder 
Create a triangular iIIusion with a cylinder that's bath 
spinning and rotating. 

• Square Wheels 
Make a square wheel roll on a round rood. 

• String Machine 
A spinning string makes stonding waves. 

• Stripped-Down Generator 
If you shake just righţ you'lI see the light. 

• Your Father's Nose 
Mix your own face with someone else's face. 

• Resource Guide 

• National Science Education Standards 

• About the Authors 

• Acknowledgments 

• Contributors 

• Topic Index 

• General Index 

• Learning Tools from the Exploratorium 



teacher 
induction 
program 

eXPI~ratorium 
teacher institute 

~ Exploratorium Teacher Institute (TI) has been offering workshops in content and pedagogy to middle and high I I ::hOOI science teachers since 1984. Dur mission is to help these teachers infuse their classes with hands-on activities, 

scientific inquiry, and strong conten!. Teachers who participate in the four-week introductory Summer Institute return 

to the museum as Teacher Institute alumni for ongoing professional development throughout their careers. The Teacher 

Institute is now a professional home to well over two thousand alumni-many 

have been active participants for over ten years. 

In 1998, the Teacher Institute noticed a sharp increase in the number 

of beginning science teachers applying to our Summer Institute. We also 

lound that many of aur most experienced alumni were retiring from class

room teaching, yet were eager to help other teachers and continue their 

association with the Exploratorium. 

We took the opportunity presented by this "changing of the guard" ta 

create a two-year program for novice science teachers (TI 8eginning Teacher 

Program) and another two-year program designed to train and support 

a group of experienced TI alumni who would serve as their mentors (TI 

Leadership Program). The programs make up the Exploratorium Teacher 

Induction Program. The primary gaal of the program is ta support, retain, and 

develop the next generation of science teachers, while al sa inducting them 

into the larger community of exemplary teachers who make the Exploratorium 

Teacher Institute their professional home. 

The Explorarorium Teacher Insfitute is generausly funded by The National Science Foundation, The Noyce 
Foundation. Tne William and Flora Hewleft Foundatlon. Carnegie Corporatlan of New York, Clarence E. Heller 
Charitable Foundation, Pacific BeII Foundation. Tne Mary A. Crocker Trust. California Department of 
Educatian. William Randolph Hearst Endowment. PnyUis Waftis Endowmenr, and Hambrecht Fellowship 
Endowment. The Exploratorium is designated as Tne California Regional Science Aesource Center. 
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8eginning Teacher Program 
Beginning science teachers at the middle and high schoollevel are a diverse group with varying needs. Some are 

recent graduates of teacher-education programs, while others are still working on their credentials. Some have strong sc:ience 

backgrounds, whereas others have a more limited understanding of content. Because beginning science teachers differ sa 

greatly in background and need, the TI Beginning Teacher Program offers participants a wide variety of content workshops, 

support-group meetings, teaching seminars, and in-class coaching sessions from which to choose. With the gUidance of 

Exploratorium staff and experienced science teachers (who are also active participants in Teacher Institute programs) serving 

as their mentors, beginning teachers tai lor the program to meet their unique needs. 

Each fali, thirty beginning science instructors who teach in the San Francisco Bay Area start the two-year support 

program. Novices are required ta attend four science-content workshops, a minimum of four teaching seminars, and a minimum 

of four support-group meetings each year. New teachers also receive classroom visits by experienced science teachers (either 

an sabbatical ar retired from teaching), who coach them as the\llead hands-on, inquiry-based activities. 

Alter the first academic year, aII novices attend the Summer Institute led by staff scientists, staff science educators, 

and Teachers in Residence. Beginning teachers attend the Summer Institute alongside experienced teachers from aII around the 

country. During the second academic year, participants continue to attend 

workshops, teaching seminars, and support-group meetings-and continue 

to receive coaching from experienced teachers. At the end of the two years, 

the novices join the ranks of over two thousand alumni of the Teacher Institute 

and are eligible to retum for advanced institutes, ta attend Saturday work

shops, and to take advantage of the vast selection of educational materials 

and resources available at the Exploratorium. 

Leadershi p Program 
The Exploratorium Teacher Induction Program al sa trains and supports experienced science teachers who then serve as 

mentors and in-class coaches for aur beginning teachers. Each year, filteen alumni of the Teacher Institute are selected tI) 

begin a two-year commitment as mentors. 

Training begins with a four-week summer Leadership Institute where the Exploratorium staff prepares these alum ni 

for their new roles. During the school year, the Exploratorium staff continues ta work closely with the mentors an an individual 

basis, helping experienced teachers sharpen their mentoring and coaching skills. The most successful mentors are then asked 

ta join the Leadership Training Institute the following summer, where they share their insights and expertise with a new group 

of exemplary teachers about to start their two-year service to beginning science teachers in the Teacher Induction Program. 

For More Information 
If you know a beginning middle or high school science teacher in the Bay Area who needs support, or if you would like more 

information about aur Teacher Induction Program, please see our Web site at www.exploratorium.edu/ti. You may also contact 

Unda Shore, Director of the Teacher Institute (lindas'&exploratorium.edu); Karen Mendelow Nelson, Program Manager 

of the Exploratorium Teacher Institute (teacherjnstitute@exploratorium.edu); or the Exploratorium Teacher Institute by 

phone at (415) 561-0313. 

Exploratorium Teacher Institute 3601 Lyon Street San Francisco, CA 94123 
(415) 561-0313 FAX (415) 561-0307 
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Exploratorillm Teachi:-1g Resources 

Teacher Institute Publications 

The Teacher Institute staff has produced several science and mathematics 

publications that are excellent classroom resources. The Exploratorium 

Science Snackbook Series provides "recipes" for creating small, inexpen

sive versions of the Exploratorium's most popular exhibits. The latest book 

in this series, Square Wheels and Other Easy-to-Build. Hands-On Science 

Activities, contains thirty-one of these projects. Other books include Math 

and Science Across Cultures, with creative experiments featuring games, 

ari, music, and everyday activities from around the world. Human Body 

Explorations: Hands-On Investigations of What Makes Us Tick, contains 

twenty-eight activities enabling learners to discover how their bo'dies 

function on microscopic and macroscopic levels. Math Explarer provides 

a variety of engaging, hands-on activities for middle school students, and 

the Science Explarerseries presents enriching projects for parents and 

children, ages 6-10, to do at home. Traces of Time: The Beauty of Change 

in Nature and The Color of Nature both contain stunning color photo

graphs and lively text that encourage readers to observe and discuss 

nature in a completely different way. Available from the Exploratorium 

Store: www.exploratoriumstore.com. 

Exploratorium Learning Studio 

The Exploratorium Learning Studio offers further support for science 

and mathematics teaching by maintaining an extensive collection of 

books, journals, and videos. Alumnl of the Teacher Institute may borrow 

materials at any time. Browse the Learnmg Studio catalog online at 

www.exploratorium.edu/Is. Other educators may borrow materials by 

purchasing an "Educator Membership" Irom the Exploratorium at 

www.exploratorium.edu/membership. 

Web Sites 

The Teacher Institute's Web site at www.exploratorium.edu/ti conta ins 

information about our program as well as classroom-tested activities we 

have developed. Alumni of the Teacher Institute can engage in online 

conversation on the Teacher Institute's listserv, Pmhole. Teachers provide 

resource information, 

Teacher Institute Staff 
Tory Brady, Teacher in Residence, 

Beginning Teacher Program 

Paul Doherty, Ca-Dlrecfor, Senior 

$cienflsf, Teacher Institute 

Lari Lambertson, Coordinafor Beginning 

Teacher Program Staff Teacher 

Karen Kalumuck, STaff 8ioiogisT 

Eric Muller, STaff Teacher 

Karen Mendelow Nelsan, Program 

Manager/Educator 

Don Rathjen, STaff Teacher 

Unda Shore. DireCTOr. Staff PhyslCIST 

Teacher InSTITuTe 

ModesTa Tamez. Coordinator Mentor 

Program. Statf Teacher 

present questions [ 1 
studentshaveasked, www.exploratorium.edu/ti 
dlscuss sClence In '---------------------------~. 

current events, and suggest activities. Access to Pinhole is given to aII 

Teacher Institute participants. 
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The Exploratorium maintains an extensive collection of online edu

cational resources for science and mathematics at www.exploratorium.edu. 

You'lI find articles an science content, descriptions of hands-on activities 

developed by the Exploratorium, live Webcasts from science laboratories 

around the world, online exhibits, and links ta other exemplary science 

education Web sites. The Web site's digitallibrary allows ycu ta search 

through archives of thousands of Exploratorium Web pages. Log on ta 

www.exploratorium,edu/educate and find further "Tools for Teachers," 

including links to the Teacher Institute and the Learning Studio, and 

information about programs for students, 

Webcasts and The Iran Science Teacher 

The Exploratorium periodically conducts live Webcasts, including the very 

popular "Iron Science Teacher." A take-off of the Japanese TV program 

"Iran Chef," "Iran Science Teacher" participants build science activities 

based an a secret ingredient, using simple materials, and present these 

activities ta both a live audience and a virtual audience over the Internet. 

See the archives: www,exploratorium,edu/ironscienceteacher. 

Field Trips 

A field trip ta the Exploratorium can be an integral part of a science 

curriculum and a valuable addition to classroom work in many subjects, 

Field trips are by reservation only, 10 a.m. ta 4 p.m. Plan your field trip early: 

Spring slots fiii up fast. For reservations, caII (415) 561-0317. 

Explcratarium Stare 
The Exploratorium Stare stocks a wide range of science and actlvity books, 

posters, and educational toys: www.exploratoriumstore.com. 

Exploratorium Teaoher Institute 

3601 Lyon Street 

San Francisco CA 94123 

Teacher InstiTUTe. (4151 56i<)313 
Exploratonum: (415) 563-7337 FAX ,-415, 551-0307 

e-mail teacher _;nstltute'""expîorato(lurn ~du 

Ilndas'''''~xploraT.;)nurn.edu, D,re.:::~a~ TI 
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X-ray diffraction 5tudies of Ce02 
Nanoparticles 
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• Aqueous Ce(N03h synthesis. By control/ing the reaction time - uniform 
Ce02 nanopartides with different sizes. 

• Size of nanopartides proportional to reaction time and sintering 
procedure 

• Lattice strain observed for decreasing partide sizes 
Chan, Zhang, Apak 



N anostructured Porous Silica 



Nanoporous Silica from Block Co
Polymer Templates 

:J
~J;- .. _ .. _-- '. 

?flt 

. 
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.. -

Self Assembled Structures as Templates -
introduction of Molecular Precursors into 
Solutions containing liquid crystal arrays. The 
precursor crystallizes around the liquid 
crystal, using it aS a template. 

Developing ordered thin films. 
Growing nanowires within the channels. 
Using them as catalysts for SWNT growth. 

O'Brien, Huang, Grancharov 



Synthesis of Iron and Iron Oxide 
Magnetic Nanoparticles 

~l / Oxidize 

.(CO)5 ---+~ ~--.. ~ r ~ CH,-r~O 

.rlattice Fe, iron. 
CH, 

Hyeoll. Murray. o 'Brien. Redl, Grancharov, Yin 
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Iron Oxide Nanoparticle Synthesis 
octyl ether or 
trioctyl amine 

oleic acid 

100-290 C 

o dlssolved 

o ~~~~g:~~~ 
o ~':::~I~cIOBe 
o bec 

Fe-NC 

air 

FeO 
I 

+ . 
alr 

~ 

-

(CH3}3N-O 
-------- r-Fe203-NC 

or 200 C 
under air 

inert atmosphere 

> 300 C 

inert atmosphere 

> 600 C 

air 
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)l~j Ferroelectric Materials 
, "~ 

aelectric Phase Transition 

, ,li , , i , , 

o o 50 100 150 200 250 300 350 400 
Orientation 

As the field is 
reduced to zero 
domains remain 
aligned = (remenant 
polarization, Pr(OD) ) 

tulate single ferroelectric domain 
oparticles: orientation determined 
:misotropy energy, K. Energy 
rier to domain flipping, 

M=KVlkBT 

Applied Electric Field 

c 

Electric field, E 
(kV/mm) 

OA = normal dielectric 
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;~noscale Ferroelectric Oxides: BaTi03 
~~: ::-',':U 

'"", 
·,~i 

'~i 
,'-f 

" 

-1 
energy. cm 

Ferroelectricity in bulk/films = spontaneous 
polarization in Applied Field, E. 
Question: Can nanoparticles be ferroelectric? 

BaTiOs 

TEM 
Brus, O'Brien, Herman, Murray, Chinag, Spanier, Robinson 



Applications of Ferroelectrics 
Non-volatile Memory (J. F. Scott, 2000) 

2.38. 4K (a) and 8K (b) embedded FeRAM, 

COCI!pft •• .. rbI." 
.. MbIt EEPROM 
orbu_ 

U.ln .......... 
tnltIIOIY MI,_ 'I\e -- -. _OM l.QbIt 
or .RAM opllaot 

'111r/NIafy ................ 
g. 2.2. Nonvolatile memories in a US military aircraft (1988); the original figure 
from the North American Defence Center (NADC), and it. reproduction in [53) 
L" throllgh the private communication of R. Fedoral< 

Polllivatlon:SION 

FeRAM logic 

Fig. 2.27. Cross-section for NEC PZT memory 
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Fig. 2.28. Remanent polarisation and leakage current versus voltage 
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Optical and Electronic Properties of CdSe 
Quantum Dots 

15nm 

1.7nm 

Wlvelengtb, nm 

Murray, Brus, Prof Bawendi and Researchers af MIT 



I~Nanoparticles: generalized synthesis 
D~ and self-assembly into thin-films 

. , 

niconductors: 
:;e, PbSe 
tais: Co, PtFe 
ides: Ti02, BaTi03 

2. selective precipitotion: 
: porticles are precipitoted with the 
trolled oddition of a flocculent ond 
n centrifuged. The process con be 
eoted to focus the size distribution to 
iotions of +/- lO'Yo of the diometer (+/
n or in some coses down to a +/- one 
loloyer of otoms) 

Film Growth :Self-Assembly 

Nanopartic\e Superlattice 

\ 
Annealed Superlattice 

" 



olumbia MRSEC Interdisciplinary 
.--.or::...search Group 

kolls, O'Brien, 
Koberstein 

O'Brien, Murray, Chan, Adams, Akins 

Turro, Brus, Koberstein, Levicky, 
O'Shaughnessy, Adams, Herman 

Brus, Herman, Friesner, 
Akins, Chan, Adams 

(Flynn, Heinz) 

The guiding principle is combining creative chemical synthesis 
with rigorous physical understanding in an environment of 
collaboration and industrial awareness. 



Columbia Shared Materials Facilities 
. , 
~&I 

Biorad FTIR: NSF/Columbia 

Beaglehole Ellipsometer: 
NSF IColumbia 

PHI XPS: 
Champion/Int'l. Paper 

Itag XRD: NSF/Columbia 

"Yellow" Photolithography Room 

Thermomicroscopes AFM: 

_ JSM-5600LV: MSE/MRSECICivil. Eng PhilipS 430 TEM: MSE/MRSEC 
NSF/Columbia 



Synthesis Objectives Within 
Columbia University MRSEC 

Nanocrystal 

1 properties 

Chemical Preparation of Nanocrystals and 
Nanostructures 

• 

• 

• 

Apply synthesis strategy to the synthesis of nanoscale 
binary or complex oxides with interesting or size 
dependent properties. 
Combine magnetic oxides and semiconducting to make 
composite materials 
Surface characterization and SPM studies of 
Materials and Properties with significant applications: 
- Ferroelectric and high k dielectric materials (e.g. 

BaTi03) 

- Catalytic, gas sensing, solid oxide fuel cells (e.g. Ce02) 
- Semicondcutor systems 

~~~~ Bulk Crystal 
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Scientific Hypothetico-Deductive Method 
Rationale in Experimental Synthesis 
Linear and Lateral Thought Processes 

Literature research 
Discussions, seminars 
lntercliscplinary activities 

j Creative thinking 
~, ~"~ 

Jiffj: ", 
,-,.,-; 

,., Nanoparticles, Nanoporous 
Materials, Self-Assembled 

Self-assembly - superlattice 
formation 
Integration of nanostructured 
materials in microelectronics 
Lithography (Photo, e-beam), 
RIE, sputtering 

Impact and significance of 
Nanotechnology 
Engineering devices 

.f Environmentally benign processing 
:::.t 

, ' , 

Preparation of 
Precursors: 
organometallic, 
salts, alkoxides 

. Method%gy 

Air Sensitive techniques 
Solution, Sol-Gel Chemistry 

, Materials Processing 
Laboratory Experimental 
Techniques 

Structural Charactcrizatioll 
XRD (Rictvcld), TEM, AFM, 
Optical, IR, Raman, SEM, XPS 
Synchrotroll XR D, Au!!cL 
Elcll1cntal i\nalysis. HRTEM 

" .;""", 

Characterizing Ski Ils: The 
Modern Material Scientist's Te 

Elcctrical/c\cctrollic 

>'\, 

Structural and Matcrial Propcl1ies 
Dcpendence as a function of size at 
Nanoscale 

Applications 

Disscmillation of Knowledge: 
Pub 1 ication/Presentations 

Written and Oral Skills 
Communicating Science 



~mical Approach to the Hierarchical Construction of Matter 

Macroscopic Domain 
Photonic 8and GilP Matcrials, Artificial 
Opals, Templated Inverse Opal Structures 

Nanocomposite 
Materials 

Porous Materials 
Zeolitcs, MCM-41, SBA-15 

--"------..oi Nanostructured Materials 
Templates 
Inorganic/Latex Spheres 

;.,. lnorganic Species, 
~ 

Nanoparticles, Lamellar 
Materials 

Organized Chelnical Systems 

Aggregate Assemblies 

Molecules Ions 

'1 Atoms ( 



Iron Oxide Nanoparticle Synthesis 
octyl ether or 
trioctyl amine 

oleic acid 

100-290 C 

o dlseolved 

o ~~O~~O:~~lng 
o :~I~I~eloae 
o bec 

Fe-NC 

air 

FeO 

! . 
alr 

~ 

-

(CH 3hN-O 
-------- y-Fe20 3-NC 

or 200 C 
under air 

inert atmosphere 
> 300 C 

inert atmosphere 
>600 C 

air 



Polarization Charateristics of 
Ferroelectric Materials 

Paraelectric Phase Transition Applied Electric Field 

-50 O 50 100 150 200 250 300 350 400 

Orientation 

As the field is 
reduced to zero ________ 
domains remain 
aligned = (remenant 
polarization, Pr(OD) ) 

Postulate single ferroelectric domain 
nanoparticles: orientation determined 
by anisotropy energy, K. Energy 
barrier to domain flipping, 

M=KVlkBT 

B c 

Electric field, E 
(kV/mm) 

OA = normal dielectric 



Raman 

noscale Ferroelectric Oxides: BaTi03 

energy, cm-1 

, !',"1'", 

Ferroelectricity in bulk/films = spontaneous 
polarization in Applied Field, E. 
Question: Can nanoparticles be ferroelectric? 

TEM 
Brus, O'Brien, Herman, Murray, Chinag, 5panier, Robinson 
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Applications of Ferroelectrics 
Non-volatile Memory (J. F. Scott, 2000) 

Fig. 2.38. 4K (a) aod BK (b) embedded FeRAMs 
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Fig. 2.2. Nonvolatile memories in a US mllitary aircraft (1988); the original figure 
is from the North American Defence Center (N ADC), and its reproduction in [53) 
was through the private communication of R. Fedorak 
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FeRAM logic 

Fig. 2.27. Cross-section for NEC PZT memory 
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Nanoparticles and Nanostructures 

Research 
The key element in the synthesis of colloidal nanocrystalline particles is 
monodispersity. The proper choice of reagents and reaction conditions and size 
selected processing are essential for the synthesis of semiconductor or oxide 
nanocrystals. If the the size distribution is sufficently narrow the particles will 
self-organize to form a superlattice upon evaporation of the solvent. 

Challenge 
The synthesis of new nanoscale materials with optical, magnetic or dielectric 
properties of potential value for pure scientific research that underpin 
technological applications in optics and microelectronics. 

Focus 
- Oxides with applications in ferroelectrics, catalysis and magnetics. 
- Oxide/Gold core/shell nanoparticles for biological applications. 
- Synthesis and properties of novel selenide nanocrystal systems. 
- Nanostructured materials based on supramolecular assembly 



Nanoscale Materials 5ynthesis at 
Columbia 

Columbia Nanoscale Materials: 
NSEC, MRSEC, Departments of 
Chemistry, Physic~<Clnd Appl ied 

~ Physics " 
Louis Brus, Irving Hermah>'S;i9~;Wai Chan, 
Stephen Q'Brien, NiCh .... ; o'~s·T4.r~)o ..•... -.' ....•. '.a.··, ... ',".' ..... '. 8.·., ...... ~c9.:-workers ,e,.{ ".!} i~ ~'.'" .' 

Collaboration with IBM:'cor,p".-r i' !};i ~, il' 
Watson Research Ce"fer: ,:' ,,1, 

'0 :r;<~:,~,~~;'" : ',. "!~.' \ 

Christopher B. Murra~~~~~;~1~;r~,I, 
Nanosclence group. ;;i"~"'?"" 

:1 IIUl He~earch 



otechnology 
.. .L..L~.-.l of Engineering and Applied Science MSAE E6090x / APPH E6090x 

. & Thurs. 10:35-11:50 a.m. 
Room: 214 Mudd -----------------...... --
Instructor: Professor Stephen O'Brien 

The science and engineering of creating materials, functional structures and 
~ devices on the nanometer scale. Carbon nantotubes, nanocrystals, quantum 

dots, properties of materials as a function of size, self-assenlbly, 
nanostructured materials. Nanoscale films and composites. Oevices and 
applications. The "top down" manufacturing paradigm; prospects for the 
future. Molecular engineering, molecular electronics, nanofabrication, 
bionanotechnology. Imaging and manipulating at the atOluic scale. 
Nanotechnology in industry. 

Contact Professor O'Brien for infoffilation regarding prerequisites. 
854-94780r soI88@columbia.edu 



Nanotechnology 

The domain of nanoscale structures, typically sized below 100 nm, lies 
dimensionally between that of ordinary, macroscopic or microdevices and single 
atoms or molecules. Traditional manufacturing techniques have been miniaturized 
for fabrication of microstructures as in microelectronics, in a top-down approach. 
Now that these reach the nanoscale, these devices are considered an evolution into 
nanotechnology. On the other hand, atomic or molecular units, with well-known 
subatomic structure in isolation, offer the ultimate building blocks for a bottom-up, 
atom-by atom manufacturing synthesis with applications in many industries. 
Nanotechnology as a discipline incorporates the fundamental science of cun"ent 
nanoscale materials and devices, and teaches an exciting conceptual approach 
(theory and model ing) for the integration of the appropriate scientific, 
engineering,and mathematical tools within a systems framework where the desired 
outcome is a viable product or ser.'ice to society. Source: nsfgov 



ABCsOFNANOTECHNOLOGY: 
ATOMS, BITS, AND CIVILIZATION 

George Lisensky 

Chemistry Department 
Beloit College 

700 College Street 
Beloit, Wisconsin 53511 

Telephone: 608-363-2225 
e-mail Lisensky@beloit.edu 
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ABCs ofNanotechnology: Atoms, Bits, and Civilization 

George Lisensky, Beloit College, Beloit, WI 53511 

Nanotechnology has provided tools for imaging individual atoms and positioning 
them to create desired architectures. Developments resulting from nanotechnology 
have the potential to change our society on a scale similar to that ofthe transistor
based computer. 

How can the tools that scientists use to see atoms and to arrange them to create 
new materials be simulated in ways that make nanotechnology accessible to 
students? 

This talk uses hands-on demonstrations to illustrate some ways that high-tech 
materials, advanced devices, and cutting edge research can be brought into 
introductory classrooms and laboratories. For examples of such 
demonstrations from the Materials Research Science and Engineering Center on 
Nanostructured Materials and Interfaces at the University ofWisconsin-Madison, 

see http://mrsec . wisc. edu/ nano 
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PREVIEW OF NEW:UPDATE WORKSHOP 2003 

Edwin J. Prior 

Oftice ofEducation 
NASA Langley Research Center 

Mail Stop 400 
Building 1216, Room 103 

17 Langley Boulevard 
Hampton, Virginia 23681-0001 

Telephone: 757-864-5800 
e-mail e.j.prior@larc.nasa.gov 
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NASA 

Vision 

Apri12002 



The WorId bas Changed 

• The Nation faces extraordinary challenges; the Agency 
has tremendous opportunities 

• International terrorism has crossed our borders 
• Global climate change may threaten our way of life 

~ • Shortages in U. S. scientists and engineers threaten our 
economy 

• Rapid advances in technology is profoundly affecting 
business conduct and survival 

• Life is pervasive; we believe it must exist beyond our 
planet 

Tocontinue to serve ·tbe.iNati~n:'vell,NASA#1:~st,~~ange.i 



When the History of the First Quarter of the 21 st Centuy is 
Written ... 

• We have sought life's abodes: NASA missions have mapped continents on dozens of 
planets circling nearby stars, some ofwhich show signs of life-supporting atmospheres. 
Evidence continues to mount for the existence of life on planets within our own Solar 
System, as revealed by advanced generations of robotic explorers. Humans and their 
robotic partners assembled complex science facilities in space to unveil even more 
challenging cosmic questions. 

• We understand onr home: NASA's missions revealed the complex interactions among 
the Earth's major systems, vastly improving weather, climate, earthquake, and volcanic 
eruption forecasting - and the impact that our Sun has on our living world. 

• We have connected the world's citizens: NASA's technologies have resulted in 
dramatic improvements in air transportation via "green" aircraft, higher-speed 
international travel, and innovative capabilities to reduce aircraft accidents and delays. 

• We have enabled new commerce: Low Earth Orbit has become a rapid-growth 
economic zone, with commercial industries taking advantage of low-gravity, abundant 
solar energy, low-cost access from the Earth's surface, and a vista that encompasses the 
entire planet. 

• We share the vision and the experience: Throughout the world, students in earthbound 
classrooms are learning the fundamentals of physics, math, and technology as they 
actively participate with space travelers via "telepresence technology." 

, .' ....... '. . . .. ' .. ::. .... .........; .' 

'. And wecontinue to prepare the waYloţ humanity's~eatestadventu,res. 
':'" ,)... .. ... " ",';' ".'. "".',. 





The NASA Mission 

To understand and protect our home planet 

To explore the Universe and search for life 

To inspire the next generation of exp10 rers 

... as only NASA can. 



• To Understa1d aud Protect Cur Home Planet 

• Understanding the Earth's system and its response to 
natural and human-induced changes 

• Enabling a safe, secure, efficient, and environmentally 
friendly air transportation system 

• Investing in technologies and collaborating with others 
to improve the quality of life and to create a more secure 
world 



• To Explore the Universe and Search for Life 

• Exploring the Universe and the life within it ... enabled 
by technology, first with robotic trailblazers, and 
eventually humans ... as driven by these compelling 

~ scientific questions: 
-.J 

• How did we get here? 

• Where are we going? 

• Are we alone? 



• To Inspire the Next Generation of Explorers 

• Mativating students ta pursue careers in science, math, 
and engineering 

• Providing educators with unique teaching tools and 
compelling teaching experiences 

• Impraving aur Nation's scientific literacy 

• Engaging the public in shaping and sharing the 
experience of exploration and discovery 



• Il11>lications for NASA: What is Differet1t? 
To Understand and Protect our Home Planet 

- Greater emphasis on providing policy-makers and others with timely information, 
technology, and useful tools that address priority issues of international importance 

- A new spirit of cooperation with the national security community 
- Greater emphasis on transferring technologies to others 

To Explore the U niverse and Search for Life 
- Decisions are science-driven; not destination-driven 
- Human presence beyond low Earth orbit will be enabled - as a means to scientific 

exploration, not an end in itself 
- Investments are justified by their contribution to the long-range vision 

To Inspire the Next Generation of Explorers 
- Education is part of our core mission 
- Education becomes an integral part of our programs 
- More citizens and students will participate in our programs 

As Only NASA Can 
- We wiU pursue activities unique to our mission in air and space: ifNASA did not do 

them, they would not get do ne 
Activities will be integrated across the Agency 
Programmatic and budget decisions will be aligned with our mission statement 
We wiU carry out our mission as a diverse, unified team 
We will use new technologies to move our physical infrastructure beyond brick and 
mortar, and to leverage the Nation's industrial and intellectual capital 



• What Does America Gaiu from NASA? 

• A new generation of leaders and explorers ready 
to expand the frontiers of air and space 

• Pioneering technological and scientific research 
that enables new industries 

• A Nation reaching across borders to unite people 

• A deeper understanding of life, ourselves, and the 
• unlverse 
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LaRC's Contribi tions to Improve Q ality of Life 

• Improving the air transportation system - a critical 
element of the country's infrastructure 

• Assuring the pre-eminence of U.S. military aircraft 

.• Reducing the cost of access to space 

• Understanding the composition and evolution of the 
Earth's atmosphere as an aid to policymakers 

• Providing atmospheric flight technologies for 
planetary exploration missions to extend the space 
frontier 

• Developing innovative technologies for revolutionary 
aerospace systems 

• Providing the benefits of aerospace technology 
breakthroughs to non-aerospace organizations 



LowTurbulencePreşsureTunnel 
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• Computational aerodynamic 
methods 

Wind-tunnel tests for 
performance analysis 

• Flutter clearance tests 

. • Advanced flight deck 

• Digital data system 

• Fly-by-wire flight controls 

• Lightweight composite 
structures 

• Tire durability testing 



• Externally blown flap concept 

• Winglets 

• Supercritical wing 

• Advanced flight deck 

• Composite materials 

• Fly-by-wire flight controls 

• "T -tail deep stall" avoidance 







TECHNOLOGIES CRITICAL TO 
FUTURE OF NASA/LARC 

• Structures/materials 
e.g. nanotechnology, fullerene carbons, metal-matrix composites, 
diamond coatings, fabrication-by-light 

• Multidisciplinary optimization from "cradle-to-grave" 
e.g. minimization of total life c ele costs, nonlinear "aii up: 
systems analysis 

• Intelligent agents--conversion of information/data to (targeted) 
knowledge, 3-0 multisensory "visualization" 

• Miniature/micro instrumentation/sensors/actuators with 
application to "health monitoring," ~ materials and 
atmospheric sciences 

• In computational sciences - orders of ma nitude reductions in 
overall solution time (problem formulation to result analysis) 

• Software "surety" (security, reliability, safety, etc.) 

• Creativity/invention 





THOMAS JEFFERSON NATIONAL 
ACCELERA TOR FACILITY 

AND 
THE APPLIED RESEARCH CENTER 

Amy Wilkerson 

Applied Research Center 
12050 Jefferson Avenue, Suite 713 

Newport News, VA 23606 

Telephone 757-269-5760 
e-mail alwilker@AS.WM.EDU 
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Thomas Jefferson National Accelerator Facility 
and The Applied Research Center 

Presented by i\my Wilkerson, College of William and Mary, Williamsburg, VA 

Jefferson Lab 

Jefferson Lab is the youngest of four major basic research facilities in High 
Energy and Nuclear Physics in the United States, and provides a scientific instrument and 
research opportunities that are unique in the world. Built, managed, and operated by 
SURA (Southeastern Universities Research Association) for the Department of Energy, 
the Thomas Jefferson National Accelerator Facility (Jefferson Lab) makes possible the 
research of an international user community into how nucleons are built from quarks and 
gluons, and how this structure leads to the standard nucleon-based picture of the nucleus 
of ordinary matter. Copious physics data of unprecedented precision are providing new 
insight into the structure of nucleons and attest to the unique beam quality. The 
performance of the enabling accelerator technology made Jefferson Lab a key partner in 
the construction of the Spallation Neutron Source; and JLab's Free Electron Laser (FEL) 
and related developments hold high promise beyond science in defense, security, health 
and manufacturing. 

Jefferson Lab is a valued contributor to scientific education, and a major resource 
to the local, regional, and national education community. Our Science Education 
programs and partnerships are designed to advance science learning at every level and 
especially to address the urgent need to improve the representation of minorities and 
women in our nation's science and engineering workforce. 

Our unique research environment and expertise in science, math, and technology 
create the basis for extraordinary educational opportunities that are solidly grounded in 
the Laboratory's scientific programs. Over a third of the Laboratory staff and many of the 
Lab's scientific users participate as mentors and career role models, interacting on a 
regular basis with the students and teachers. 

Jefferson Lab will be holding sessions designed for teachers during NEW 2003. 

Applied Research Center 

The Applied Research Center or ARC, is the physical location for a unique 
partnership among Christopher Newport University, the College of William and Mary, 
Hampton Umversity, Norfolk State University, Old Dominion University and the 
Department of Energy's Thomas Jefferson National Accelerator Facility (Jefferson Lab). 
The partnership's goals are 1) to increase the quality of research and education, 2) to 
investigate complex problems identified by industry; and 3) to stimulate new economic 
growth and employment. This flagship building, constructed by the City of Newport 
News' Economic Development Authority, marks the start of a 200-acre research park and 
is a symbol of cooperation and encouragement of local and regional business 
development. The ARC houses 27 state-of-the art laboratories, office space, computer 
facilities and a technical library focused on concentrating the region's multidisciplinary 
materials processing resources. Classroom courses can be taught using distance-Ieaming 
technologies so students and faculty can stay in the building, minimizing Interruptions to 
their research. The ARC is also home to high-tech business start-ups, a venture capital 
firm, and high-tech business support services. 

The ARC will be providing tours for the participants of NEW 2003. 
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KEEP - Kentucky Electronics Education Project, 
Microelectronics as a Theme in Math and Science 

Janet K. Lumpp 

Electrical and Computer Engineering Department, University of Kentucky, 
453 Anderson Hali, Lexington, KY 40506-0046 jklumpp@engr.uky.edu 

Key Words: electricity, electronics, circuit boards, components, patterning, etching, soldering 

Prerequisite Knowledge: basic knowledge types of materials, the procedures below are used in 
classroom and workshop settings to introduce beginners to microelectronic assembly methods 

Objectives: to leam basic circuit assembly skills, to leam about conductors, nonconductors, 
components, and solder, to increase background knowledge ofteachers in the area of electronics 

Equipment: (Suppliers Iisted under References) 

1. Electronics Assembly Kit (included in workshop registration) 
a. Scotchbrite pad, clothing iron, wood board, Sharpie marker 
b. Hand drill, #69 drill bits, small screwdriver 
c. Soldering iron and stand, wire cutters, needle nose pliers, wire stripper 
d. Solder, desolder braid 
e. Digital multimeter 

2. Circuit Materials 
a. Copper clad printed circuit board - 1 ounce, l sided 
b. Press and Peel Wet transfer paper 
c. Electrical schematic and layout pattern 
d. Components 

3. Etching Setup 
a. Sodium persulfate salt 
b. Scale 
c. Pyrex glass dish 
d. Heat source - hotplate, Bunsen bumer 
e. Thennometer 
f. Tweezers Of tongs 

Introduction: 

Microelectronic materiaIs, assembly technologies, and design guidelines span a wide 
range oftopics in chemistry, physics, mathematics, and environmentaI science, and represent a 
variety of career opportunities in engineering, manufacturing, and R&D. The Kentucky 
Electronics Education Project is the education component oftwo NSF research grants aimed at 
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introducing pre-college students to microelectronics. W orking with middle school and senior 
high school teachers, we are developing curriculum materials and classroom activities using 
microelectronics as a theme to teach basic concepts in chemistry, math, and physics. Topics: 
include copper etching and plating, semiconductors, insulators, conductors, energy conversion, 
heat transfer, materials properties, dimensions, routing, soldering, and component types. The 
emphasis is not vocational training, rather it is the use of a real world example as a theme to 
integrate basic principles from different disciplines. Activities to date have included classroom 
circuit building projects, fieldtrips, and teacher workshops. Middle school and high school 
students have successfully patterned, etched, drilled, and soldered working circuits and 
enthusiasm is equally distributed among boys and girls. The long term goals are to serve as a 
resource for school teachers, recruit students into engineering and science careers, and increase 
public awareness ofthe exciting advancements in microelectronics. 

Procedure: 
Instructions for Making Printed Circuit Boards 

The process presented here is based on an article by Larry BaII in Electronics Now l
. Several 

students at in the Electrical and Computer Engineering program contributed to detailed 
instructions below. Following the steps below will help you build working circuits, however, it 
is not completely failsafe and some errors and touch ups are generally required. 

Overview 
Printed Circuit Boards (PCBs) start out with copper on one or both sides. The continuous layer 
of copper must be divided into conductive wires separated by insulating spaces. Many of the 
steps described below are dedicated to transferring the pattern of conductive wires and pads to 
the PCB. The circuit pattern is drawn using standard features based on the components used and 
the connections specified by the electrical schematic. 

The technique presented here takes the circuit pattern printed on special toner transfer paper and 
irons that pattern onto a clean copper surface. A chemical etching solution dissolves the exposed 
copper and the toner protects the copper lines that become the circuit wires. After etching it is 
necessary to drill holes in the board for the component leads to pass through the board. Finally, 
the component leads are soldered to the copper wire lines to complete the electrica! circuit. 

Several common pitfalls will be discussed a!ong with repair methods. The most important step is 
to CLEAN THE COPPER SURF ACE thoroughly. A clean surface improves the adhesion of the 
toner to the board, which in turn increases the quality of the etched board. If conductor lines are 
etched through (making an open circuit) then it is necessary to solder ajumper wire over the gap. 
AII ofthese issues wilI be covered in the following pages. 

Pattern Preparation 
For the circuits built during the workshop, we have already prepared the patterns using a 
software program calIed WinBoard by IVEX2

. You can create your own patterns from a 
schematic using the software or by hand using templates. Templates are necessary to match the 
circuit pattern to the leads on the components. For example, an 8 pin DIP IC package must 

322 



match a set of eight holes properly spaced out on the board and the conductor lines must connect 
the proper pins to the other circuit components. Conductor lines and spaces should be as large as 
possible 10 increase the odds for successful pattern transfer and etching. Wherever possible, 
conductor lines and spaces should be 30-50 mils wide (l mii = 0.001 inch = 0.025 mrn = 25.4 
~m). Smaller lines wiIl not transfer and etch reliably. A typical via (donut) hole size is 70 mils 
outer diameter and 30 mils inner diameter. It is permissible to pass conductor lines under 
components using the component as a bridge over the conductor line. Lines can also pass 
between the leads on an IC chip, such as a DIP, by making the conductor line narrower to 
prevent a short circuit connection to the adjacent via hole donuts. Rub on lines, donuts, and 
standard component templates can be purchased from electronics suppliers or catalogs. One 
other opt ion is to have a prepared drawing that can be photocopied onto the toner transfer paper. 

It is also useful to have a box drawn around the circuit pattern that corresponds to the size of the 
circuit board. During the iron on step the box outline helps align the board and pattern. 

Pattern Printing 
The toner transfer paper is somewhat like a decal. The features on the paper are transferred to 
the circuit board surf ace and the backing paper is soaked off in water. Print onto the shiny side 
of the Press and Peel Wet paper. It is necessary to make a VERY DARK print on the toner 
transfer paper with a large amount of toner. The toner wiIl protect the copper during chemi cal 
etching so more toner ensures better etching resolution. Refer to the instructions on the toner 
transfer package. In general, a dark print can be accomplished by increasing the print density on 
a laser printer or by increasing the darkness on a photocopier. If the open white areas become 
gray, that is OK. The chemi cal etchant wiIl etch through this thin layer oftoner. 

Placing severa! patterns on a page wiIl help conserve the toner transfer paper. After printing the 
individual patterns can be cut apart in preparation for ironing onto the board. 

Board Cleaning 
A CLEAN COPPER SURF ACE IS CRlTICAL. Copper forms an oxide coating when exposed 
to air and humidity exactly like the darkening of pennies and green colo ring of a copper roof or 
the Stature of Liberty. The toner will not adhere to the copper oxide and it is therefore critical to 
remove this layer before ironing on the toner transfer printout. Scotchbrite scouring pads are 
used to scrub the oxide layer off of the copper. Press firmly and scrub for at least one minute. 
Scrub in a circular motion in the center of the board and parallel to the edges of the board. Fine 
black dust should come off during the scrubbing process. Scratches on the copper from the 
scrubbing process are OK. The copper should look bright and pink in color. 

After scrubbing thoroughly, rinse the board with water and dry with a paper towel. Hold the 
clean board by the edges to prevent any fingerprints on the surface. Fingerprints contain oii that 
will prevent the toner from sticking to the surface. If the surf ace does become soiled, scrub 
again, rinse and dry. Iron on the pattern immediately after cleaning. 

Iron On Pattern Transfer 
The toner transfer pattern is bonded to the copper by heat and pressure using a clothing iron. 
Preheat the iron in the no-steam mode and set at the beginning of the steam range. Place the 
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c1ean copper board on a heat safe surface such as a wooden board with the copper facing up. 
Place the toner transfer paper face down on the board aligning the edges of the board with the 
box outline on the pattern. Press down tirmly with the iron and hold in place for 60 seconds. 
Move the iron every 60 seconds for a total of tive minutes to ensure even heating. DO NOT 
allow the iron to slide as it will smear the toner and blur the pattern. Heat, pressure, and time are 
necessary to melt the individual toner particles into a continuous black coating on the copper 
surface. 

After ironing, place the board in a dish of water with the toner transfer paper facing up. Allow 
the board to soak until the paper floats up offthe circuit board, approximately tive minutes. The 
result should be a c1ean piece of paper and a complete black pattern bonded to the copper 
surface. If some pieces of toner are not well bonded to the copper, they can be repaired prior to 
etching. 

Pattern Touch Up 
If there are major errors in the pattern - missing lines, blurring, and misalignment of the pattern 
and board - then it may be necessary to scrub the board c1ean and iron on an new pattern. Small 
errors can be repaired by drawing the missing sections with a permanent Sharpie marker. Rub 
on lines and donuts can also be used to repair patterns. 

At this point it is also useful to write initials or some other marking on an open area of the 
pattern to identify whose board is whose. Using the permanent marker make dark letters by 
going over the letters at least twice. Dark letters will etch better just like the dark toner will 
protect the conductor lines. 

Etching 
Several hobby c1ass etchants are available in ele(:tronics shops and catalogs. The ferric chloride 
solution or anhydrous solid that you can dissolve in water will etch copper quickIy but is more 
expensive. The less expensive alternative is sodium persulfate sold as a white crystalline powder 
you dissolve in water. Etchant solutions are CORROSlVE and should be treated as hazardous 
materials. WEAR GOGGLES AND GLOVES when working with the etchant powders and 
solutions. Mix the solution according to the directions on the container. For sodium persulfate 
the ratio is 1/2 pound per gallon. Tap water is Jlne or distilled water. Fresh solution will etch 
more quickIy and a solution that has been sitting for several weeks may not etch well. Heat 
accelerates the etching process and sodium persulfate solution etches effectively at temperatures 
up to 70°C. Using a Pyrex glass container, the etchant can be heated with a hotplate or Bunsen 
bumer with a thermometer for temperature monitoring. Professional etching tanks with heaters 
and agitators are also available for approximately $120 and hold 1.5 gallons of solution. 
Depending on the temperature of the etchant and the area of the circuit board, etching time varies 
from 20-60 minutes. Circuit boards should be placed in the etching tank using tweezers or tongs 
so that the copper is exposed to the etchant without other boards overlapping. Stir the etchant 
occasionally to bring fresh solution in contact with the copper. 

Initially it is difficult to observe any progress in the etching process. The copper color cha.nges 
slightly and the scratches disappear. Eventually the copper becomes thin enough to allow the 
underlying board material to show through and the edges of the board come c1ean tirst. The 
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solution tums blue-green as the copper metal is converted to copper sulfate in solution. The 
etching process is complete when the visible copper is gone and the only remaining features are 
the black pattern lines. Under these lines are the copper conductor wires that will connect the 
electrical components. Etched boards should be rinsed in clean water and dried with a paper 
towel. 

Copper Etching Reactions 
The circuit board etching step takes the solid copper metal from the PCB into solution as copper 
ions Cu+2. The chemical reaction causing the metal to dissolve is a corrosion reaction involving 
the persulfate ion and the copper atoms on the board. The sodium persulfate crystals (Na2(S04h 
or Na2S208) are a stable salt of persulfuric acid (H2S20d. When the sodium persulfate salt is 
dissolved in water, the sodium is present as Na+1 ions and the persulfate ion is present as S208-2 
ions as shown in Equation 1. The persulfate ion is a powerful oxidant that oxidizes the metallic 
copper on the circuit board and converts it to copper ions in solution as shown in Equation 2. If 
the water in the solution is allowed to evaporate, the copper will precipitate as CUS04 as shown 
in the products of Equation 2. The persulfate ion can also hydrolyze into peroxy monosulfate ion 
(HSOs-1

) which then converts to hydrogen peroxide (H202) and oxygen (02) byproducts. These 
subsequent reactions cause the etching bath to deteriorate over time. It is important, therefore, to 
store the etchant in its stable salt form and mix up fresh etchant solution as needed. 

(Eqn.l) 

(Eqn.2) 

(Eqn.3) 

Equation 3 shows the copper metal dissolving off of the circuit board and into solution as the 
copper atom loses two electrons to become a copper ion. A loss of electrons is an oxidation 
reaction and making the copper an anode that supplies electrons4. A gain of electrons is a 
reduction reaction and a cathode receives electrons. Two electrons are required to make one 
copper ion and the persulfate ion has two extra electrons. In Equation 2, one mole of sodium 
persulfate etchant can dissolve one mole of copper, however, the deterioration of the solution 
discussed above makes the practical etching capacity lower. 

The etching solution described in the Instructions for Making Printed Circuit Boards handout is 
mixed at Yz pound per galIon and heated to 40-70T. Higher concentrations of etchant are 
possible but require higher temperatures to keep the salt from precipitating out ofthe solution. 

Via Hole Drilling 
A hole must be drilled for each component lead. Small hand drills work best because they are 
easy to control. With practice, a power drill such as a Dremel tool can be used to drill holes 
faster. WEAR GOGGLES while drilling because the fine drill bits snap easily. Place the circuit 
board on a piece of scrap wood to protect your table surf ace. Hold the drill perpendicular to the 
board and try to drill straight through not at an angle. Refer to the layout pattern to make sure alI 
holes are drilled. The #69 drill bit works well for most through hole component leads, however, 
you may also need some larger holes for mounting a battery clip. A careful job of drilling will 
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make it easier to insert components and prevem the awkward job of drilling holes in a partially 
assembled board. 

Toner Removal 
The remaining toner should be scrubbed off with the Scotchbrite pad ar rinsed off with acetone 
to reveal the underlying copper. The copper must be exposed to allow the solder to make 
contact. Toner removal should be done just before soldering so that the copper does not oxidize. 

Component Insertion 
Components are inserted from the blank si de of the board with the leads sticking out through the 
copper donuts on the backside. The leads on axial lead components must be bent into a U shape 
and three-lead components need to be separated into a tripod shape. The orientation of 
components is CRITICAL to the operation of the circuit. AlI components have a specific 
orientation in a circuit with the exception of resistors and some capacitors. The schematic, 
layout, and component placement drawings will help you determine the correct orientation for 
each component. For example, transistors are usually drawn as a half circle with the flat side 
facing one direction and LEDs are drawn with one black side indicating the shorter lead. 
Integrated circuit chips are easy to misalign by 180 degrees. The top of the chip is marked with a 
half circle notch or a white stripe, or pin number 1 is marked with a circle. For example, if 
power is supposed to go to pin 1 and the chip is in backwards, the power might be going to pin 5 
or 8. The circuit will certainly not work as designed and the chips may be damaged if powered 
up incorrectly. Attention to detail will save debugging time. 

After insertion, the leads may be bent slightly to keep the component from falI ing back out of the 
holes. Bending the leads is called clinching. Do not trim the length of the leads until after 
soldering. In general, you can insert a few components at a time, clinch the leads, solder, trim 
the leads and then insert a few more components. The short pieces of wire trimmed from 
components are useful for repairing open circuits where the copper has been etched through. 
Keep a few pieces until you are done debugging and repairing a circuit. 

Soldering Safety and Technique 
A soldering iron is a simple direct electrical heating element designed to melt solder alloys. 
Inexpensive soldering irons plug directly into a wall outlet and heat to a set temperature. More 
elaborate soldering systems allow the user to vary the power or set the maximum temperature. 
Different size and shape tips are available for soldering variollS types of components. 

The hot tip exposed to air tends to build up an oxide coating that is detrimental to forming a good 
quality solder joint. Therefore, it is necessary to practice good tip cleaning habits and proper 
soldering technique. When a hot tip is sitting in the soldering iron stand it should be coated with 
solder to prevent oxidation ofthe tip. This is called "tinning" the tip. Always leave the tip 
tinned when the soldering iron is not in use. A tinned tip looks shiny like a silver mirror. Prior 
to making a solder joint, the excess solder is wiped from the tip using a damp sponge. Most 
soldering iron stands come with a small piece of sponge and a tray to keep the sponge in place. 

When making a solder joint it is important to heat both the copper conductor line and the 
component lead so that the solder will make good contact with both surfaces. Hold the tip firmly 
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against both the copper and the lead, and then bring the solder wire in to the joint area. Allowa 
small amount of solder wire to melt onto the tip, copper and lead. Pul! the solder wire away tirst, 
and lastly remove the soldering iron tip from the solder joint. (Ifyou pul! the iron away tirst, the 
solder joint wil! solidify with the solder wire attached to it. Ihe soldering iron can be used to 
remelt the solder to detach the solder wire.) Continue on to make another solder joint or tin the 
tip and place the iron back on the stand. You will see and smell a small amount of smoke when 
the solder wire melts. The smoke comes from the flux material in the solder wire. The moi ten 
solder at the solder joint quickly cools and becomes a solid piece of metal. 

Soldering Steps 
1. Wipe excess solder onto the damp sponge. 
2. Hold the tip against the copper conductor line and the component lead. 
3. Bring the solder wire into the hot copper, lead and soldering iron tip. 
4. Meit a small amount of solder. 
5. Remove the solder wire from the joint area. 
6. Remove the soldering iron from the joint area. 
7. Make another solder joint using steps 2-6 or tin the tip and place the iron in the stand. 
8. Wash your hands when you are done soldering to prevent ingestion oflead. 

Inspecting Solder Joints 
A good solder joint makes a cone shape around the component lead and covers the via hole 
"donut" area on the copper conductor line. Ioo much solder at the joint will have a ball shape 
and may fonn a bridge to other solder joints nearby. Solder bridges are short circuits that will 
change the perfonnance of the circuit and must be repaired. Ioo little solder at the joint will not 
make the smooth cone shape and may not make a complete connection between the copper and 
component. Inadequate heating of the copper and lead results in a "cold joint" that may look 
alright but be an open circuit. 

Repairing Solder Joints 
One ofthe simplest debugging tools is to touch up the solder joints. Cold joints can be repaired 
by remelting the solder at the joint using a hot soldering iron tip. Solder can be added to the joint 
by repeating the soldering steps. Solder bridges can be broken by remelting the solder. Excess 
solder can be removed using a solder wick (see desoldering below). 

Desoldering 
Sometimes it is necessary to remove a soldered component in order to replace it with another 
component or to reverse the orientation of a misplaced component. In order to remove a 
component, the solder joints must be eliminated by melting the solder with a soldering iron and 
removing the molten solder. Iwo common techniques for removing moi ten solder are solder 
wick and desoldering pumps. Solder wick is a braid of copper wire with flux that will attract the 
molten solder away from the joint. Solder wick is used by laying the solder wick over the solder 
joint and heating the wick andjoint with the soldering iron. The copper colored braid will turn 
to the silver color of the solder as the molten solder is drawn up into the braid. Remove the braid 
and iron to inspect the joint. After a section of braid has been used it can be cut of[ with wire 
cutters and discarded. A desoldering pump sucks the molten solder away from the joint. The 
solder is heated with the iron, then the pump opening is brought close to the joint and triggered 
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to pull up the molten solder. Manual desolder pumps operate by depressing a spring-Ioaded 
plunger and then releasing the plunger to create a short burst of suction. The pump has to be 
reloaded for each joint that needs to be desoldered. Electric pumps reload themselves 
automatically or use a small vacuum pump to generate the suction. 

Resolderiog 
Copper surfaces and components can be soldered several times before the copper is destroYt:d or 
the component is damaged by excessive heat. Once the copper conductor line is damaged, it is 
necessary to add a jumper wire to connect the remaining copper line to the component lead. A 
damaged component must be replaced with a new one. 

About Solder Joiots 
Solder joints serve two important purposes in electronic circuits. On the one hand, the solder 
joint works as an adhesive bonding the components to the circuit board. On the other hand, the 
solder joint forms a short circuit connection between the copper conductor line and the 
component lead to complete the circuit path. Bothjobs are critical to the performance ofth~: 
circuit. lf components fali off the board or are not electrically connected, then the circuit fails. 
A thirdjob performed by solder joints in more advanced circuit assemblies is heat transfer. Heat 
generated by the integrated circuit travels through the solder joint to the circuit board to keep the 
IC cool. The choice of a solder alloy and the soldering technique involve careful study of the 
properties ofthe solder, such as, mechanical strength, thermal conductivity, electrical 
conductivity, and melting point. Ali ofthese properties vary with different alloy compositions 
depending on the specific elements and proportions ofthe elements in the alloy. The most 
comrnon solder alloys are combinations oflead (Pb) and tin (Sn). Since lead is known to be 
toxic, many new alloys have been developed which are lead free. 

Circuit Board Processiog Steps 

1. Prepare the pattern on the iron on transfer paper. 
2. Trim the pattern to the size of the board. * * 
**lf you will be etching the same day as ironing on the pattern, you may mix and preheat the 
etchant at this point (Steps 15 and 16). 

CLEAN IMMEDIATELY BEFORE IRONING. 
3. Clean the copper surface thoroughly with a Scotchbrite pad. 
4. Wash the board in water and dry. 
5. Preheat the iron to the beginning ofthe steam setting without steam. 
6. Prepare a tray of water. 
7. Place the circuit board on the wooden board with copper fac ing up. 
8. Place the pattern face down on the copper. 
9. Press firmly with the hot iron for 5 minutes moving every I minute. DO NOT slide the iron. 
10. Place the circuit board in the tray ofwater with the paper facing up. 
11. Wait for the paper to float off the board. 
12. Dry the board. 
13. lnspect the pattern and repair any missing lines with the permanent marker. 
14. Labei the circuit board with your initials ifyou are processing multiple boards. 
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WEAR GOGGLES AND GLOVES WHEN WORKING WITH ETCHANT. 
15. Mix the etchant powder in water at the proper mtio. 
16. Preheat the etchant solution to 40-70°C. 
17. Place the patterned circuit boards into the etchant bath. 
18. Stir occasionally and monitor the temperature. 
19. Remove the etched boards, rinse with clean water, and dry. 

WEAR GOGGLES WHILE DRILLING. 
20. Drill holes. 

21. Scrub of[ remaining toner with Scotchbrite pad or rinse of[ with acetone. 
22. Preheat soldering iron. 
23. Wet soldering iron sponge. 
24. Insert components, clinch, solder, and trim leads. 
25. Test circuit. 
26. Troubleshoot and repair as needed. 

Comments: 
The procedures described above have been used successfully with teachers and students over the 
past four years. Whi1e they may seem unsophisticated when compared to industrial 
manufacturing methods, the basic steps parallel the steps used in commercial PCB fabrication 
and therefore serve as a real world example to connect students to the technology. For examp1e, 
the iron-on process provides the same etch resist as photoresist, the etchant is a lower 
concenctration of a commercial etching bath, and hand soldering demonstrates the use of flux 
and the roles ofsolder in circuit assemb1y. Once the electrical schematic has been converted to 
an accurate layout pattern, circuits can be built in a few hours providing a sense of 
accomplishment for teachers and students. Tremendous pride and enthusiasm exude from 
participants who "made it themse1ves" in a workshop or classroom activity. 

During teacher workshops we also review basic concepts on properties of materials, resistance, 
voltage, current, component types, circuit 1ayout, solder and flux. Along with resources on ali of 
the procedures, we also provide several1esson plans emphasizing the relevant National Science 
Standards and connections to mathematics. One ofthe circuits built in the workshops and 
classrooms is an electronic dice that disp1ays a random number between one and six. Clearly, 
the circuit is useful for lessons on statistics and games of chance. Other lesson plans deve10p 
graphing skills, unit conversions, density and area calculations, and understanding circuit 
diagrams. 

KEEP is well on its way to accomplish the gOals of educating teachers regarding electronic 
assembly technologies and properties of electronic materials, developing curriculum materials, 
and organizing hands-on projects. The overall objective ofKEEP is to encourage young students 
to consider technical and engineering careers. 
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References: 
Supplies 

The vendors listed below sell supplies that are consumed during circuit assembly. 

Vendor Products ! 

Injectorall Electronics Corporation Sodium persulfate: 1/2 pound and 10 
110 Keyland Court pound bottles of salt powder. 
Bohemia, NY 1 1 716 
800-878-7227 1 ounce copper printed circuit boards. 
FAX 516-563-3389 
w\\'w.injectorall.com 

Techniks Inc. Press and Peel Wet transfer paper: packs 
PO Box 463 of 5, 10, 20 or 100 sheets. 
Ringoes, NJ 08551 
908-788-8249 Fine gauge drill bits. 
www.techniks.com 

Chaney Electronics 1 ounce copper printed circuit boards. 
PO Box 4116 
Scottsdale, AZ 85261 i Project kits. 
480-451-9407 

Jameco Electronics Needle nose pliers, wire stripper, wire 
1355 Shoreway Road cutter, screwdriver 
Belmont, CA 94002 
1-800-831-4242 Components 
www.jameco.com 

Electronix Express Multimeter, soldering iron, soldering iron 
365 Blair Road stand, solder, desolder braid 
Avenel, New Jersey 07001 
Phone 1-800-972-2225 
www.elexQ.com 

Fargo Enterprises Fine gauge drill bits. 
301 County Airport Rd. # 1 05 
Vacaville, CA 95688 
707-446-1120 
www.micro-tools.com 

I 

This research work was based on support from the National Science Foundation, Grant No. ECS-
9702108 and DMR-9809686. 
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Smart Material Actuators (2nd
) 

National Educators' Workshop 
San Jose state University, CA 

October 13 - 16, 2002 

Kyo D. Song, Won Yi·, Sang-Hyon. Chu*, and Walter Golembiewski 
Department of Technology, Center for Material Research, Norfolk State University 
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Key Words: Piezoelectric, Unimorph, Smart Materials, THUNDER and Actuators 

Prerequisite Knowledge: Basic knowledge of electronics, electromagnetic wave 
propagation, smart materials, rectenna operations 

Objective: To demonstrate THUNDER actuators by a microwave power. 

Equipment and Materials: 
1. Anechoic chamber 
2. Narda X band horn antenna model 601A (8.2 - 12.4GHz) 
3. JPL 6 x 6 rectenna array 
4. Hewlett Packard 8684B signal generator (5.4 - 12.5GHz) 
5. Logi Metric Amplifier 
6. Adjustable recycle time delay relay (HDF A Series by Amperite) 
7. Hameg Instruments Oscilloscope (HM1507 150MHz 200Ms/s AnalogIDigital) 
8. Tekronix DMM916 (AnalogIDigital Multimeter) 
9. Resistors 
10. THUNDER (Thin Layer Composite Unimorph Ferroelectric Driver and S!!nsor) 
Il. Coaxial cables and wiring fixtures 

Introduction: 

The concept of microwave-driven smart actuators is envisioned as the best option to 
alleviate the complexity associated with hard-wired power feed and control circuit. In 
addition to that, the simplicity of a microwave-driven actuator system can reduce a total 
weight and fabrication cost of the system. A proof of concept experiment using smart 
materials such as THUNDER (Thin Layer Composite Unimorph Ferroelectric Driver aud 
Sensor) and paper actuators have been setup aud demonstrated by using a microwave. 
Such advance system will produce a revolutionary class of smart devices that integrated 
sensors, actuators, and smart flight control as well as biologically-inspired systems. 

Experimental Procedure: 

An experiment was set up to actuate THUNDER actuators using a microwave source as 
shown in Fig. 1. A combination of signal genemtor and amplifier provided 20 W of 
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microwave power to a Narda horn antenna at a frequency setting of 8 GHz. The 20 W 
microwave power irradiated at a JPL (Jet Propulsion Laboratory) 6 x 6 rectenna array. 
The rectenna, which is a rectifier and an antenna, converts the microwave power into De 
power. The 6 x 6 rectenna array with the required wiring fixtures is inside an anechoic 
chamber as shown in Fig. 2. Ali other items listed in the equipment and material section 
were extemally connected to the horn antenna and the rectenna via a backplate at the rear 
of the chamber. The Narda horn antenna is connected to the amplifier by a coaxial cable, 
and the signal generator is connected to the amplifier by a separate coaxial cable. The 6 x 
6 rectenna array is connected to the exterior of the anechoic chamber by means of a dual 
output BNC connector. The output of rectenna fed to outside of the chamber, and either 
measured its output by a multimeter or connected to THUNDER actuators. 

THUNDER is a ferroelectric device made of multiple layers of materials, typically 
stainless steel, aluminum and PZT (Lead Zirconate Titanate) piezoceramic. These layers 
of materials are sandwiched together with an adhesive bond. A piezoceramic material is 
composed of randomly oriented crystals or grains. By applying electrodes to the ceramic 
and a strong De electric field, the dipoles are aligned in the direction ofthe electric field. 
By aligning in this manner, the smart material will have a permanent residual 
polarization. The result of this polarization is a change in the geometric dimension. 
Tbrough the piezoelectric efTect, THUNDER bas the capability to expand or contract, 
based on the polarity of the voltage applied When the applied voltage is positive, 
THUNDER will flatten, and if the applied voltage were negative, the THUNDER arches. 

Comments: 

The typical spatial distribution of the microwave power density on the rectenna is 
measured at distances from the horn inside ofthe anechoic chamber as shown in Fig. 3. 
As a result, the average power density of a 20 W microwave at 8.5 OHz is approximately 
5 mW/cm2

. In this experiment, the 20 W microwave power was converted into a 
measured 230 V De by a digital multimeter as shown in FigA. The estimated current 
being produced from the 6 x 6 rectenna array was 3. 8mA. This was computed using 
various measured resistor values and the measured voltage across each resistoL The area 
exposed to microwave is approximately 2500 cm2 tbat gives 60% efficiency of the 
microwave power at the target. The dimension ofthe 6 x 6 rectenna is 12 cm by 12 cm. 
The irradiance of the microwave power on the recetenna is measured as 7 mW/cm? 
Therefore, the power irradiated on the recetenna will be approximately 1.0 W. Based on 
this calculation, an efficiency of the rectenna is calculated as 87%. 

The THUNDER used for the test produced 7.62 rom maximum displacement from 230 V 
De output of the rectenna. Fig. 5 shows the displacement levels of THUNDER actuator 
according to the voltages fed from the 6 x 6 patch rectenna array. A higher voltage output 
than 230 volts is expected by increasing the beam power. The test of the 6 x 6 patch 
rectenna was limited by the capacity ofthe 20 W tunneling wave tube amplifier (TWTA) 
used. 
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Currently, a 200 W TWT A is under installation and expected for higher voltage output 
from the 6 X 6 patch rectenna as predicted in Fig. 6. High voltage output is detennined 
by the number of density and breakdown voltage of Schottky barrier diodes in a rectenna 
array, the beam power, the frequency, and distance. 
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Fig. 1. Schematic of experimental set-up. 

Fig. 2. 6 x 6 rectenns located in the Chamber 
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Numerical and Physical Modeling of Tube Hydroforming 

G. T. Kridli and E.A. Orady 
Department of Industrial and Manufacturing Systems Engineering 
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Key Words: Tube hydroforming, finite element analysis, thickuess distribution. 

Prerequisite knowledge: Basic kuowledge of finite element analysis and the use of a [mite 
element modeling tool (i.e. DYNAFORM); mechanica! properties of materials; strength of 
materials. 

Objective: To understand the effect of hydroforming pressure and end feed on the thickuess 
distribution and the success of the process in producing defect free components, and to correlate 
experimental results with numerical model results. 

Equipment: 
The hydroforming press used in this experiment was acquired through funding from the 
Education Foundation of the Society of Manufacturing Engineers. DYNAFORM is provided as 
an in-kind gift from Engineering Technology Associates (ET A). 

1. lnterlaken servo-hydraulic press 
2. Hydroforming dies 
3. Unitest data acquisition and machine control software 
4. Welded stainless 302-L steel tubes: 7.9 to 8.0 inch long, 2.0-inch outer diameter. 
5. DYNAFORM and LS-DYNA 
6. Micrometer 

Introduction: 
Tube hydroforming is a manufacturing process in which an interna! hydraulic pressure is 

applied to transform either a straight or a pre-bent tubular blank into a structural component with 
different or varying cross-sectional shapes along its length. High pressure tube hydroforming is 
the most common form of the tube hydroforming process in which a tubular blank is placed in a 
closed die and the internal hydraulic pressure forces the tube to conform to the shape of the die 
cavity. ln order to reduce thinning in the tube wall, the tube ends are fed into the die cavity by 
the use of hydraulic cylinders [1]. Punches may also be mounted in the die to pierce holes in the 
tube wall during the forming operation. A schematic of the loading scheme is shown in Figure I 
with Fe denoting end feed and P denoting the internal pressure for a tube with radius r, wall 
thickuess t, and length 1. 

The process is being used or is being considered for making a wide range of components 
for both automotive and non-automotive applications. Pressure levels over 50,000 psi are 
sometimes used to produce industrial size parts; however, most parts are typically produced at 
pressure levels under 50,000 psi. Automotive parts currently under development or in 
production include seat frames, engine cradles, rails, exhaust manifolds, and space frame 

343 



components. Interest in the tube hydroforming process by the automotive industry is due to the 
possibility of replacing many multi-piece stamped and welded assemblies in body, frame, or 
chassis components with one-piece hydroformed components. Thus, there is a great potential for 
not only weight saving, but also for tooling and labor cost saving that may occur due to the 
elimination of multi-stage stamping and assembly processes through part consolidation. A draw 
back of the process is the need for expensive tooling (dies and presses) that can provide and 
sustain the require forming pressures. Thus, numerical simulation is needed in order to reduce 
the production cost. 

The two most likely defect modes in this process include tube bursting and wrinkling. 
Tube bursting occurs when the tube cannot support the tensile load produced by the internal 
pressure; once the tube bursts, splitting occurs near the burst area due to excessive deformation. 
Tube wrinkIing is caused by excessive compressive force generated by end feeding. Either of 
these two modes of failure results in an unusablf: product [2]. 

In this exercise, tubes are formed in the laboratory, under different processing conditions, 
to demonstrate the different modes of failure, and the conditions that can lead to defect free 
hydroformed parts. Numerical modeling of the tube hydroforming process is conducted using 
the finite element tool DYNAFORM, and the model is analyzed using the finite element analysis 
code LS-DYNA. The hydroformed tubes are cut into sections, and thickness measurements are 
made along these sections. The physical test results are then compared with the numerical 
results. Students completing this exercise learn to identify the effects of processing parameters 
on the final product, and are introduced to numerical modeling tools for metal forming. 

Procedure: 
The class is divided into two halves and conducts this exercise over two laboratory 

sessions. In each lab session, haIf of the students work on the physical model of tube 
hydroforrning and the other half works on the numerical model. In the lab, the students run 
different tests in order to determine the conditions under which the tube fails (i.e., bursts or 
wrinkIes) for simple part shapes, using the die shape and size shown in Figure 2. Following are 
the experimental and the numerical procedures used for conducting this exercise. 

Experimental Procedure: 
1. Observe the safety instructions posted in the lab and make sure to wear safety glasses. 
2. Start-up the hydroforrning machine control and data acquisition program and select test 

builder from the "Test" menu. 
3. For the first tube, set the internal pressure level to 14,000 psi 
4. Set the end feed to 0.3 in for each end. 
5. Install the tube in the die with the weld line aligned paraIlel to the parting line. 
6. Turn the hydraulics on to form the part, and once the die opens turn offthe hydraulic pump. 
7. Remove the part from the machine and labeI it. 
8. Repeat steps 3 to 7 for another tube with the weld line aligned at 45 degrees to the parting 

line of the die set. 
9. For the third tube, change the pressure to 8,000 psi and the end feed to 0.7 inch for each end, 

then repeat steps 5 through 7. 
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Numerical Procedure: 
1. Import the provided die and tube drawings (in IGES format) into you modeling tool 

(DYNAFORM). 
2. Using a surf ace mesh, auto-mesh the die using shell elements with maximum element size 

0.6 inch and minimum element size of 0.4 inch 
3. Detine the meshed die as tool in the "Detine Tools" menu. 
4. Detine the tube material properties using piecewise stress-strain data. (Mat. No. 24 m 

DYNAFORM) 
5. Mesh the tube using Belytschko-Tsay shell elements with element size of 0.1 inch. 
6. Detine the pressurization curve as a linearly increasing pressure up to 14,000 psi 
7. Detine the end feed curve for each end as linearly increasing up to 0.3 inches 
8. Run the analysis and obtain the thickness distribution in the hydroformed tube. 

To introduce the students to metal forming analysis, each group of students conducts an 
experiment that yields a defect free part (Figure 3), as well as a pressure and end feed 
combination that causes bursting (Figure 4) or wrinkling (Figure 5) of the tube. Data from all 
student groups is then compiled and distributed to alI groups. The students use the data to 
develop a two dimensional processing map for bursting and wrinkling and identify the safe 
forming zone similar to Figure 6. Each student group cuts the defect free tube into sections 
perpendicular to its axis of rotation and measures the thickness along the cut line using the 
micrometer. The numerically predicted thickness distribution at the location of the cut is then 
obtained from the results of the numerical model. A plot of the experimental results and the 
numerically predicted results is then generated and the results are compared; a sample plot is 
provided in Figure 7. 

Comments: 
The tubes are most likely to burst near the weld line due to the physical and metallurgical 

characteristics of the material near the weld line. Thus by aligning the weld parallel to the 
parting lines of the die, the weld and the adjacent material experience the least amount of 
deformation since they contact the die walls at early stages of the hydroforming process. When 
the weld is aligned at 45 degrees to the parting line of the die, it is located in the zone that 
experiences the highest level of deformation, thus bursting is likely to occur near the weld. 

The tube begins to deform plastically once the internal pressure causes a hoop stress level 
(O),) that is gre ater than the yield strength of the material according to the relationship shown in 
equation (1) 

(1) 
r 

According to equation (1), the internal pressure is directly proportional to the tube wall 
thickness and hoop stress, and is inversely proportional to the tube radius. The interna! pressure 
in the tube will increase at the early stages of deformation (due to strain hardening of the tube 
material), reaching a peak, then decreases as the tube expands further [2]. Ifthe applied pressure 
exceeds the peak pressure, the tube bursts. Thus, the pressure level at the onset of bursting may 
be calculated using equation (2) 
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dP =0 
dr 

(2) 

The pressure at the onset on wrinkling is typically related to the axial stress in the tube, 
which is a function of the effective flexural rigidity of the tube, the effective modulus of the tube, 
the tube radius, and the tube wall thickness. The properties of the tube material, such as strength 
coefficient, strain hardening exponent, elongation to fracture, and anisotropy, will result in 
different processing maps for different tube materials. 
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Figure 2. Dimensioned Drawing of Die used in the Experiments 



Figure 3. Image ofSectioned Tube Hydroformed without Defects 

Figure 4. Burst and Split Tubes due to High Levels of Internal Pressure (Seamless Al 6061-T6 
tube on the Left and Welded 304-L Stainless Steel Tube on the Right) 
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Figure 5. Wrinkled Tube due to Excessive End Feed 
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Figure 6. Sample Processing Map for Tube Hydroforming 
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The Fundamentals of Variation: An Inexpensive and 
Elegant Experiment for Engineering Students 

Linda Vanasupa 
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Key Words: Statistics, variation, measurement, control charts, measurement error, and precision. 

Prerequisite Knowledge: Students:Basic knowledge ofthe normal probability curve, the 
significance ofits standard deviation and mean values. Instructor: Basic knowledge of control 
charts and how they are used. 

Objective: To demonstrate the variation that exists in measurements and to illustrate the 
quantitative impact that variation has on the precision of the measurements. 

Equipment and Materials: 
1. 8 micrometers capable ofmeasuring to 0.0001" (2.5 micrometers}-$35 each 
2. 8 virtually identical products whose thickness can be measured with a micrometer [we 

used polymeric dog-bone tensile specimens ]-$4 each 
3. 2 blank control charts [see text for details] 
4. 1 blank data table [see text for details] 

Introduction: 

One of the concepts that is difficult for beginning engineering students to grasp is the idea that 
measurements are not exact numbers; i.e., they contain variation. When making repeated 
measurements, a student will often experience great discomfort when a second measurement of 
the same item yie1ds a different result. Although measurement variation is natural and expected, 
students often suspect that something is "wrong" when they encounter variation in their 
measurements. We have designed this experiment to demonstrate the reality ofvariation and 
instruct students on how to compute its quantitative impact on the measuren1ents results. The 
experiment is also aimed at getting the students to identify possible sources of variation, design 
means of minimizing the variation from the different sources and interpret the meaning of the 
resulting measured value. 

Procedure: 
(a) Divide the class into eight groups 
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In our course, we create eight groups of three students each. The number of students per group is 
not critical, but you should have at least six groups in order to demonstrate the variation 
effectively. 
(b) Distribute micrometers and specimens 
Each group should be given a micrometer and a specimen to measure. In our case, we used 
polymer dog-bone tensile specimens. 
(c) Give introductory remarks to students on measurements 
These remarks include the following key points: 

• Engineers often solve problems by designing or altering an existing design (it could be a 
design of aproduct, like a gear, or a design of aprocess, like the induction hardening 
process used to harden the teeth of the gear) 

• Engineers often measure product specifications or processes 
• Engineers often rely on measured values to make decisions 
• Measurements contain variation (i.e., numeric uncertainty) 
• It is important to know how much variation exists, so that the precision of a measured 

value (such as tensile strength) can be estimated 
• A control chart is a tool that is used to h:ep track of the variation in processes and 

product specifications during manufactwing 
(d) Explain the source ofthe specimens 
The instructor points out that ali specimens carne from the same batch. In our case, they came 
from the same batch of injection molded tensile specimens. (Please see the comments below to 
select the proper specimens.) 
(e) Give a tutorialon using the micrometers ifneeded 
Make sure the students know how to use the clutch feature so that they do not over-tighten the 
micrometers during measuring. 
(f) Instruct the students to take three thickness measurements 
State that all measurements should be reported to the nearest 0.0001" (or smallest metric value 
possible with the micrometers). Each group is to take three separate measurements. Tell the 
groups that they must completely set down the specimen and the micrometers between 
measurements. This instruction is to ensure that the students don't simply take a repeated 
measurement in one identical spot. Do not instmct the students further on how to take 
measurements (see comments below for the purpose). This process should take about 10 
minutes. 
(g) Have the students record their data on the table 
The data table should be large enough for the class to read and posted on the waIl. A 
transparency is sufficient, but less desirable. The data table should have the following format: 

Group: 1 2 .. 3 4 5 6 7 8 

X, 

X 2 

X 3 

x(mean) 
R(range) 
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Each group should record the results ofthe three measurements to the specified number of 
decimal places. Each group should also compute the mean thickness, x , and the range, R: 

- xJ +x2 +x3 x= 
3 R=( - ) xmax: xmin 

(h) Compute the va/ues for the control charts 
At this point, it is best to explain the idea of a control chart (see the Comments section on 
background information on control charts). Emphasize that in a real manufacturing situation, the 
x-axis ofthe chart would have a greater relevance to the process (for example, the x-axis may 
represent the shift during which the measurements were taken). However, for this experiment, 
the x-axis is simply the group designation. First compute the grand mean (the mean of all the 
group means) and the mean range: 

== l~_ 
x =-L..Jx 

8 i=J 1 , 

Next, compute the controllimits for the two charts. The upper chart is for the mean thickness 

values and is called an "x-bar chart" to indicate that it represents a plot ofthe mean thickness X. 
The lower chart is for plotting the range statistics. 
For the x-bar chart: 

LCL = x -1.023· R, and UCL = x + 1.023· R 
For the R chart: 

LCL ==0, and UeL = 2.574·R 

(i) Plat the values an the control charts 
For each chart, plot the upper controllimit, the grand mean, and the lower controllimit. Then 
have the students add their mean and range values to the appropriate chart. Your x-bar chart 
should look something like this: 

1 2 3 4 5 6 7 8 

Y our chart will have numbers on the y-axis, of course. You will also have the means of the 
thickness that are plotted by the 8 groups of students. 
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Make sure that the R-chart is plotted beneath the x-bar chart so that both completed charts ean be 
viewed and discussed at the same time. 
(j) Discuss the meaning of the results 
The instructor points out the important features in the results. The discussion will depend on 
what the results are. For example, ifit tums out that one or more ofthe means lies outside ofthe 
controllimits, it gives the instructor the opportunity to discuss the implications. As another 
example, a11 ofthe means may be weU within the controllimits, yet the R-chart may have one or 
more outages (i.e., data points outside ofthe Iimits). 
(k) IdentiJY the sources ofvariation 
The instructor leads a discussion with the class on what might cause variation during the 
measuring process. It is best to allow the students to discuss the sources within their group for 
about a minute and then ask groups to volunteer their answers. You will end up with a list of 
sources that generally faU into two categories: 1. Variation due to the measuring process, 2. 
Variation due to real differences in the product. 
(l) Compute the margin of error from an estimate of the thickness and discuss its meaning 
If it is the case that all of the points on the R -chart were within the limits, the average R can be 
used as a reliable estimate for the standard deviation. In this case, you can compute the margin 
of error associated with the measurement of a singIe observation, 

standard deviation == ~, and margin of error == 3 . li /1 693 
1.693 /1. 

The value to report as the measured value would be 

x ± margin of error 

In other words, a measured value cannot be known more accurately than the margin of error. 

Comments: 
Choosing specimens to measure 
It is very important that you choose specimens whose thickness varies more than the resolution 
ofthe micrometers. The polymeric specimens tend to vary more than 0.001" from top to bottom 
ofthe sample and from sample to sample. InitialIy we chose cold-ro11ed brass. However, the 
problem with the brass was that the thickness varied on the order of 0.0001 ". With such small 
variation, the experiment is quite dull and uninformative. 

Withholding specific directions on the measuring process 
It is best not to give the students more specific directions on measuring beyond the fact that they 
should measure the thickness three times. The reason is that you are allowing them to introduce 
a11 sorts of variation into the measuring process. When the group later develops reasons for the 
variation in the measurements, they will realize that the measuring process itselfwas non
standardized and caused some variation. 

Explaining the meaning of the control chart 
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Students with background knowledge ofthe normal distribution wiH be able to grasp the concept 
of a control chart. It is helpful to review the meaning of control charts before using them in this 
experiment. An excellent reference for the instructor is the text by Devore and Famum [1]. The 
instructor can also download a layman's explanation of control charts by the authors [2]. The 
equations for the upper and lower limits are based on the three measurements for each group. 

Minimizing the variation 
After the students identify why variation exists, it is a good exercise to ask the students to come 
up with ways of minimizing the variation. The students will come up with appropriate solutions 
like "develop a set of standard operating procedures for measuring." 

Computing and interpreting the margin of error 
This portion ofthe experiment helps the students to understand that when they report the result of 
a measurement, there is inherent uncertainty in the value. This is true even ifthe reported value 
is an average. If one of the data points for R lies outside of the upper and lower limits, using 

R will not reliably estimate the standard deviation. Ifthe reason for the outlying condition is 
known (e.g., one group reported the measurement incorrectly), you can ignore the outlying data 

point, recomputed R and use it in your ca1culations for the standard deviation. However, ifthe 
reason is not known, you should not eliminate the data point. 

Altering the exercise 
If you would 1ike to change parts of the exercise, you may want to consult the equations in 
Devore and Famum [1] so ensure that you are using the right computational values. AH the 
equations in this paper are appropriate only for the conditions that are described in the 
experiment. 
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The Amazing Properties of Materials * 

Vigliotti, D. P., A1com, J. B., Neumeyer, N. A., Cyr, D. R., Rodriguez, A. c., 
Farrell, C. N., Leininger, L. A. 
Materials Reliability Division 

National Institute of Standards and Technology 
Boulder, CO 80305-3328 

Key Words: amorphous; anneal; crystalline; coefficient of friction; drop test; hysteresis; 
neoprene rubber; rate of restitution; stress opti con 

Prerequisite Knowledge: The presenter should be familiar with general knowledge of 
mechanical testing and materials science. 

Objective: The purpose of this presentation is to introduce educators to a demonstration 
that wiII expose students in grades seven through twelve to a variety of mechanical tests 
that wiII allow them to observe certain unexpected properties of materials. 

List of Equipment: 

1. Stress-Opticon KitU 

2. Drop-Test Tower 
3. Steel Ball 
4. Veneer Strips 
5. Neoprene Rubber BaH 
6. Nosorex** Rubber Ball 

List of Demonstrations: 

1. Amorphous vs. Crystalline Materials 
2. Drop Test 
3. Happy and Unhappy Balls 
4. Elastic Deformation vs. Permanent 

Deformation 

Introduction: 

7. Silly Puttyu 
8. Tin Rod 
9. Coat Hanger 

10. Rubber Band 
Il. Annealed Copper Tubing 
12. Shape-Memory AIIoy (Nitinol**) 

5. Work Hardening of Materials 
6. Dependence of Materials on Rate of 

Deformation 
7. Shape-Memory AIloy 
8. Stress-Opticon 

Materials may react in different ways to a given physical stimulus. The experiments 
described in this paper demonstrate several properties of materials . 

• Contribution ofNIST, an agency ofthe U.S. govemrnent; not subject to copyright. 
** Because the C.A.R.E. kit contains these specific products, trade names contained herein are used only to 
identify the material used in this research. Such identification does not constitute recommendation or 
endorsement by NIST ofthese materials or oftheir manufacturers. 
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The experiments will include the use of materials such as Silly Putty, annealed copper 
tubing, and shape-memory wire. A drop test will demonstrate how methods of 
manufacturing can increase the strength of certain products. A stress-opticon will be 
used to demonstrate the techniques of stress analysis and the effects of stress 
concentration. 

Other areas explored include strength and hardness, rate dependence, metal memory, and 
elastic and permanent deformation. Students will be able to participate in demonstrations 
of some mechanical principles and detennine the behavior of structural elements using 
visual and audible means. 

Experiments: 

1. Amorphous versus Crystalline Materials 

Most materials are classified as either amorphous or crystalline. Crystalline materials 
consist of atoms arranged in regular arrays or patterns. These patterns form separate 
crystals that build upon one another to eventually form a mono- or polycrystalline 
material. The shape and orientation of individual crystals determine the unique physical 
properties of a material. An example would be steel or hard plastic. 

Most amorphous materials have no regular repe ating structure. Common examples of 
amorphous materials are glass and Silly Putty. There are no naturally occurring 
amorphous metals in nature. AII amorphous materials have the ability to change shape 
without having any direct outside force applied except gravity. Different materials 
change shape at different rates, and often only at elevated temperatures. For example, at 
room temperature the atoms in glass take many decades to shift and to experience a 
change in shape of the glass material under the action of gravity. 

The properties that make a material either crystalline or amorphous can be used to 
explain the reactions and activities displayed by each material. 

Silly Putty 

Figure 1: Silly Putty 
on pedestal. 

To demonstrate how amorphous solids 
change shape without intervention 
from any outside contact forces such 
as pushes or pulls, place a ball of Silly 
Putty on the pedestal. (See Figure 1.) 

The Silly Putty will begin to flow 
over the pedestal like a viscous liquid 
because it has no defining internal 
crystalline structure to maintain its 
original shape. This process can be 
observed after several minutes. (See 
Figure 2.) 
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Figure 2: Silly Putty 
running down pedestal. 



There is one outside, non-contact force always working to change the shape of 
amorphous materials. You can ask your students if they can name this force. This 
outside force is the force of gravity. 

Tin Rod 

Figure 3: Tin rods. 

If a crystalline material is deformed enough, the mutual orientation of the crystals is 
altered. Depending on the material, the change in orientation ofthe crystals in a material 
being deformed can be audible. Tin is one such material. (See Figure 3.) If you quickly 
bend and unbend a piece of tin rod repeatedly, you will be able to hear a cracking sound. 
This sound is due to the unique and complex crystal structure of tin that allows the 
crystals to hold together as they crack against one another rather than changing shape and 
sliding past each other, as do the crystals in most other materials. (Caution: When 
bending the rod, do not bend it completely in half as this may cause it to break.) 
When you bend common copper or steel wire in the same way, there is usually sound 
being produced at the region of bending, but it occurs at frequencies too high for human 
ears to hear. 

2. Drop Test 

This experiment will demonstrate the importance of using a combination of materials for 
strengthening composites. Composite materials gain their strength by combining two or 
more separate materials to obtain characteristics that would not exist in the individual 
materials only. This is an instance where the whole is greater than the sum of its parts. 
The anisotropic properties of the separate materials contribute to the strength of the 
composite material. This implies that the properties of a material may be different when 
measured in different directions. A common example of this is plywood. The fibers in 
the first layer of wood run in one direction, while the fibers on the second layer of wood 
run perpendicular to those of the first layer. The same material is present in both layers. 
By simply rotating the direction of the fibers in the material with respect to the applied 
forces, the strength properties will change. 

Figure 4: Longitudinal and transverse-grain veneer strips. 
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Veneer samples will be used to show the strength of composite materials. There are two 
types ofveneer samples in the kit (see Figun: 4); one with the grain running the length of 
the sample (longitudinal), and the other with the grain running across the sample 
(transverse) . 

Figure 5: Broken veneer 
strips. 

Figure 7: Unbroken pine 
strips wrapped in nylon. 

Begin the experiment by showing the students the different 
samples of grain orientations. Tape two strips that have 
transverse grain together and drop the baII onto them. Thf:Y 
should easily break. (See Figure 5.) Take another two 
veneer strips: a longitudinal-grain and a transverse-grain 
sample and tape them together using double-sided tape. 
Drop the ball again. This time 
the sample should remain 
intact. (See Figure 6.) The 
combined contrasting gram 
structures strengthen the 
veneer. While the transverse 
grain prevents breakage in one 
direction, the longitudinal grain 
prevents breakage in the 
perpendicular direction; thus 
allowing the composite 
specimen of two separate parts 
to add their strengths along two Figure 6: Unbroken 
different directions, alIowing veneer strips. 

them to withstand a higher 
impact than either could alone. 

The pine veneer strips further illustrate the strength of 
different grain orientations. Drop the baII on the uncoated 
pine veneer and it should break. Now, have the students 
examine the pine strips coated with the nylon fabric. Have 
them take note of the crossing grains and discuss their 
importance. This time when the baII drops, the specimens 

should remain intact. (See Figure 7.) The fibers in the nylon, which run in different 
directions, strengthen the sample, making it more resistant to breakage. By proper design 
of composite material with fibers laid out in different directions and using strong 
adhesives to join them, tough materials can be made. They can be used in automobiles, 
airplanes, and other applications to provide strong structures with less weight than that of 
steel. 
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3. Happy and Unhappy Balls 

Figure 8: Happy and Unhappy ba Ils. 

Hysteresis, friction, and restitution are three physical properties found in the experiment 
involving the rubber balls. Hysteresis is a material's resistance to deformation when 
forces are applied. The higher the hysteresis, the less willing the material is to change. 
Friction is a force that resists the relative motion of two bodies in contact. Restitution is 
defined as the act of returning to, or recovering from, a former state. 

The two balls used in this experiment appear to be identical (See Figure 8). However, 
one ball is made of a rubber compound known as Nosorex, and the other is made of 
neoprene rubber. The difference in material make-up accounts for three differences in 
physical properties between the two balls. At room temperature, the ball made from 
Nosorex, the unhappy ball, has a high coefficient of friction, high hysteresis, and a low 
rate of restitution. The ball made from neoprene rubber, the happy ball, has a low 
coefficient of friction, low hysteresis, and a high rate of restitution. The unhappy ball 
rolls slower, takes longer to retum to its original shape, and barely bounces in comparison 
to the happy ball. 

To begin this experiment, have the students bounce both balls. Watch the happy ball 
bounce, while the unhappy ball does not. The properties of the two balls will change with 
temperature. Demonstrate this by placing each ball in a separate glass of ice-cold water 
and allow them to chill for a few minutes. Once chilled, immediately take out both balls 
and bounce them again. Notice the unhappy ball now bounces and the happy baU does 
not bounce as high as it did before being placed in ice water. Let the baUs return to room 
temperature and observe the changes and rate at which each baU retums to its original 
shape. We leamed that the same changes in temperature can actuaUy have opposite 
effects on two different materials. 

Another property can be observed by rolling the two balls down an incline. Due to 
friction, the unhappy ball rolls more slowly than the happy ball. 

4. Elastic Deformation verses Permanent Deformation 

Figure 9: Coat-hanger and rubber band. 
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Ductile materials are those that have the ability to change shape without breaking, such as 
the coat-hanger material and rubber band. (See Figure 9.) Some ductile materials are 
also elastic. Elasticity describes the ability of an object to be deformed, and then 
naturally return to its original shape. Remember that not all ductile materials are elastic; 
some have the ability to be deformed, yet are unable to return to their original shape. 
Demonstrate elasticity by stretching out a rubber band and allowing it to contract. 
Demonstrate a non-elastic ductile material by bending the copper tubing provided, which 
will not return to its original shape. Some materials, such as glass, are brittle and thus are 
resistant to deformation beyond a very smalilimit. Instead, these materials fracture when 
subjected to deformation beyond a very smalilimit. 

A material may demonstrate each of these three properties at different times. One 
example would be coat-hanger material. To demonstrate the elasticity of a steel coat 
hanger, slightly bend it and watch it spring back to its original shape. Continue bending 
the coat hanger further and the molecular bonds and crystal structure will start to adjust to 
the applied force by undergoing deformation. Beyond some point, the material will no 
longer return to its original shape, but will remain permanently deformed. Finally, if the 
material is bent too many times, a fatigue crack will develop and the material will 
embrittle, and will fracture into two pieces. 

5. Work Hardening of Materials 

Cold working is a term used to describe the process of working on a piece of metal 
without using heat. Work hardening occurs when cold working is used to harden or 
strengthen a metal. As a piece of metal is work hardened, it becomes stronger and less 
ductile. Relative movements of the atoms that compose each individual piece of metal 
can explain this effect. Due to the process of work hardening, a material that is bent can 
no longer return to its original shape. (See Figure 10.) 

Figure 10: Annealed copper tubiog. 

For example, an annealed piece of copper refrigerator tubing is composed of atoms that 
retum to their unstrained states in the lattice through the annealing process. When the 
tube is bent by hand the atoms are dislocated from their equilibrium positions in the 
lattice. This creates crystal defects called dislocations. The dislocations overlap and lock 
into one another, making it difficult to bend the copper metal back to its original shape. 
The process of bending is a form of cold working, because the locked crystal structure 
that is formed makes the copper metal stronger and more difficult to bend again. 

As an experiment, have a student bend a straight piece of annealed copper tubing into an 
arc. Then have the student bend the tubing straight again. Explain that the student must 
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observe how much force must be exerted when bending the tube in both directions. It 
should take considerably more force to bend the tube back to the original straight 
position, and it should be very difficult to return the tubing exactly back to its original 
straight position. The result of work hardening requires this additional force. An 
important appreciation of work hardening is in the forging of materials by hitting them 
with hammers, to make tough steel tools or other objects. 

6. Dependence of Materials on Rate of Deformation 

Deformation-rate dependence of a material explains how the rate at which the material is 
pulled apart affects whether the material will snap apart in a brittle fashion (high rate of 
deformation), or stretch and bend easily (slow rate). When the rate of deformation is 
increased, materials are more likely to snap, (see Figure 11,) whereas when materials are 
pulled at a slower rate, they are more likely to stretch before they break, or even stretch a 
great deal without breaking. (See Figure 12.) 

Figure 11: Snapped SiIly Putty, deformed at a 
high rate, resulting in breakage. 

Figure 12: Stretched out SiIly Putty, greatly deformed 
at a low rate, without breaking. 

U se a piece of Silly Putty to demonstrate this experiment. First puII it apart quickly 
enough to break it; and then puII apart a piece slowly, deforming it significantly without 
breaking it. Explain the differences in the outcomes. An application of this is that a bar 
of steel can be drawn out into a long rod or even wire, if the bar is not pulled too rapidly. 
If the rate of the puII is too large, the rod will just break, instead of allowing itself to be 
pulled into wire. 

7. Shape-Memory Alloy 

Figure 13: Shape-Memory Alloy. 

Shape-memory metals can spring back to (or remember) their original shape when the 
shape of the metal is changed. An example of this is the alloy of nickel and titanium 
called Nitinol. (See Figure 13.) A piece of Nitinol wire, when placed in cold water will 
bend due to the decrease in its temperature, and will straighten back to its original shape 
if returned to its original temperature. 
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This is due to a solid-state phase change or a kind of crystal lattice, where the change in 
shape is due to changes in the crystal structure of the metal. At cold temperatures the 
atoms move easily and the crystals can be deformed, thus bending the metal. When the 
deformed crystal is exposed to high temperatures it changes to the original crystal 
structure and retums to its original shape. This reaction happens more quickly at extreme 
temperatures. For instance, when placed in boi ling water the metal will snap back 
imrnediately. In water that is only lukewarm, the reaction will take more time. 

Perform this experiment by first placing the Nitinol wire in cold water and then in velY 
hot water (Caution: do not stand too cIose when the metal is placed in the hot water, 
as the wire springs back to shape very rapidly.) 

As a related topic, explain that Nitinol alloy is used to deploy satellite antennas in space, 
to move robotic arms, to open and close greenhouse windows, and in heat engines. This 
is useful when we want to avoid having to mechanically push or puII things. Ifyou shine 
a heat lamp on a properly designed structure, at different points, you can make the 
structure move in different desired directions. You can make it move slowly or rapidly, 
by using a dim or a bright heat larnp. 

8. Stress-Opticon 

The miniature photoelastic laboratory is used to demonstrate stress analysis and stress 
concentration, mechanical principles, and the behavior of structural elements. (See 
Figure 14.) The kit allows you to compare similar loads on different types of specimens, 
just as stress tests are performed, by engineers, on models of trusses, arches, frames, anei 
other structures. This allows for a colorful way to identiry the locations of weak anei 
strong points within a design. 

Photoelasticity is an ac curate method of stress analysis and involves viewing a 
transparent model of a structure through a field of polarized light and interpreting the 
fringe patterns (colored bands), to determine the locations and magnitudes of stresses in 
the model. The light from a source passes through a polarizer, the transparent model, the 
second polarizer (acting as an analyzer), and finally to the viewer. Any type of light 
source will suffice for this experiment but brighter light, red filters, or a magnirying glass 
can be used to see the finer details ofthe fringes. 

Both the color and number of these fringes are directly related to the arnount and mode of 
the load placed on the specimen. Red represents the areas under the greatest stress and 
violet represents areas under the least stress. As the stress increases, the number of 
fringes within a length will also increase but the pattern will keep its general form. The 
new bands will appear at the points of highest stress, usually the boundaries, and will 
crowd the earlier appearing fringes toward the inside of the model. 
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Figure 14: Stress-Opticon 

The Stress-Opticon is easy to use 
and light enough to pass throughout 
small classrooms. It can also be 
paired with an overhead projector 
when larger groups are present. Its 
simple design consists of the 
following elements: 
• Aluminum frame 
• Five T-nuts with nylon-footed 

loading screws 
• Two polarizers with built-in 

quarter-wave plates 
• Three photoelastic models 

(beams) 
The screws should already be loaded into the frame; simply add the polarizers and the 
model. Apply several different types of loads and observe their stresses. 

One type of load can be changed to another without ever touching the model by hand. 
Place the model in the center of the kit and use the loading screw opposite the support 
block to clamp one end of the beam. Slide the polarizers into place, with the white dots 
facing outward, one on top, and one underneath the model. The clamping screws may 
need to be loosened. Once the polarizers are in place, tighten the clamping screws and 
apply a load to the beam. When changing loads, remember not to remove the polarizer, 
simply tighten the model down and rearrange the screws one at a time so it does not drop. 

Since the loading screws slide within the frame of the kit, there are a wide variety of 
loads to experiment with. We will cover seven types, (a-g). There are two other models 
included in this kit: one with a hole in the middle, and one with segments of varying 
width. Besides using the following seven tests, replace the first model with either of these 
other models to demonstrate how different characteristics can alter a structure's bebavior 
under stress. Ask students to figure out different areas of engineering that require the use 
of each type of model Of load. Why are some loads, Of areas of the load, unaffected by 
the type ofbeam used while others are changed completely? 

(a) Cantilever Bending 

Figure 15: Cantilever bending. 

By tightening the appropriate loading screw, clamp one end ofthe model to the top ofthe 
supporting block and add a load to the top of the opposite, free end. The corner under 
this free end bas to be a zero-stress area and should not be colored. The end screw and 
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the two loading screws undemeath the model should be lowered 80 that they are not in 
contact with the beam. (See Figure 15.) 

(b) Simply Supported Beam 

Figure 16: Simply supported beam. 

Using the cantilever-bending load, add a single support to the bottom of the beam. 
Position it slightly off center so that it is supporting the beam. Loosen the top screws and 
tighten the bottom loading screw until the beam no longer touches the supporting block. 
The ends ofthe beam should show zero stress. The area directly above the bottom screw, 
where there is the most bending, shows the greatest stress. (See Figure 16.) 

(c) Constant-Moment Beam 

Figure 17: Constant-moment beam. 

Using the cantilever-bending load again, add two points of support to the bottom of the 
beam. These supports should be set apart at equal distances from the ends of the beam. 
(See Figure 17.) Tighten them and loosen the top screws until the beam no longer 
touches the supporting block. The area between these two supports will undergo a 
constant bending so that the load is evenly dispersed along the upper and lower surfaces 
of the beam. Because the load is constant, the fringes will be parallel to the sides of ilie 
model. 

( d) Staticall y Indeterminate Beam 

Figure 18: Statically indeterminate beam. 

Clamp ilie model to ilie supporting block and adjust the two bottom screws so they just 
barely come into contact with the beam. The beam will slightly discolor when there is 
contact. Apply the upper load with ilie loading screw opposite the supporting block. 
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Even when this load is known, it tums out that the forces at the supports cannot be 
theoretically determined because of the beam's deformation. This is why the beam is 
described as statically indeterminate. (See Figure 18.) 

(e) Column Loading 

Figure 19: Column-Ioading beam. 

Clamp the model to the supporting block and back ali other loading screws away from 
the beam. Lightly apply a load with the end screw positioned at the center of the beam. 
Slowly release the support screw as you tighten the end screw. The column is now 
centrally loaded from one end. The high stress seen at the end screw diffuses throughout 
the column. The irregular stress seen at the opposite end indicates that the surfaces ofthe 
end plate and the beam are not perfectly smooth, parallel, and friction free. (See Figure 
19.) 

(i) Eccentrically Loaded Column 

Figure 20: Eccentrically loaded beam. 

Clamp the model to the supporting block and back ali other loading screws away from 
the beam. Apply a load with the end screw positioned no longer at the center, but at the 
bottom corner. Back the support screw away from the beam so it is no longer touching it. 
Observe the effects of a central load as well as a bending moment at the end of the 
column. (See Figure 20.) 

(g) Opposed Concentrated Forces 

Figure 21: Opposed concentrated forces. 

Place two loading screws as exactly as possible located directly opposite each other on 
the beam. This is an example of St. V enant' s principle, which states that when forces are 
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locally balanced, the stresses induced decrease rapidly with the distance away from the 
load application. The stresses essentially disappear in a distance approximately equal to 
the depth of the beam. (See Figure 21.) (This load is also useful for holding a beam 
while changing loads in these experiments or for adjusting the vertical position of the 
beam.) 

When civil engineers want to design a roof over a big stadium, or a big steel bridge, they 
can make a small model with photoelastic material. By using these methods to find 
where the greatest stresses appear under loading, the engineers can strengthen those 
areas. They can save unnecessary expense by designing low-stress areas with less 
material. The best design will have ali the parts of the structure at about the same stress, 
so that ali parts are equally important and nothing is unnecessarily wasted. 

Where to obtaÎn resources: 

NIST technical divisions manufactured some materials in this kit, and others are available 
from the following suppliers. NIST does not specifically endorse any of the following 
suppliers; others may be found to offer products that may serve just as well as those 
mentioned. 

~ Hearlihy & Company, 714 W. Columbia Street, Springfield, OH 45504 
1-800/622-1000 

~ Modem School Supplies, Inc., P.O. Box 958, Hartford, CT 06143 
1-800/243-2329 

~ RETCO Alloy Co., 880 Estes Avenue, Elk Grove Village, IL 60007 
1-800/722-3307 

~ PITSCO, Irrc., 1002 E. Adams, P.O. Box 1708, Pittsburgh, KS 66762 
1-800/835-0686 

~ Midwest Products, Co., 400 S. Indiana Street, P.O. Box 564, Hobart, IN 46342 
1-800/348-4397 

~ Local craft shops and hardware stores 
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Recycling Waste Paper 

Edward L. Widener 
Purdue University-Mechanical Engineering Technology 

West Lafayette, IN 47907 

Key Words: beaters; bleaches; cellulosics; dyes; groundwood; non-woven webs; pulps; 
secondary fibers; wet- strength resins. 

Prerequisite Knowledge: 
1) Chemica1 pulping (sulfate, sulfite, soda processes) 
2) Paper grading (stationery, tissues, newsprint, boxboard, magazines) 
3) Pulp pricing 
4) De-fibering (beaters, hydro-pulpers, blenders) 
5) Hydrogen bonding (Van der Waal force) 

Objective: To convince consumers and voters that recycling waste papers is 
economically feasible and ecologicaIly desirable. 

Abstract: 
In view of popular "AIGoreRhythms" for Ecology and Conservation, a basic 

Materials and Process Lab wiIl include "Pulp and Papermaking". This involves botany, 
cellulose chemistry, engineering mechanics, noise and vibration, erosion and corrosion, 
lubrication and quality control. Employment opportunities for engineers and 
technologists are obvious. 

Start by contrasting starch and cellulose isomers. Explore natural processes of 
termites, wasps, camels, and cows. Compare the strong covalent bonds between cellulose 
mers and the weak hydrogen bonds between paper fibers. Describe the huge (80%) 
capital investment in pulp making: trees, rivers, debarkers, chippers, cookers, bleaches, 
washers, web-formers, dryers, and balers. Describe the complex operations ofpaper 
making and product converting: beating, blending, cleaning, refining, dyeing, sheet 
forming, pressing, drying, trimming, slitting, and winding. Move over to secondary 
operations of embossing, printing, plying, slitting, sawing, packaging, sterilizing, 
warehousing, order fiII ing, and shipping. Then note that paper making and converting 
have only added some 20% to our pulp investment. So, we conclude recycled paper 
could cost 80% less. This compares favorably with 95% savings reported for recycled 
aluminum. 

Simple demonstrations of easily recycled waste papers come next. Sort scrap 
papers by type (consumer products, oftice grades, newsprint, cardboard, and magazine). 
Tear a four-gram sample into "postage stamp" pieces, drop into a quartjar of tap water, 
then soak and shake. Generally, more vigorous agitation is required by choppers, mixers, 
or blenders. Look for colors, fish-eyes, and shreds. Form a handsheet by pouring slurry 
through a wire strainer and dewatering with aflat dish. Pour more slurry to make a 
thicker handsheet. Dry such sheets in sunshine or on a hot plate, then inspect for 
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"contraries". Use reflected light for thick sheets, transmitted light for thin ones. Test 
your sheets for tensile pull and tear strength. 

Equipment: 
1) Waring BlendoI\ID - 120 v, 60 Hz, stainless steel canister. 
2) Sunbeam Griddle® - 120 v, 60 Hz, coated surface 
3) Ciba-Geigy® Scoop and Press - stainless steel pans. 
4) Weight scales-beam balance or spring type 
5) Coffee Pot, with temperature control 
6) Containers (glass or plastic) 

a. Graduated cylinder or beaker (100-1,000 mi) 
b. Battery jars or cut offjugs (galion) 

7) Bleaches (hypochlorite or peroxide) 
; 8) Dissecting needle (biology probe) 
9) Spatula (pallet knife) 

Introduction: 

The U.S. stil! has over 70% ofthose forests existing at Columbus' time. Some 
50% of New York State is forest, a renewable raw material. Lumber, pulp, paper, 
plastics, and fuel industries represent major job opportunities for mechanical engineering 
technologists in production, process, and maintenance. Yet, our materials labs tend to 
neglect non-metals, especially common cellulose. 

Pulp and paper production requires vast amounts of air, energy, and water. 
Surging demands threaten to outstrip our plantatio08 or degrade our environment, despite 
ingenious genetics and fiber conservation cited by ecologists. 1 Paper consumption, 
estimated at II O-miII ion annual to08, needs some 2.1 acres per person. 

Perhaps 80% ofpapermaking energy is invested in pulping cellulose, a natural 
polymer. Commercial supplies ofwood, bagasse, cotton and flax are valued as "bio
mass" assets; however, enterprises seldom salvage waste paper and cardboard from 
"trash." A basic experiment in the Materials Lab uses simple equipment to make crude 
handsheets. Students classify secondary fibers, identify contraries, and estimate savings. 

By weight, solid wastes are about 50% paper and increasing three times faster 
than U.S. population. Crowded dumps and smoky incinerators are now unacceptable. 
Recycling of "pre-consumer" waste (mill-broke, rejects, trim) approaches 25% of 
"consumer-products." The challenge is to salvage "post-consumer" waste.2 The public 
can be educated and motivated to segregate marketable grades and to accept the 
subsequent products.3 

Terms: 
A special pulp and paper vocabulary has evolved. Units are U.S., rather than S.I. 

Color is specified by hue, strength and brightness, with metamerism from light-heat
humidity. Fast means permanent. Wires and felts are machine clothing and white water 
is recycled machine drainage. Fines are fiber particles and broke is sheet scrap. 
Converting is the subsequent area for processing. Glassine is film from hard calendering. 
Fibers are floc, staple, fibrid, fibril, and tow. Non-wovens are formed on cylinders and 

378 



fourdriniers. Couching and picking affect sheet morphology. Deinking and bleaching 
affect secondary fiber's softness and tenacity. MIT fold (fatigue), Elmendorfimpact 
(tear), Mullen burst (strength), Patterson punch (puncture), Taber bend (sheet stiffness), 
Finch stinup (edge tear), and Canadian Standard Freeness (drainage) are properties. 
Measurements include caliper (thickness), basis weight (density in pounds avoirdupois 
per ream), denier (grams per 9000m ofyarn), sheet appearance (holes), feei (smoothness 
or drape), and absorbance (wicking).4 TAPPI is the Technical Association ofthe Pulp 
and Paper Industries. 

Pulp Grades: 

Pulps are classified by manufacturing process, timber source, or color: 
1. Sulfite, made with sodium or calcium bisulfite, needs cleanup of plant waters; it 

; is expensive and soft 
2. Sulfate (Kraft) made with sodium sulfide and hydroxide; needs air cleanup; it is 
strong and cheap 
3. Soda, made with sodium hydroxide, is cheaper than sulfite 
4. Semi Chemi cal has partial digestion and steam explosion 
5. Mechanical Groundwood (sawdust or wood flour) is weakest, cheapest, and 
harshesr,6 
Timbers are hardwoods (deciduous; harsher and cheaper) or softwoods 

(coniferous and evergreen; softer and costly) from the North (slow growth; thin, supple 
fibers) or from the South (fast growth; thick, harsh fibers). Northem softwoods give the 
best pulp quality. 

Colors are white (fully bleached), tan (semi-bleached), or brown (unbleached). 
Bleaching enhances softness but hurts strength. 

Prices of virgin pulp may range from $300-$800 per short ton (more for metric 
tonne) compared to recycled fibers at $30-$300. A typical miII (using $2,000,000 of 
pulp/month) could save $1 OO,OOO/month with 25% recycled "secondary fiber," priced 
20% less. Some cardboard plants run 100% recycled boxes, bought from local stores and 
scrap dealers. This is big business.7 

Procedure: 

In the mills, baled pulp and paper are hydrated and defibered to make 
"handsheets" for quality control tests, according to T APPI Standard # T -200. The 
conventional agitators (Valley Beater®, British Std. Disintegrator®) often take several 
hours. However, a Waring Blendor® takes 30-60 seconds, without presoaking! Such 
blending involves intense fluid-shear in a 4-lobed canister, as 4 vortexes impinge. Thus, 
fiber clumps are unrolled, rather than shortened to "fines" by some impeller- blades. 
Note: the popular "Ultimate Chopper ®" (by Black & Decker) uses 2-horizontal slicers, 
which make "fines" and weaken "handsheets." 

Commerciallabs make handsheets with vacuum boxes (Valley Sheet- Mold®) 
and steam radiators (Williams Sheet-Dryer®). 8 Waste paper dealers use conventionallab 
filtration setups (Ehrlenmeyer flask, with Biichner funnel and filter paper) requiring a 
vacuum-pump or eductor-nozzle (tap-water runs to sewer).9 However, the pocket-sized 
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"scoop and press" (Ciba-Geigy Color Sampler@) can make 3" diameter sheets quickly 
and easily. Thinner sheets are made by diluting the pulp-slurry (to lower consistency). 

A typical recipe: a) Tear a tab card (3 1/4" x 7 3/8 " x 7-mil thick) into "postage
stamp" pieces; b) Drop into canister, with SOOml. water (70 F); c) Blend at low-speed for 
30 sec; d) Pour slurry into shallow bowl, looking for complete defibering of"pulp 
bundles;" e) Dewater the "pulp-patty", so the new sheet stays on the press pan rather than 
the screen-knuckles); f) Dry the handsheet on the griddle; g) Use the lid to keep the sheet 
flat and help visual inspection; h) View thick sheets by reflected light, to find 
"contaminants" (flakes of clay, specks of foilor film); i) View thin sheets by transmitted 
light, to find buried contraries (wet-strength clumps); j) Detect tiny balls of pemicious 
latex or tar with a hot needle; pull a filament like a spider web; k) Test any dyes and wet
strength for "bleachability;" 1) Reduce pulping time, using hot water (l80"F) 

Students can be trained to write formal proposals to miII-management, detailing 
each step: a) Find the consistent monthly plant tonnage of available waste-paper grade:;; 
b) Find the location and cost ofbaler; c) Select personnel to collect waste and operate 
equipment; d) Select reliable dealers and establish scrap prices; e) Plan ali shipments, 
ensuring plant security; f) Estimate earnings and equipment payoff, including savings of 
trash service. Otherwise busy bosses may ignore casual suggestions. 

Recycle Samples: 
1. Newspapers- plain, printed or colored 
2. Magazines- pages only; no covers or staples; no coatings of clay or latex 
3. Envelopes and Stationery- white, colored, unbleached, no glassine windows or 

latex labels. 
4. Creped wadding- facial, bathroom, towel, napkin tissues; white, pastel or deep-

dyed; plain or wet strength 
5. Computer scrap- printouts or tab cards; no carbons: white or pastel 
6. Kraft sulfate- bags or wrappers; unbleached or semi-bleached 
7. Boxboard-linerboard or corrugate; unbleached or semi bleached; gray or 

brown. 1o
•
11 
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Introduction 

Over the last two decades new theories of leaming and associated methods of 
teaching have been emerging in the fields of science, math, engineering, and technology. 
The new methods have demonstrated that, compared to teacher-centered lecturing, using 
a more a hands-on, inquiry-based, student-centered model of education increases a 
student's knowledge and conceptual understanding of a subject. To compare the 
differences between the new and old methods, new assessment tools are being created to 
measure students' conceptual knowledge as well as to understand what preconceptions 
and background limitations students have when entering a class. 

One ofthe most widely used and influential assessment tools is the Force Concept 
Inventory (FCI) created by Hestenes1

•
2 et al, and tested broadly by Hake3 for students in 

high school and college physics classes. A concept inventory questionnaire utilizes a 
series of multiple-choice, frequently illustrated questions, based on qualitative, concept
oriented problems on a particular subject. It measures deep understanding and 
conceptual knowledge of a subject rather than a student's ability to solve problems by 
memorizing facts or by just solving equations. The results have been compared to the 
performance of students in classes with different teaching methods to determine teaching 
effectiveness. Over more then a decade, the FCI has shown quite clearly that, the 
application of new methods of teaching based on education reform is, indeed, more 
successful in developing conceptual knowledge. Hake's3 findings indicated that students 
using reformed methods with "interactive engagement" significantly increased their gain 
in conceptual knowledge compared to courses taught with traditional, teacher-centered 
lecture courses. 

Application of concept inventory assessment tools is beginning to be applied to 
engineering subjects, partly as a result ofthe new EC 2000, continuous self-improvement 
process implemented by the Accreditation Board of Engineering (ABEr). ABET's 
guidelines establish that, for an engineering program to be accredited, its must have in 
place a system of continuous evaluation and improvement so that it "demonstrates (the) 
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achievement of ... objectives and uses the results to improve the effectiveness of the 
program." 

As part of a project on innovative education in engineering, D. Evans and others 
in the NSF-sponsored Foundation Coalition5 are developing concept inventory 
assessment tools similar to the FCI. As part ofthis process, a concept inventories test for 
the subject "materials science and engineering" is being developed and is called the 
Materials Concepts Inventory (MCI). This paper reports on the development of a MCI 
and the results that have been obtained so far. The concepts covered by this test 
emphasize principles that govern concepts on the relationships between structure, 
processing and properties of engineering materials. A secondary empbasis is on 
understanding how effectively background educational concepts were developed in 
earlier courses. 

Background and Methodology 

In 1985 Hestenes1
,2 and colleagues set out to understand what students knew 

about physics, and what they were getting out of taking physics courses. To this end they 
set out to create a test that would evaluate students' understanding of the concepts 
covered in physics. The test would have to be developed such that the questions 
investigated students' conceptual understanding of the fundamentals of Newtonian 
mecharIics. The questions had to be simple enough so that students who had never taken 
a physics course could understand them, and yet were sufficiently content rich so that 
students who were well experienced in physics would stiH be challenged. The end result 
oftheir work was the Force Concepts Inventory (FCI), a test that bas now gained national 
acceptance as an assessment tool for physics teachers and their classes. 

The results of Hestenes l
,2 et al from their original research using the FCI 

established three main points, "1) Commonsense beliefs (of students) about motion and 
force are incompatible with Newtonian concepts in most respects, 2) conventional 
physics instruction produces little change in these beliefs, and 3) this result is 
independent of the instructor and the mode of instruction." Their conclusions from these 
findings were that, "to induce significant conceptual change, a well-designed and tested 
instructional method is essential," and that teaching to sol ve each individual 
misconception students had would be unsuccessful. 

Following in Hestenes1
,2 et al's footsteps Hake3 set about to test the effectiveness 

of the new "Interactive Engagement" (lE) teaching style and to compare it to the classical 
teacher-centered, lecture-based instructional method. Hake3 collected FCI scores of over 
6500 students from physics courses in high school and college nationwide and computed 
the average normalized gains between their pre and post-test scores. He took this as a 
rough indicator of how much students had leamed from their physics course. He then 
broke that data into two sets, students who had been taught in courses, which used little 
or no Interactive Engagement, and those which used substantial Interactive Engagement 
methods. His results from courses not taught with the Interactive Engagement method 
had significantly lower gains in understanding (23%) then those that did employ 
Interactive Engagement methods (48%). These findings strongly suggest that courses 
employing the Interactive Engagement method are more effective in teaching students 
then those courses that do not use these methods. The results of Hake's3 work has 
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provided a strong incentive for incorporating Interactive Engagement in the teaching of 
physics. 

The general principles utilized by Hestenes l
,2 in the development ofthe Fel were 

applied in the development of the MeI. A team of undergraduates, a graduate student, 
and faculty utilized a variety of resources in the MeI development. Broad general 
categories of materials concepts and their course linkages were delineated from the 
content contained class syllabi and in introductory materials science and engineering 
textbooks. Multiple choice questions on the categories defined were: 

Concept Categorl .. 
Phase Diagrams & Solubility 
Atomic bonding 
Electronic structure 
Atomic arrangement & Crystal structure 
Defects & Microstructure 
Reactions & Units 
Macroscopic mechanical properties 

Table 1 displays the seven key materials 
concept categories covered in the 
introductory to materials course. 

After key concepts had been determined, the next stage in the creation of the test 
was to determine what the level of students' prior conceptual knowledge of the subject 
matter. The average student taking the introduction to materials course is a college 
sophomore with two to three semesters of experience. These students typically have 
taken two semesters of college level chemistry, one to two semesters of physics, one to 
three engineering oriented math courses, and a multitude of high school level math and 
science courses. From these courses it was determined that some of the concepts covered 
by the introductory materials course were covered in some of the students' previous 
courses, but usually only in passing and not in-depth. Thus, it was determined that on the 
concept inventory a fraction of the questions would not onIy be created to cover key 
concepts, but be presented in a manner that students would have been exposed to them in 
previous courses. 

A literature survey was initiated to help the team determine the following, 1) the 
difficulty le vei of the questions, 2) how other researchers had created their questions and 
"distractor" answers, and 3) the guidelines in creating such concept inventories. From 
the survey the team found concept inventories in thermodynamics, chemistry, and 
mechanics, along with corresponding data from then and articles on the pros and cons of 
them. The results ofthe surveys helped guide the team in the creation ofthe MeI. 

ro establish a set of questions and realistic distractor answers the team began a 
series of weekIy interviews and "intuition quizzes" with students from a current - spring 
semester 2002 - introduction to materials course. In this system the team created weekIy 
short answer, open-ended questions, or multiple choice quizzes that covered what was 
being taught in the introductory materials course that week. These questions were then 
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given to students at the beginning of class and the answers evaluated by the team. The 
other portion of understanding what the students knew was weekly volunteer interviews 
perfonned by the class instructor and at least one student assistant. In these interviews 
volunteer students would meet with the instructor and discuss what they were leaming 
that week, aud any feedback they had on how the c1ass was going. Then the students 
were asked some brief questions on the future c1ass content to see what, if anything, the 
students knew about that subject already. The results of these interviews, along with the 
quizzes and short answers, and the project teams' own experiences in the field helped to 
create a multitude of possible concept test questions, and realistic distractor answers. 

With a large pool of questions and answers created, the test was created. The 
team established two criteria before selecting what questions were to be placed on the 
test, 1) that roughly 1/3 of ali the questions were in a form that students would have had 
previous exposure to them in preceding courses, and 2) that two to six questions would be 
based on each of the seven primary concepts covered in the course. To meet the first 
criteria it was determined that a majority of students would have been exposed to several 
of the primary concepts in their previous chemistry courses, and to a lesser, and 
surprising, extent, their geometry courses. The distribution of the questions into their 
primary concept category and broader course categories can be found in tables 2a and 2b 
below. 

Prima". Inteftded 
c 

..... ~: 

. Number of Quaatlon. 
8 
16 

2 

Table 2a. Tbe tbree main categories of aII tbe questions asked in tbe 
alpba Mei and tbe number of questions found in eacb category 

Table 2b. Tbe seven materials concept categories, and how many 
questions eacb cstegory contained 

After the alpha MeI created it was decided that it would be tested in the summer 
session of the introductory materials course. The nuinber of participants in the summer 
session is considerably smaller then regular fali and spring sessions - roughly 15 in 
summer compared to multiple c1asses in excess of 50 per class in fali and spring. For this 
test 13 students participated in the entrance exam given in the first week oflecture and 12 
participated in the exit exam given in the last week of lecture. Only nine students took 
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both exams while the other students either withdrew from the class after the tirst few 
days or added the class after the initial exam had been given. To create a source of 
motivation for the students and validity for the test, the students were informed that the 
test was given the weight of a regular homework assignment. The test was then 
administered, allowing the students 30 minutes to tinish the 26-problem multiple-choice 
test. In the analysis of the results we have removed four poorly worded or ambiguous 
questions as determined by post-test discussions. 

Results 

A surnmary of the results is shown in the following tables. The results of the 3 
student groups are in section 1. Group 1 consisted of students who only took the entrance 
exam and subsequently withdrew or didn't take the exit exam. Group 2 consisted of the 
students who only took the exit exam. Group 3, upon which the data was be based, 
consisted of students who took both the entrance and exit exams. The results are listed as 
a percentage out of 100% possible, where each question had equal value. 

GrOUD 3 Elltrllnţe Exttm ExItExam 
,N..-ni"...r of IMienta 9 9 

Maan 35.90 45.30 

•• 
34.62 42.31 

, ,. " ... 30.77 42.31 
, Devlltfon 10.26 12.13 

, , 50.00 69.23 
.t.,ow' , '" ,...- 19.23 26.92 

Table 1 Displays the results obtained rrom group 3, the only students who 
completed both the entrance and exit exams 

Group 1 Entrance exam Group 2 ExltExam 
N,um_ ofltudanta 4 Number of Studa,.ta 3 

Mean , 20.19 Mean 33.33 
Median 

, 
17.31 Medtan 30.77 .. " , 

, 11.54 Mode 30.77 
atancIard Devlatlon ",' 9.58 Standard Devlatlon 6.54 
High " .. 

34.62 High 42.31 
Low .. 11.54 Low 26.92 

Table 3 Displays results rrom group 1, Table 4 Displays results rrom group 2, 

students who only took the entrance exaro students who only took the exit exam 

419 



Section 2 below presents the results from the gain per category from the test for 
Group 3, and the total gain on the test. AIso, the gains from the questions with the 
highest and lowest gains per category are displayed. AlI gains were calculated using 
Hake's3 model ofnormalized gain, and alI data listed is in percentage form. 

Average . 

Numberof NonnaIiMd Galn Hlghtm qu .. tlon Loweat qutatJon 
CeteJl()~ Queatle»lUJ <g> galn<g> aaln<g> 

Ch'R1~ 8 17.65% 50% -60% 

GeometrY 2 50% 100% 0% 

Meterlale 16 12.37% 44.44% -100% 

Total 26 14.66% 100% -100% 

Table 5 displays eacb category rrom the alpha MCI's normalized gain along with tbe highest and 
lowest individual question gain rrom tbat respective category 

Finally, Table 6 shows the individual scores of the students from Group 3 listed 
along with the corresponding score received on the final exam. Following this is the 
statistical correlation between final exam score and student gain. AlI statistical 
calculations were done using the statistical package on the TI-83 graphing calculator, 
specifically the "LinRegTTest," and the "ANOV A" programs. 

. '. btrlnctlum . ..... Ix:c.,e:m stuci .... Gain flqJlexallJ 
Student " ..... cI" . . icON 
. 81 19.23% 46.15% 28% 90% 

81 23.07% 30.77% 8.33% 83% 
ls3 30.77% 42.31% 13.63% 70% 
B4 30.77% 50.00% 22.72% 84% 
Q 34.62% 42.31% 9.52% 82% 

ae 42.31% 26.92% -21.05% 75% 

87 46.15% 57.69% 16.67% 85% 
sa 46.15% 42.31% -5.56% 77% ... 50.00% 69.23% 29.41% 82% 

Table 6 displays each student rrom group 3's initial and final alpha MeI score, along witb that 
students final exam score 
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Linear 
_~reaalon ANOVA 

I . y • 78.4722 + .2139x Ms-..,.- 21792.83 
R" = 33.96% ~. 149.951 
I't= 58.27% F= 145.33 

f .•. 1.7 = 5.59 

Table 7 displays tbe linear equation for tbe relationsbip between students 
gain and final eum score, wbere Y is tbe final exam score and X is tbe 
students gain. Abo tbe R-value, along witb tbe F ratio, was tested for 
significance of regression. 

Student Galn <g> YS. Final Exam Seore 

1------·--·-·-----·-··-·--··---··--1--····-····---···-----.. - .-.. ----... ---.... -... -.-----~ 

! 
& 
w 
;; 
.5 .. 

·30 

Y" 0.2139x'" 78.472 
R 2 

"" 0.3397 

·20 ·10 

98 J 

93 

88~ 

73 

88 ' 

a 

• 

• 
10 20 30 40 

Figure I Sbows tbe data points from tbe students' along witb tbe predicted linear regression equation 
relating tbe students' gains on tbe alpba MeI to tbeir final exam score, along witb tbe R2 value 

Discussion 

When the results of the alpha MCI are compared to a circuits phase concept 
inventory project by Lakdawala et al8

, we tind surprising similarities. After a full 
semester of instruction, the students in both studies demonstrated onIy 45% - 50% 
knowledge of the concepts associated with the course. Also, both studies had similar 
standard deviations, or spreads, indicating a similar range of distribution scores. One of 
the main differences however, was that the alpha MCI test contained roughly 33% of 
prior knowledge questions, whereas the Lakdawala8 et al alpha-circuits test had nearly 
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60% prior knowledge questions. This is probably the reason why the entrance exam 
scores by the materials students were nearly 10% lower than the circuits concepts 
inventory student scores. This difference in entrance exam scores can also be explained 
by the small differences in net gain by the students in both studies. Both classes ended up 
understanding generally the same fraction of concepts, yet one class seemed to have 
gained more knowledge. 

The gain the students' knowledge in this study is relatively small compared 1:0 
other research. According to Hake's3, our gains indicated that the MCI gain fali into the 
"Iow-g" category, as its normalized gain was less then 0.3. Medium gain is 0.3 to 0.7 and 
high gain is greater than 0.7. Two of the possibilities for this "Iow-g" gain are, a) the 
course was not taught using a more student-centered, hands-on approach, using 
"Interactive Engagement" in teaching, and b) some ofthe test questions were too difficult 
for the students, as exemplified by one test question having a -100% gain, and others with 
large negative gains. 

The two possibilities for the "Iow-g" score could also be related, based 011 the 
robust and groundbreaking physics education research by McDermott9. His findings 
established that, students answering similar questiollS, with one of qualitative nature and 
the other of a quantitative nature, got the quantitative question correct nearly seven times 
more frequently. This finding indicates that, because of the teaching method employed, 
students may have learned and studied more to answer the quantitative questions while 
paying less attention to the concepts behind them. 

The results were examined to find if this was the case for the MCI by comparing 
the gains of Group 3 students to their final exam scores. The results show that there is a 
significant relationship between student gains and final exam scores but, as the R2 value 
indicates, the linear relation is poor. The poor fit can, to some extent, be attributed to 
student S3 score, which is an outlier. After finishing the fmal exam, S3 reported 
immediately to the professor that he had suffered a "panic attack" during the test, thus 
partially explain his performance. When the S3 is removed from the fit, the R2 value 
more then doubles to 72.41 %. 

This correlation results in some questionable conclusions. One is that, a student 
who gains no fundamental conceptual knowledge (as measured by the MCI) after 
completing the class, can still pass the class and get a high C. Even students who Iose 
conceptual knowledge would still be able to get a C grade. An explanation for these 
concIusions is that the students perform better on quantitatively based questiollS than 011 

the MCI qualitatively based questions. This would explain how students could do weB 
on their final exams, but still have limited MCI gains. 

Summary and Conclusions 

An alpha version of a materials concept inventory test has been created for the 
field of materials science and engineering and tested an alpha version. To create the test, 
an extensive literature survey of current assessment tools in science, math, and 
engineering disciplines. A substantial program to soli cit student feedback was initiated 
including weekly short answer and multiple choice quizzes as well as weekly interviews. 
Once the MCI was created it was administered to a surnmer session of the introductory 
materials course of 13 students. At the end of the surnmer session it was again 
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administered to the 12 people stiH in the class. The data from these two tests were then 
assessed and reported in this paper. 

Initial exam scores of 35.9% were 15.8% higher then a completely random 
distribution of 21.3%, and the exit exam scores were moderately higher at 45.3% correct. 
Exit exam results and their spread were similar to a comparable study by Lakdawala et al 
at Old Dominion, though gains were different because of the difference in initial scores, 
which was attributed to the fact that oniy roughly 33% of the questions were based on 
students' priOT courses whereas Lakdawala8 et al used approximately 60%. Next, results 
were compared to the extensive FCI study performed by Hake3

, where it was determined 
that our course would only be considered a "low-g" course because of the 14.7% gain 
from the semester. Hake3 defines "low-g" as a gain of less then 0.3, medium gain as 0.3-
0.7, and high gain as 0.7 and greater. 

Finally, the correlation between MCI gain and final exam scores from the course 
was examined. Using a combination of statistical packages it was concluded that there 
was a linear correlation, but a poor one, 33.96%. After taking out one outlying score the 
fit more then doubled to 72.41 %. It was stiH felt that the fit wasn't indicative of how 
students would perform because, the correlation seemed to suggest a student who made 
no gain after completing the course would stiH be able to pass the class and get a high C -
78% - on the final exam. This was attributed to the differences in teaching and testing 
methods employed, where the MCI understanding was of qualitative concepts whereas 
the final exam was more quantitative in nature. These findings were further supported by 
McDermott' S9 results which indicated that students do seven times better on quantitative 
versus qualitative questions. From these limited results it is suggested that an 
"Interactive Engagement," student-centered, teaching mode could increase conceptual 
knowledge of students. However, it is cautioned that thls suggestion is based on limited 
data. There is a need for wider discussion and testing of the Materials Concepts 
Inventory. 

Future actions 

We are revising, and hopefully improving, the MCI by removing some questions 
and revising others in the alpha version. It was felt that some questions were either 
poorly stated or used mixed concepts. This was not fully realized until after the initial 
exam had been given, so they were left on the exit exam to keep a uniform test. However, 
these questions were not included in the results. After the revisions are complete, we 
plan to administer the MCI to a wider sample population of students in the falI semester 
of 2002. Further discussions with other faculty and increased data from beta testing will 
serve as a guide for future modification and validation ofthe MCI. 
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Abstract 

Predicting the failure behavior of composite structures is an area of research that 
is growing in importance with the increased use of composites in structural applications. 
As a resuIt, the development of computational models that predict damage accurnulation 
in these anisotropic structures prior to failure has become a critical goal of this research 
area. To date, only phenomenological anisotropic damage models have been developed. 
However, the success of these models in reproduc ing experimenta\ly observed composite 
failure behavior and recent theoretical advances by Phoenix on the chain-of-bundles 
mode ling approach suggest that the development of a predictive damage accumulation 
model that uses input data from experimental data may be feasible. 

This presentation wiII discuss the experimental methodologies that must be developed to 
provide input for such a model. In addition, experimental observations of factors that 
control the nucIeation of critical flaws in unidirectional composites wiII be presented. 
Also, data showing how localized failure behavior changes with local changes in fiber 
volume fraction will be discussed. 

KEYWORDS: Composite Materials, Failure Analysis, Fracture, Damage, Multi-fiber 

"This paper is deciared a work ofthe U.S. Govermnent and is not subject to copyright 
protection in the United States". 
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1 Introduction 

Damage accumulation and failure behavior are of critical importance when 
designing composite structures. From a design perspective, the strength prediction of a 
material and evolution of damage in the material when it is exposed to environmental 
conditions, temperature f1uctuations, and mechanical stresses are critical parameters that 
must be quantified in order to predict its service life and usefulness. Unlike traditional 
materials, which are homogeneous, the multiphase and laminated structure of composites 
precludes the determination of damage evolution in a simplistic manner. It is generally 
accepted that a composite's strength, fracture toughness, and fatigue life are strongly 
influenced by local characteristics that cannot be integrated or averaged over the structure 
[1]. Hence, the major technical challenges to developing a predictive computational 
failure model for composites are (1) the identification of the critical micromechanics 
properties that control failure initiation and propagation, (2) the development of test 
methodologies for measuring these properties, and (3) the development of suitable 
mathematical expressions that incorporate these measured parameters in a macroscopic 
failure model. 

Computational models almost exclusively use the chain-of-bundles modeling 
approach to incorporate micromechanics parameters into the prediction of composite 
failure behavior. These models attempt to predict a composite's strength and failure 
behavior (via, Monte Carlo simulations) by quantit)ring the magnitude of stress overload 
in adjacent fibers surrounding a fiber break and accounting for the fiber break 
configurations that arise at the microscopic level. 

As an example, the 3-D chain-of-bundles model proposed by Phoenix [2] has the 

following general form for calculat ing the strength of a lamina, H m.n {O'} : 

Of particular interest in the above express ion for the lamina strength is the dependence of 

the shape ( k • p ) and scale parameters ( O' ti) of the Weibull distribution function on the 

k' variable. The explicit definition of these parameters and the explicit form of O'!,:l 
can be found in the Phoenix article. Of particular interest in this discussion is the 

functional dependence of the k' variable. For a particular composite, k' reflects the 
number of adjacent fiber breaks that must exist before catastrophic failure of the 

composite occurs. Experimental data suggests that k' is dependent on micromechanics 
type parameters. 

As an example, Fuwa el al. [3] in 1975 changed the failure behavior of a 
unidirectional carbon fiber lamina from brittle to brush-like by undercuring the matrix. In 
1991, Drzal's research group [4] altered the failure behavior of glass fiber composites by 
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treating bare E-glass fiber witb tbe industrial sizing agent y-aminopropyl trialkoxysilane. 
The failure behavior changed from ductile to brittle witb tbe introduction of tbe sizing 
agent. In addition, tbe interfacial shear strength (IFSS) was observed to increase by 25 % 
witb tbe incorporation of tbe sizing agent. Noting tbat tbe microscopic failure behavior 
associated witb fiber fracture changed from debonding only to debonding witb matrix 
crack formation, he speculated tbat tbe observed macroscopic failure behavior changes 
were related to tbe changes observed at tbe microscopic level. 

In related research, Holmes el al. [5] have shown, using self-assembled 
monolayer technology, tbat tbe IFSS can be reduced by 30 % by coating tbe glass fibers 
witb mixtures of bonding and non-bonding silane coupling agents. However, unlike tbe 
change in microscopic failure behavior observed witb tbe reduction in IFSS observed 
between glass fibers treated witb y-aminopropyl trialkoxysilane and bare glass fibers, no 
failure behavior change was observed when tbe IFSS is reduced by tbe incorporation of 
tbe non-bonding coupling agent. However, when tbe glass fiber is treated witb 100 % 
non-bonding silane coupling agent tbe failure behavior associated witb fiber frac ture 
changes from debonding witb matrix crack formation to debonding only. Depending on 
how tbe non-bonding silane coupling agent is deposited, tbe IFSS drops from 40 % 
(industrial deposition process) to 90 % (self assembled monolayer deposition process). 
These results suggest tbat tbe IFSS and toughness of tbe fiber-matrix interphase region 
are important factors in controlling failure initiation and propagat ion in fibrous 
composites. 

A Weibull formulation has also been used witb some success to model tbe 
complex failure behavior of composites subject to mechanical induced deformations [6]. 
Specifically, tbe stiffness reduction caused by tbe deformation is modeled using tbe 
Weibull formulation for tbe damage variable, co. The expression for modeling tbe 
reduction in stiffness, E, in tbese models bas tbe following form: 

The use of tbe Weibull function in botb expressions and tbe referenced experimental data 
suggests tbe possibility of incorporating micromechanics parameters in composite 
damage models. Definition of tbe remaining variables can be found in tbe referenced 
article. 

The research results in tbis paper will focus on understanding how failure 
initiation occurs in unidirectional composites composed of glass fibers treated witb an 
amine silane coupling agent. The spacing between fibers and hence tbeir interaction will 
be controlled by using 2-D multi-fiber test specimens. Adhesion at tbe fiber-matrix 
interphase will be restricted to covalent bonding molecular forces by using self-assembled 
monolayer technology to deposit tbe amine silane-coupling agent and tbereby eliminating 
contributions to adhesion by mechanical interlocking. 
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2 EXPERIMENT AL 

2.1 Fiber-Preparation. 

The E-glass fibers used in this investigation were coated with II-aminoundecyl silane 
(l1-AUS). This silane has the same functional group for bonding to epoxy resin as y
aminopropyl trichlorosilane (y-APTCS) and y-aminopropyl trialkoxysilane (y-APT AS), 
where the alkoxy group is most ofien methoxy (y-APTMS) or ethoxy (y-APTES). 11-
AUS, y-APTCS, and y-APTMS were used in a larger study to quantifY the mechanical 
response of the fiber interphase-matrix interphase interface to fiber fracture and covalent 
bonding. The synthesis ofthe relevant compounds can be found in that research [7]. 

A 30 cm long tow was cut from a spool of E-glass fibers (from Owens-Coming: 
average fiber diameter of 15 J.ll1I) previously shown to be bare with no processing aids by 
X-ray photoelectron spectroscopy (XPS) [8]. The tow was washed with acetone 
(spectrophotometric grade) and vacuum-dried at 100 °C for 2 h and cooled prior to use. 
The washed E-glass fibers were coated with II-bromoundecy I trichlorosilane (11-
BrUTCS) by dissolving 0.3 % mass fraction of II-BrUTCS into hexadecane. The 
acetone-cleaned fibers were immediately immersed in the silane solution. The vial was 
then placed in an oven and heated to (40 to 50) °C for (4 to 6) h. The coated fibers were 
then withdrawn from the solution and carefully rinsed with methylene chloride, followed 
byacetone. 

The bromine groups on the 11··BrUTCS treated E-glass fibers were then 
converted to an azide group by placing the treated fibers in a supersaturated solution of 
NaN3 in dry N,N-dimethylformarnide (1.5 g in 100 mi) with continuous stirring. Afier 
24 h the azide-terminated fibers were rinsed with distilled water and converted to amin 0-

terrninated fibers by placing the fibers for 24 h in a lithium aluminum hydride solution 
(0.2 mol/L in tetrahydrofuran). The amine··terrninated fibers were then placed in a 5 % 
mass fraction of hydrochloric acid solution for 5 h to complete the hydrolysis of the 
aluminum complex. The fibers were then rinsed with distilled water, followed by 
acetone, and then placed in triethylamine for 24 h to convert the terminal -NH3 + groups 
into -NH2 groups. The coated surfaces were, then dried for 1 h. 

2.2 Multi-Fiber Fragmentation Test (MFFT) Specimen Preparation 

The molds for preparing single fiber fragmentation test (SFFT) specimens were made 
with silicon rubber (General Electric) following the procedure described by Drzal and 
Herrera-Franco [[9]). AII molds were post cured at 150 °C and rinsed with acetone prior 
to use. 

E-glass filaments were then placed on a multi-fiber-positioner (MFP) origina1ly 
described by Wagner and Steenbakkers [10). Using the MFP, a planar array of eight 
fibers were placed within 3 fiber diameters of each other. The fibers were then aligned 

• Certain commercial materials and equipment are identified in this paper to specifY 
adequately the experimental procedure. In DO case does such identification imply 
recornmendation or endorsement by the National Institute of Standards and Technology, 
nor does it imply necessarily thal the prodUCI: is the best available for the purpose. 
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and suspended into the silicone molds. The fibers were temporarily fixed in place by 
pressing them onto double-stick tape. Small strips of double-stick tape were placed over 
each set of fiber ends to hold them in place until the fiber was permanently mounted with 
5-min epoxy (see Figure 1). 

EPOXYGLUE 

I \ 

1 
SILICON RUBBER 

Figure 1. Molds for preparing MFFT specimens. 

The MFFT specimens were prepared with an epoxy (diglycidyl ether of 
bisphenol A, DGEBA, Epon 828, Shell) cured using meta-phenylenediamine (m-PDA, 
Fluka Chemical). One hundred grams ofDGEBA and 14.5 g ofm-PDA were weighed out 
in separate beakers. To lower the viscosity of the resin and melt the m-PDA crystals, both 
beakers were placed in a vacuum oven (Fisher Scientific Isotemp Vacuum Oven, model 
281 A) set at 65 ac. After the m-PDA crystals were completely melted, the silicone 
rubber mold containing the fibers were placed into another vacuum oven (Fisher 
Scientific Isotemp Vacuum Oven, model 281 B) that was preheated to 75 ac at -20 kPa, 
for 20 min. This last procedure dries the mold and minimizes the formation of air bubbles 
during the curing process. Approximately 9 min before the preheated molds were 
removed from the oven, the m-PDA is poured into the DGEBA and mixed thoroughly. 
The mixture was placed into the vacuum oven and degassed for approximately 7 min. 
After 20 min, the preheated molds were removed from the oven and filled with the 
DGEBAlm-PDA resin mixture using 10 mi disposable syringes. The filled molds were 
then placed into a programmable oven (Blue M, General Signal, model MP-256-1, GOP). 
A cure cycle of2 h at 75 ac followed by 2 h of post curing at 125 ac was used. 

2.3 MFFT Apparatus 

The fiber fragmentation tests were carried out on a small hand operated loading frame 
similar to that described by Drzal [9] mounted on a Nikon Optiphot polarizing 
microscope (see Figure 2). The image was viewed using a CCD camera (Optronics LX-
450 RGB Remote-Head microscope camera) and monitor (Sony, PVM-1344Q). Before 
the test, the fiber diameter was measured with an optical micrometer (VIA-IOO from 
Boeckeler) attached to the video system. The sample was scanned by translating the 
loading frame under the microscope with a micrometer. The position of the load frame is 
monitored by an linear variable differential transformer (L VDT) (Trans-Tek, !nc. model 
1002-0012) connected to an A-to-D board (Strawberry Tree, Inc.) in a computer. To 
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measure fragment lengths Of other points of interest in the sample, the location was 
aligned with a cross hair in the microscope as seen on the video monitor, and the position 
of the L VDT was digitized into the computer. The standard uncertainty in relocating a 
pomt reproducibly is ± 1.1 iJlIl. The load is also monitored during the experiment using a 
2,224 N (500 pounds) load ceH connected 10 a bridge (Ioad ceH and AED 900lA bridge, 
Cooper Instruments). The expected standard uncertainty of the load measurements is 3 % 
of the load. The bridge is attached to the same computer via a serial connection. A custom 
program was developed to continuously record changes in the load and displacement. 

1 TV Camera 
2 TV Monitor 
3 Loading Device 
4 XV Translation Stage 

5 MiCrOSCOpe 
6 Singie Fiber Specimen 
7 Linear Vs'!able Dilfere,ral Trans!Qn'1er 
8 Oala ACQ"lS~On SYSlAroc 
9 DisDlacement Gage 

Figure 2. Schematic of Multi Fiber Fragmentation Test Machine 

2.4 MFFf Testing Protocol 

The MFFT specimen was loaded in tension by the sequential application of step-strains. 
The average application time of each strain step was (1.1 ± 0.2) s and the average 
deformation was (14.5 ± 3.1) ~m, where Ihe number after the "±" sign represents one 
standard deviation about the mean value. The delay time between the application of 
successive step-strains was 10 min [8]. 

432 



3 Results and Discussion 

3.1 Fiber-Fiber interactions between non-touching fibers 

In the fracture pattern shown in Figure 3, ali fiber breaks are non-aligned (not vertically 
aligned), even though the fibers are spaced 2 to 4 fiber diameters apart. These staggered 
breaks are similar to the fracture patterns investigated computationaIly by Sastry and 
Phoenix (see Figures 6 and 9 in reference [II)). 

Figure 3. Optical micrograph using crossed polarizers of fiber break (seen as dark 
regions in fibers) patterns from E-glassIDGEBA/m-PDA 2-0 multi-fiber 
array 24 h after removing stress. The interfiber spacing is denoted by ~. 
Fiber numbers (right side of figure) conform to the convention used by 
Sastry and Phoenix research (references [11) and [12)). 

In Figure 3, the non-a1igned breaks appear to be located approximately 45° from 
the adjacent break. In connection with these non-aIigned breaks intense shear bands are 
located in the matrix between the fiber breaks. These shear bands persists long after the 
stress in the viscoelastic matrix relaxes. Data taken during the test, where the specimen is 
under tension, also indicates the existence of these shear bands between the tip of the 
matrix cracks (see Figure 4). In an attempt to c1early show the shear bands emanating 
/Tom the crack-tips the {2} fiber is not shown in Figure 4. 

At present, we speculate that the origin of these shear bands resides in the fact 
that the matrix cracks are essentially penny shaped cracks [13]. It is known that penny 
shaped cracks subjected to uniaxial tensile loads generate 45° deformation shear bands 
that form relative to the tensile axis at the crack-tip. The deformation bands emanating 
/Tom the crack tips in Figure 4 may be related to this phenomenon. The influence ofthese 
bands on fracture initiation in the adjacent fiber is not currently known. However, the 
occurrence of three non-aligned fiber break c\usters with identica! shapes in the top three 
fibers in Figure 4 may reflect a deflection of the stress concentration factor in the adjacent 
fiber fragments in a manner different than that described by Hedgepeth and van Dyke 
[14]. Hedgepeth and van Dyke assumed composite failure to occur by a single, perfect 
transverse line of fiber breaks caused by the increased probability of failure in the region 
ofthe adjacent fiber directly across from the initial fiber break (overstressed region). 
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Figure 4. Optical micrograph of fiber break (seen as dark regions in fibers) pattems 
from E-glassIDGEBAlm-PDA 2-D multi-fiber array (stressed). The 
interfiber spacing is denoted by $. Fiber numbers (left side of figure) 
conform to Sastry and Phoenix research (references [II] and [12]). The {2} 
fiber is not shown. 

3.2 Fracture surface caused by matrix cracks 

In Figure 5, the critical flaw generated by the fracture of fiber 3 interacts with a 
preexisting matrix crack that was generated prior to complete failure of the specimen by 
the fracture of the -lor -2 fiber or both. Observe that the matrix crack is non
synunetrical, suggesting that a surf ace flaw may have caused the failure of the -lor -2 
fiber. Optical measurements indicate that the plane of the preexisting matrix crack and 
the critical flaw differ by less than I fiber diameter. The presence of the preexisting 
matrix crack suggests that the critical flaw is generated by the coalescence of matrix 
cracks rather the growth of preexisting matrix cracks. 

Figure 5. Close-up view offracture surf ace from multi-fiber test specimen. The fibers 
are numbered according to the convention adopted by Sastry and Phoenix 
([ 12]), with only 7 of the 8 fibers shown. 
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3.3 Fiber-Fiber interactions between touching fibers 

Figure 6 shows the interaction between touching fibers such as those typicaIly found in 
high fiber volume fraction composites. Although matrix crack formation has been 
suppressed, there are two instances where the energy released by the fractured fiber has 
caused the adjacent fiber to fragment. These fiber breaks are labeled as fiber breaks with 
no fiber-matrix debonding and are barely visible in the unstressed state. 

Fiber hreaks ",illl Il(} 

_~~'d;"-U'''"''''-

~ .. "J 
',,_', II. . .... _. 
150 micrometers distance betweell 

asymmetric pair of jiber breaks. 

Figure 6. Unstressed optical image of fiber break (seen as dark regions in fibers) 
pattern from E-glassIDGEBAlm-POA 2-0 multi-fiber array with fibers 
closely spaced. 

In Figure 7, the specimen was restressed to clearly show the existence ofthe fiber breaks. 
The impact of these closely spaced breaks on critic al flaw initiation must still be 
determined. 

flber hreaks with 110 

.fiber-lIllltrix dehonding - stre.~sed 

Figure 7. Stressed optical image of fiber break (seen as dark regions in fibers) pattern 
from E-glass/OGEBAlm-POA 2-0 multi-fiber array with fibers closely 
spaced. 
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4 Conclusions 

Imaging results on the model composites of DOEBAlm-PDA resin and E-glass fiber 
coated with alkylamine silanes indicate that matrix cracks do not grow to a critical flaw 
size but coalesce with existing matrix cracks to form critical flaws. In regions of high 
fiber volume fraction, matrix crack formation is suppressed. However, the close 
proximity of the fibers and the dynamics of the fiber-fracture process can induce failure 

of adjacent fibers. These results suggests that the k' variable used by Phoenix in the 
chain-of-bundles model may have a functional dependence on interfiber spacing. 
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California Polytechnic State University 
San Luis Obispo, CA 
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Prerequisite Koowledge: Understanding ofbasic chemistry, introductory materials 
science (crystallography, light microscopy, phase diagrams, etc.) and a strong problem 
solving ability. 

Objective: This laboratory exercise will relate how microstructures determine the 
physical and mechanical properties of metals. Common engineering structures are used 
to show how materials are relevant and important to everyday life. 

Equipment: 

The lab can be performed using the pictures included in this write-up. The much better 
alternative is to obtain samples similar to those listed and create metallographic mounts. 
Therefore the required components include: a light microscope, filar eyepiece, ruler, 
calculator and the following samples: 

1. Steel reinforcing bar 
2. High strength steel bolt 
3. Carburized gear tooth w/ pearlitic structure 
4. Carburized gear tooth w/ martensitic structure 
5. Carburized gear tooth w/ decarburized surface structure 
6. Gray cast iron 
7. Nodular cast iron 
8. Thermal sprayed coating (any source) 
9. Electrolytic tough pitch copper 
10. Titaniurn 6AI4V compressor blade 
11. Single crystal turbine blade (or 718 nickel alloy) 

It is noted that some of these samples may be difficult to obtain, in which case the 
material should be obtained and the function ofthe component explained in generic 
terms. This list can also be edited (reduced) without adversely affecting the lab as a 
whole. 
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Introduction: 

"Structure detennines properties," is a common saying in our introductory course in 
materials engineering. Students are introduced to the idea that alI materials have a 
microstructure and that these structures can be simple or very complex. The goal of this 
experiment is to observe common engineering materials and to deduce the properties that 
are a re suIt of the microstructures. 

Using the light microscope you will observe II metallic samples. Each sample has been 
polished and etched (with a chemi cal) to make its microstructure observable. From 
looking at the microstructure you will be able to characterize the materials. Using your 
newfound knowledge of materials engineering and some deductive reasoning answer the 
questions listed in the lab. It may help to read through the whole lab and to observe ali 
the specimens before attempting to answer the questions. 

(One ofthe goals ofthe lab is to integrate knowledge and apply a knowledge base to 
explain and characterize different materials. 1 have attempted to make the questions 
general enough that most 2nd year engineering students can answer them.) 

Procedure: 

Image each ofthe samples under the light microscope (or observe the micrographs 
included in this text). Adjust the focus and light intensity to obtain a clear image. Be 
sure you are looking at the sample and not the medium in which it is mounted. After 
observing the microstructure answer the questions. The answers wilI be found in the lab 
text and through your own application of basic engineering principles. 

1. Ferrous AlIoys 

Steel 

For many engineering applications steel is the number one material for the job. Steel is 
so popular because the properties can vary so widely depending on alloy content and heat 
treatment. Steel can be hard and brittle or soft and ductile and anywhere in between. The 
name 'steel' implies a mixture ofiron with other elements. Iron exists in two allotropic 
fonns: body centered cubic (BCC) at temperatures up to 72TC and face centered cubic 
(FCC) from 72TC to 1200·C. The ability of iron to exist as two different structures is 
what makes it such a versatile material. Unalloyed iron is very soft and ductile, having a 
tensile strength of only 15 ksi whereas a 4340 alloy steel can have a tensile strength 
exceeding 200 ksi! 

The principal alloying element is carbon. Carbon is an interstitial element, which means 
it exists in the spaces between the much larger iron atoms. The interstitial atoms include 
B, 0, N, C, and H. Ofthese 5, carbon is the most valuable and universally associated 
with steel. Carbon is only soluble up to 0.02 wt. % in BCC iron but can be dissolved in 
amounts up to 2% in FCC iron. Because carbon is virtually insoluable in BCC iron it 
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forms a separate phase. This phase is known as cementite and has a composition ofFe3C. 
Cementite is hard and brittle. Ferrite or alpha iron are the names given to bcc iron and 
can be used interchangeably. The distribution, size and quantity ofthe cementite phase in 
bec (a/pha) iron determines the mechanical properties. There are also several 
substitutional elements that are added to steel to improve its strength and toughness. 
These include but are not limited to Ni, Cr, Mo, V, and Mn. Strength can be thought of 
as the amount offorce required to fracture the steel whereas toughness is the amount of 
energy absorbed by the material during fracture. 

The phases or microstructure present at room temperature depend on the alloy 
composition and cooling rate. To heat treat steel we first heat it above the transformation 
temperature, to around 830°C. At this high temperature the iron reverts back to FCC and 
the alloying elements go into solution. This FCC phase of steel is known as austenite. In 
plain carbon steels and most alloy steels austenite is unstable below 72TC. The cooling 
rate will determine the structure the austenite transforms into. For simplicity we will 
focus on two cooling rates: slow cooling in air and rapid cooling in water. 

Ifwe cool slowly the carbon will be rejected from the ferrite as it transforms from 
austenite (Figure 2). Carbon wiII segregate to form altemating layers or lamellae ofthe 
two phases: ferrite and Fe3C. This microstructure is known as pearlite. Sample 1 is a 
reinforcing bar that is used in concrete structures. Look at the sample and notice the 
islands ofpearlite (dark) surrounded by ferrite (Iight). Ifyou look c10sely you can see the 
lamellar structure. (Questions 1 & 2) Eutectoid steels (0.8% C) are often used for 
railroad tracks. The structure is 100% pearlite (as predicted from the Fe - Fe3C phase 
diagram). Pearlite is chosen because it is neither too hard (must resist fatigue cracking) 
nor too soft (must resist deformation from high loading). (Question 3) 

Now lets consider water quenching our austenite. Ifwe quench our sample in water the 
carbon does not have time to diffuse. Rather carbon is trapped in the lattice as it 
transforms from FCC to BCC. The carbon' s inability to diffuse causes a distortion in the 
lattice and the resultant structure is body centered tetragonal. This diffusionless 
transformation of iron into a single phase is the martensite reaction and the product is 
martensite. Martensite is very hard (up to 65 Rc) and brittle. As-quenched martensite 
has very few engineering applications. Ifhowever we temper the martensite we can 
regain toughness with only a smallloss in strength. Tempering involves heating the 
martensite to around 500°C for 20 minutes or so. This allows for the diffusion of carbon 
and an overall relaxation ofthe lattice. The resulting structure is a fine dispersion of 
carbide in ferrite and is known as tempered martensite. Sample 2 is a high strength 
aircraft bolt. It is composed of 4340 steel in the quenched and tempered condition. 4340 
is a very hardenable steel in that water quenching is not required to obtain martensite. 
(Question 4). In general alloy steels can form martensite at slower cooling rates than 
plain carbon steels. 
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Sample 3 is a gear tooth from a machine. The function of a gear is to transmit force in an 
efficient way. (Question 5) Gears are generally made from low carbon or alloy steel 
(Carbon = 0.10 %- 0.25%). Typical grades include 1018, 1117 and 8620. The surface of 
the gear is hardened by the addition of carbon, this is known as case-hardening. The case 
has a thickness of250 Ilm to over 1 mm and can have a structure of martensite or pearlite 
depending on the cooling rate. Sample 3 was slow cooled following the carburizing 
process. The core ofthe gear is pearlite and ferrite. Case hardening is achieved by 
heating the gear to a high temperature (800'C and higher) in a reducing atmosphere of 
CO and H2. This allows carbon to diffuse into the lattice, which is FCC at this 
temperature. Recall that FCC has a much higher solubility limit of carbon than BCC. A 
generic carburizing reaction is CO + H2 ..... C + H20 where C denotes carbon in solution. 
Other gasses can be used as a source of carbon (methane, propane, etc.). (Question 6) 
Sample 4 is a gear tooth that also underwent a carburizing process but was water 
quenched following diffusion ofC. Look at the structure ofthe sample and how it differs 
from Sample 3. (Question 7) Sample 5 is another machine component that was case 
hardened. This component was exposed to air at temperatures exceeding 500'C. The 
structure has changed and as a re suit is more inc1ined to wear under sliding contact 
conditions. (Question 8) 

Cast Iron 

1'0 this point we have discussed steel, which is an iron alloy which contained less than 
1.2 % carbon. If we now increase the carbon content to between 2 and 4 % we create a 
new structure called cast iron. As the name implies they are intended to be cast into the 
desired shape rather than being worked in the solid state. Cast irons are used for 
thousands of engineering applications. There are several types of cast iron, which are 
created by varying heat treatment and alloying elements. Sample 6 came from the block 
of a 350 Chevrolet engine. Look at the microstructure and notice that carbon is present in 
the form of graphite flakes. This type of cast iron is denoted gray cast iron and contains 
silicon to promote the formation of graphite as opposed to iron carbide (Fe3C). (Fe3C is 
considered a metastable phase of carbon, the true equilibrium phase of carbon is graphite) 
The sample has been prepared so that half is as-polished and half is etched. The as
polished half appears as graphite flakes in a white matrix. When we etch the sample with 
2% nitric acid the pearlite matri x is exposed. Ifyou look close you can see the lamellar 
structure ofthe pearlite. (Question 9) 

The brittle nature of gray cast iron lead to the development of nodu/ar or ductile cast 
iron. By adding small amounts ofmagnesium or cerium to the molten cast iron favorable 
nuc1eation sites are created. These nuc1eation sites allow the graphite to precipitate into a 
spherical shape. Sample 7 is a part of an automotive crankshaft, it consists of graphite 
spheres in a matrix of pearlite and ferrite. The spheres of graphite give the ductile iron 
greater strength and toughness. The tensile strength of this sample is around 80 ksi as 
compared to 35 ksi for the gray cast iron. Depending on the heat treatment tensile 
strengths ofup to 120 ksi can be achieved. (Question 10) The production of ductile iron 
has seen a steady increase in recent years whereas gray cast iron production is on a steep 
dec1ine. 
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Plasma Sprayed Coatings 

Plasma spraying is a process for creating unique coatings which may otherwise be 
difficult to produce. In this process a gas (usually N2 and Hz) is ionized by a large power 
input (100-200 kW). The result is a plasma which consists of electron-stripped ions and a 
large current flow (300-400 amps) (Figure 1). The resulting plasma has a temperature of 
6000° C to 20,000° C and travels at speeds exceeding Mach 1. Metal or ceramic powders 
are injected into the gas stream (commonly referred to as the plume) and accelerated 
toward the surface to be coated. The molten particles build up the coating one 'splat' at a 
time. The plume temperature is controlled by the applied voltage and by the gas flow 
rate. Plasma spraying can be done in ambient conditions or in an inert atmosphere to 
prevent oxidation of the molten particle (Question 11). Sample 8 is a coating of Fe and 
Cr sprayed in ambient conditions. The coating consists ofiron and chrome 'splats' plus a 
certain volume of oxidized metal and porosity. Porosity is minimized with optimized 
plume conditions (not too hot or cold). The coating is used to prevent abrasive and 
erosive wear in paper making machinery. The coating must survive a sulphuric acid 
environment plus impingement of abrasive particles (Question 12). 

gas in 

Plasma 
Gun 

II. Non-ferrous alloys 

ETPCopper 

Plasma 
'plume' 

powder 
injectio n S ubstra te 

Figure 1. Schematic of plasma spray system 

Unalloyed copper is an important engineering metal. Because of its high electrical 
conductivity it is used extensively in the electronics industry. Copper also has excellent 
resistance to corrosion and high ductility, which allows for very fine wire to be created. 
Electrolytic tough pitch (ETP) copper is 99.9% pure. The remaining impurity is mainly 
oxygen. Sample 9 shows the structure of ETP copper. Oxygen is almost insoluable in 
copper. When the copper is cast the oxygen combines to form a CU20 eutectic 
compound. The eutectic composition has the lowest melting temperature thus, it is the 
last to solidify. The CuzO segregates to the grain boundaries upon solidification. When 
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copper is etched the oxides are revealed. The black areas are porosity, which is revealed 
by going in and out offocus while observing the microstruc1ure. Oxygen free copper 
would appear alI white under the microscope as no phase would be present to 'decorate' 
the grain boundaries (Question 13). Oxygen free copper is more expensive but has a 
higher electrical conductivity than ETP copper. 

Titanium 6AI 4V 

Titaniurn is also a very important engineering material. Titaniurn has been recognized as 
an element for 200 years, but only in the last 50 years has the metal gained strategic 
importance. Titaniurn has wide spread uses ranging from chemical processing equipment 
to surgical implants and prosthetic devices. However, aerospace applications, including 
structural components andjet engines, stiH account for the largest share oftitaniurn alloy 
use. 

Titaniurn, like iron, is an allotropic material. This means that it exists as two different 
crystal structures depending on temperature. From room temperature up to 883'C the 
structure is hexagonal close packed (HCP) and is denoted as alpha. Above 883'C the 
structure transforms to BCC and is denoted as beta. Alloying elements can be added that 
change the transformation temperature or even make beta iron stable at room 
temperature. This ability to manipulate the crystal struc1ure gives titaniurn tremendous 
versatility. Complex variations in microstructure are possible. This yields a wide range 
of properties where yield strength can range from 70 ksi to 250 ksi! This is strength 
comparable to alloy steel but with only 60% the density. 

A jet engine in the modem commercial airplane is quite an engineering marvel (Figure 
2). Sample 10 is a compressor blade from ajet engine. Figure 3 is a cross section ofa 
modem jet engine. Notice the compressor blades are on the front or 'cool' side ofthe 
engine. The compressor blades guide air into the combustion chamber or 'burner can' 
where fuel is injected and ignited. This creates a stream ofhot compressed gas which 
tums the turbine blades and then exits the rear ofthe engine. The titaniurn alloy contains 
6% alurninurn and 4% vanadiurn. The aluminurn stabilizes the alpha phase and adds 
ductility and reduces density. Vanadiurn stabilizes the beta phase alIowing it to exist at 
room temperature. Observe the microstructure, the white slightly elongated grains are a 
phase while the darker grains are equiaxed J3 phase. This combination of alpha and beta 
yields a tensile strength of 160 ksi. The compressor blades must endure thousands of 
hours of centrifugal forces and various foreign object impingement (hail, graveI, birds). 
(Question 14 & 15) 
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Figure 2. Cross-section of a 94 inch fan blade Pratt and Whitney 4000 axial flow 
turbine jet engine. (Courtesy of Pratt & Whitney) 

Nickel alloy 

Nickel based super alloys are used in high temperature environments. Nickel, unlike 
steel, maintains its strength to temperatures exceeding 2000° F and has excellent 
resistance to cOITosion. Steel on the other hand has very little strength at temperatures 
above 10000 F and poor cOITosion resistance. Sample 11 is a turbine blade from a jet 
engine. Recall that the turbine blades rotate as a result of hot compressed gasses. The 
turbine blades rotate at several thousand RPM, so they must endure both high 
temperature (2000° F) and centrifugal forces. Commercial aviation fuel contains sul fur, 
which is cOITosive to nickel at elevated temperatures. To improve the cOITosion 
resistance ofthe nickel the surface is alloyed with aluminum to form a nickel-aluminum 
intermetallic compound. Even with this protective coating some turbine blades will fail 
due to hot cOITosion. Sample Il was removed during a routine engine rebuilding and did 
not fail in service. (Question 16) 

Creep is the phenomena of deforrnation at elevated temperatures. There will be some 
increase in the size ofthe turbine blade due to thermal expansion, which is accounted for. 
Nickel is resistant to creep thanks to second phase particles that prevent grain boundary 
sliding. In order to maintain long terrn creep resistance the nickel is cast into a single 
crystal. Certain directions i.e. <110>, <001>, etc. have higher strength and resistance to 
deformation because ofthe way the atoms are arranged. Recall that polycrystalline 
materials are for the most part isotropic, (meaning they have similar properties in ali 
directions) this is due to the fact that the grains are oriented in different directions and the 
net result is an averaging of the properties. By using a single crystal the direction of 
greatest strength can be grown and oriented in the direction of greatest stress. (Question 
11) 
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Nickel is a very versatile metal, but it is expensive which limits its applications to those 
that can j ustify the expenditure. 

You have now completed the lab! You should have found ali the answers or deduced 
them from your engineering background. From looking at the different microstructures 
you can see how diverse metals can be. The one common theme that must be 
remembered is that structure determines properties. 
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Question Sheet 

1. Estimate the % pearlite in sample 1 and then determine the total carbon content. 

2. Given that pearlite consists of ferrite and Fe3C what type of mechanical properties 
would you expect (i.e. low strength, brittle, ductile, etc.)? 

3. Name the other major reason why a raii steel must have a minimum hardness (Rc =30) 
(it can't be too soft) 

4. What is the difference between hardness and hardenability? 

5. What properties are important in a gear that would justify the expense of case 
hardening? 

6. For samples 3 and 4 measure the carburization depth using the filar eyepiece. For 
sample 5 measure the depleted region. 

7. How does the microstructure of the case in Sample 4 differ from that of Sample 3? 
What is the advantage ofhaving said microstructure in Sample 4? 

8. What has happened to sample 5? What is different about its microstructure and why 
did it occur? 

9. From looking at the microstructure of cast iron speculate as to why it fractures in a 
brittle manner. 

10. How could the matrix ofthe ductile iron be altered to attain even greater strength 
(Think microstructure as a function ofheat treatment)? 

11. Describe the coating microstructure. What is the nominal thickness? 

12. How might the plasma spray process be used in the repair ofwom parts? (This 
process is very common in the aircraft industry) 

13. How does the presence of oxygen affect the electrical conductivity of copper? Why? 

14. What type ofproperties would be important for ajet engine component? 

15. Titanium alloys are said to be notch sensitive. What does this mean? 

16. Measure the thickness of the aluminumlnickel coating. 

17. What is missing in the microstructure ofthe single crystal turbine blade that was 
present in the other samples? 
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Answer Sheet 

1. Estimate the % pearlite in sample 1 and then detennine the total carbon content. 

There is roughly 50% pearlite in the microstructure. Carbon content is therefore 
0.50 x 0.8 wt% C in pearlite, which equa/es to 0.4 wt. % total carbon in the steel. 
Therefore the rebar sample is probably a 1040 steel. 

2. Given that pearlite consists offeITÎte and Fe3C what type ofmechanical properties 
would you expect (i.e. low strength, brittle, ductile, etc.)? 

Pearlite can be thought of as a composite which derives its strengthfrom both the 
ductile ferrite (matrix) and hard, brittle cementite (hardener). The net properties 
consist ofmoderate strength (lOO ksi yield strength), good ductility (elongation = 20-
30%) and good toughness and wear resistance. 

3. Name the other major reason why a raiI steel must have a minimum hardness (Re =30) 
(it can't be too soft) 

The rail must resist sliding (abrasive) wear from the wheel. In general gre ater hardness 
equates to gre ater wear resistance. lfthe rail is too hard however, there will be gre ater 
susceptibility to rolling contact fatigue. Thus a balance is achieved by utilizing 100% 
pearlite. 

4. What is the difference between hardness and hardenability? 

Hardness is a mechanical property that measures a material 's ability to resist 
deformation. Hardness is proportional to tensile strength in mosI cases. 
Hardenabilty is the ease at which martensite forms during the cooling process. A 
1020 steel has low hardenabilty because even water quenching will not produce 
100% martensite whereas a 1-2 inch thick 4340 steel will form martensite when air 
cooled. 

5. What properties are important in a gear that would justify the expense of case 
hardening? 

A gear needs to be tough but wear resistant. By carburizing the surface a hard, 
brittle structure is created. The high hardness equates to high sliding wear 
resistance. The majority of the gear is a pearlitic structure, which has good 
toughness (resistance to fracture) and machinabilty. 
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6. For samples 3 and 4 measure the carburization depth using the filar eyepiece. For 
sample 5 measure the depleted region. 

The values will vary depending on the samples. 

7. How does the microstructure ofthe case in Sample 4 differ from that ofSample 37 
What is the advantage ofhaving said microstructure in Sample 47 

Sample 3 was slow coo/ed after carburization resulting in a pearlitic matrix. Sample 
4 was quenched in water following carburization, whichformed a high carbon 
martensite. Martensite is much harder than pearlite and will be a more wear 
resistant structure. 

8. What has happened to sample 57 What is different about its microstructure and why 
did it occur7 

Sample 5 was exposed to an oxidizing atmosphere at an elevated temperature. The 
result is decarburization. Carbon in solution diffused and formed ca or C02 and left 
the system. The resulting structure is soft, ductile ferrite. Wear resistance will be 
severally reduced. 

9. From looking at the microstructure of cast iron speculate as to why it fractures in a 
brittle manner. 

The cast iron contains a large volume of graphite flakes. Graphite being very brittle 
is a non-load bearing structure and will act as a site for crack initiation. The shape 
oftheflakes creates stress risers, which exacerbate the overall brittle nature ofthe 
material. 

10. How could the matrix ofthe ductile iron be altered to attain even gre ater strength 
(Think microstructure as a function ofheat treatment)7 

Upon solidification the graphite willform as spheres in a matrix of austenite. The 
austenite will transform into pearlite, bainite, or martensite depending on cooling 
rate. A matrix ofbainite would provide higher strength than pearlite. (You may want 
to mention austempering at this point) Austempering is performed by quenching the 
cast iron to a temperature just above the martensite start temperature and holding. 
The transformed structure is a mixture of austenite andferrite, dubbed 'ausferrite. ' 
Ausferrite has toughness and strength comparable to cast steel. 
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Il. Describe the coating microstructure. What is the nominal thickness? 

The structure consists of 'splats ' of metal and oxide layers (gray regions). The 
coating is built up one splat at a time and can be thought of as a composite of metal 
and metal oxide. The coating thickness will depend on the sample. 

12. How might the plasma spray process be used in the repair of wom parts? (This 
process is very common in the aircraft industry) 

Components that have worn and are outside oftolerance can be built up again by the 
thermal spray process. Using powder or wire feed stock of the parent material the 
component is coated and then machined ar ground to final dimension. This process 
is much less expensive than total replacement ofthe component. 

13. How does the presence of oxygen affect the electrical conductivity of copper? Why? 

Oxygen reduces the conductivity by forming copper oxides (CU20). The copper 
oxides cause a discontinuity in the lattice, which scatters electrons. In general any 
impurity added to a pure metal will reduce the electrical conductivity. 

14. What type ofproperties would be important for ajet engine component? 

Ajet engine component needs to be light weight, strong, tough, and corrosion 
resistant. Price and ease of manufacture are also considerations. 

15. Titanium alloys are said to be notch sensitive. What does this mean? 

Notch sensitivity occurs when smal/ surface discontinuities or changes in geometry 
al/ow frac ture at stresses considerably lower than what would be predicted in a 
tensile test of a near perfect sample. For this reason surfacefinish is very important 
and care is taken to avoid designs which have inherent stress concentrations. 

16. Measure the thickness of the aluminum/nickel coating. 

The coating thickness will vary depending on the sample. 

17. What is missing in the microstructure of the single crystal turbille blade that was 
present in the other samples? 

There are no grain boundaries as the sample is a single grain. 
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Appendix 
Photomicrographs ofthe samples 

Sample 1. Steel reinforcing bar, 400x, Nital 
etch. 
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Sam le II Nickel alloy turbine blade, 400x 
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OXYGEN DIFFUSION INTO TITANIUM 

Aaron P. Broumas, Nick M. Degnan, Michael L. Meier 

Department of Chemical Engineering and Materials Science 
University of California, Davis 

Key Words: titanium, oxidation, microbardness, difIusion, solid solution strengtbening, 
activation energy 

Prerequisite Knowledge: basic knowledge of diffusion processes and bardness 

Objective: to measure Do and the activation energy for diffusion of oxygen into titanium 

Equipment: 
1. 
2. 
3. 
4. 

Introdllction: 

Ovens capable of reaching 900°C 
Metallographic specimen preparation equipment 
Microhardness tester 
Optical or scanning electron microscope 

Titanium is well koown for its excellent resistance to corrosion primarily duc to a passive 
oxide layer at the surf ace. When exposed to air at elevated temperatures, 300°C or more, 
this oxide layer will grow and simultaneously oxygen will diffuse into the metal. The 
oxygen atoms that do diffuse into the metal can occupy both interstitial and substitutional 
sites, making the material harder, and since the concentration of oxygen at the surface 
would be greater than concentration deeper into the metal it should be harder near the 
surface and softer in the interior. The correlation between the concentration profiIes and 
hardness profiles suggests that microhardness testing can be an effective tool in studying 
the oxygen difIusivity in titanium. 

The governing differential equation for diffusion, koown as Fick's second law, is: 

(1) 

where D is the diffusivity and C is the concentration of the diffusing species [1]. The 
solution to this differential equation, where surface concentrations are held ftxed and the 
diffusion medium is infmitely long, generates the concentration profile described by the 
equation 

(2) 
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where Co is the concentration at infinity, c, is the concentration at the surface, x is the 
distance from the surface, and t is the time. 

Rosa [2] has proposed using the following dimensionless correlation between hardness 
and oxygen concentration, 

H -Ha c-c 
<7:: a 

H, -Ha c, -Ca 
(3) 

where H refers to point hardness values, Ro refers to hardness values at infinity, and H, 
refers to hardness values at the surface. Substitution into equation 2 gives 

_H_-_H--,,--o oc 1--erf(_X-} 
H, -Ha 2JDi 

(4) 

By measuring the bardness values from the surface of the metal inward, a hardness 
profile that is scaled to the concentration profile can be generated. This means that 
instead ofusing complicated and expensive analytical machines to measure the oxygen 
concentrations directly, a microhardness tester can be used to measure these hardness 
profiles and ultimately to detennine the diffusivity. 

This experiment involves determining the activation energy and diffusion rate of oxygen 
into titanium from a series of microhardness profiles. Several aspects presented in 
materials science courses are ultimately covered in this experiment, three of which are 
high-temperature oxidation, diffusion, and solid-solution hardening. The goal ofthis 
experiment is to provide upper-division materials science laboratory courses with a 
relatively inexpensive procedure for measuring the diffusivity coefficients and activation 
energies while emphasizing fundamental issues of materials science. 

Proeedure: 
Material 
Commercially pure, 0.75-inch (19 rom) diametertitanium rods were used in this 
experiment. Pure titanium was used to avoid issues related to the presence of other 
alloying elements and, since it is an a alloy, there won't be any a-case to complicate 
matters. 

Heat Treating 
The temperature range used in this study range from 700 to 800°C. At roughly 89O"C, 
titanium transforms from a close-packed hexagonal a-phase to a body-centered cubic ~ 
phase, which remains stable to the melting temperature 1670°C. By limiting the 
temperature ofthe metal to just a single phase region during annealing, in this case the (I
phase, we did not have to take into account the different diffusivities for the a and J3 
pbases and the moving a-~ pbase interface. 
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The O.75-inch (19 mm) diametertitanium pieces were cut into 0.75-inch (19 mm) long 
pieces and degreased with acetone and ethanol rinses. The samples were annealed in air 
at temperatures and times shown in table 1. 

Table 1. Annealing temperatures and times. 
~mple# 1 2 3 4 5 6 7 

rTemperature [C) 700 700 700 700 700 750 800 

:rime [hr) 20 50 100 200 500 100 100 

Metallography 
The annealed pieces were sectioned and mounted in Epomet mounting material, which is 
considerably harder than most mounting materials. This choice provided excellent edge 
retention, which is vital for accurate hardness data. The mounted specimens were then 
polished using 240, 320, 420, and 600 grit SiC abrasive papers, followed by intermediate 
polishing using 6 and then 3-micron diamond paste and finally 0.05 micron alumina on a 
vibratory polisher. 

Microhardness Testing 
A Kentron Micro Hardness Tester, equipped with a Knoop indenter, was used to measure 
hardness of the prepared specimens. Indentions were made using 100 grams load and a 
dwell time of 90 seconds. beginning from 30J.lll1 front the edge ofthe sample, 
approximately the width of one indentation. Additional indentions were roade in 
increments of 25.4 J.Ill1 toward the center until a depth of roughly 3 mm. A diagonal 
pattern was used so that many c10sely spaced readings, relative to the surface. could be 
roade. 

Figure 1 SEM image showing the microhardness indentations of a sample annealed at 800"C for 1 00 hours. 
Smaller indentations indicate higher hardness. 
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Results: 
Figure 1 shows typical microhardness indentions. Note that the excellent edge retention 
roade it possible to make measurements very close to the surface. Also note the diagonal 
pattern used. By distributing these indentations horizontally it was possible to space 
them close together vertically. 

Microhardness Profiles as a Function ojTime 
The hardness profiles for the samples heat treated at 700°C and for times up to SOO hours 
are shown in figure 2. Ro was calculated by averaging the flat-line portion of the 
hardness profiles and was determined to have a value of 47.2 KHN. li. and the 
diffusivity coefficient, D, were determined simultaneously by utilizing the "solver" utility 
in Excel and were determined to be 184.0 KHN and 1.14xlO,ll cm2/sec respectively. The 
constraining factor forthe solver application was minimization ofthe sum ofthe square 
of the differences between calculated and experimental hardness values. The resulting fit 
between the data points and the calculated profile yielded a root mean square error in the 
range of3.7 to 6.5 KHN. 
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Figure 2 Microhardness profiles for samples annealed at 700"C 

Microhardness Profiles as a Function ojTemperature 
In order to determine the activation energy of the system, annealing was done at three 
different temperatures, 700, 750 and 8000C and the annealing times were 100 hours each. 
The hardness profiles for two ofthese three samples are shown in figure 3. 

Unfortunately, at the beginning ofthis series ofmicrohardness tests the indenter was 
damaged. A new indenter was borrowed from another laboratory, but when it was used 
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to test a calibmtion standard the lengths ofthe indentations were half ofwhat they should 
have been. Therefore, a correction factor of 2 was used in these measurements. A new 
indenter will be purchased and these measurements wiII be repeated. 

Values for Ro and H. found from the 700°C profiles were carried over to the 750 and 
800°C profiles. Again, the "solver" component in Excel was used to determine vaIues of 
D for these profiles. The resulting fit between the data points and the calculated profile 
was exceIlent, with a root mean square error of 4.5 to 5.5 KHN. The diffusivity 
coefficients, D, forthe 750 and 800°C profiles, were 3.44xI0-ll and 9.76xlO-ll 

cm2/second respectively. 
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Figure 3 Microbardness profiles for samples annealed ai 750 and 800·C for 100 hours. 

Analysis of the Activation Energy 
The experimentally determined activation energy for oxygen diffusion in a-titanium was 
found to be 186 kJ/mol. The slope of InD vs. llT was used to determine this vaIue, and 
the linear equation that fits the three data points is shown in figure 4. The activation 
energy is in the range reporteei in the literature. 

Dm:ussion: 
Microhardness Profiles 
The hardness profiles generated by this experiment look just like concentration profiles. 
In fact, the correlations suggested by equations 3 and 4 are indeed reinforced by the plots 
shown in figures 3 and 4. Variables such as activation energies and diffusion coefficients 
found tbrough hardness testing can be used to predict the hardness values and therefore 
the relative concentration of oxygen at other temperatures, times, and depths. 
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The Stabi/ity of the Value of Ho 
Ha is the initial hardness of the material, before any oxygen difIusion bas taken place. 
Ha, however, can change due to other factors, such as recrystallization and grain growth. 
In this work annealed titanium was used to avoid this problem. Our results showed that 
for beat treatments done at 700"C and higber, and 20 hours and longer, the value of Ha 
did not cbange. It is possible that ifthis experiment is extended to lower temperatures 
and shorter times that it could change. 
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Figure 4 Arrbenius plot of the diffusivity 

Using Solver ta Find H" and D 
Using the solver capability of spreadsheets helped us to determine the hardness value at 
the surface, H., and the diffusion coefficients, D. These values, along with the value of 
Ha, were used in equation 4 to calculate the profiles. Using this numerical llppTOacb was 
necessary. It was not possible to measure H, for the reasons mentioned below. We were 
concerned about the possibility that this appr08cb could lead to multiple solutions. 
However, we had only two unknowns in a single equation, and we had 7 sets of data and 
a total of over 140 data points. The results tumed out to be very reasonable and the RMS 
error for ali 7 data sets was around 5 KHN, which is about the same as the scatter in the 
data. 

The hardness value at the smface would have been impossible to obtain since it would 
need an indentation right at the surface. Tbe diamond-sbaped indentions were roughly 25 
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J.LIIl wide, and our best atteInpt to place tbe indenter c10se to tbe edge would generate 
fractures tbat would reach tbe edge. The best way to solve tbis problem was to allow 
approximately 30 J.LIIl of relief from tbe edge. The surface hardness determines where tbe 
profiles begin, but tbe ditIusivity coefficient greatly influences tbe shape of tbe curve. 
The values for D and H. were automatically adjusted so that tbe calculated profiles fit as 
c10se as possible witb tbe experimental data points. Minimizing tbe sum oftbe difference 
between tbe calculated hardness (equation 4) and tbe experimental hardness for tbe 
profile(s) in each temperature group at fixed distances led to values for H. and D. For the 
cases ofthe 750 and 800"C, the value for H. found witb tbe 7()()"C profiles was used since 
it already provided tbe best fit for five profiles. The value ofD was determined 
numerically for each temperature. 

Activation Energies 
The activation energy found in this experiment is witbin tbe range of otber values cited in 
tbe Iiterature [2,4-7] and is very c10se to tbe value of Ti tracer diffusivity [8]. This 
suggests tbat the ditIusion of oxygen in a-Ti occurs by a substitutional vacancy 
mechanism. 

The table below lists tbe activation energies reported for earlier microhardness-based 
diffusivity studies as well as for otber methods, including tbe tracer diffusivities for pure 
titanium. 

Table 2. Activation energies for tbe ditIusivity of oxygen in titanium. 
Activation YearaDd 

IDvestigator Alloy Method EDergy RefereDce 
kJ/mol 

Present work CP-Ti Microhardness 186 2002 

Guptaand 
Ti-O. 2"% 
O-based Internalfriction 188 1962 [3] 

Weinig alloy 
Pratt et al Ti-3.5"%O Internal Friction 201 1954141 
Roe et al Ti75A Microhardness 140 1960 r51 
Rosa CP-Ti Microhardness 203 1970 r21 
Revyakin 150 1954 r61 
Tracer Diffusivity 
Dymentet al a - Ti44 Tracer 173 1968, [7] 

The experimental methods used in several oftbe investigations listed in table 1 were 
quite complex, requiring very expensive analytical machines. Our experiment shows 
how hardness testing can be used as an inexpensive method of determining the activation 
energies. 

Other Factors 
AII oftbe heat treatments were done in air, and while tbis might better represent typical 
service conditions, air contains four times as much nitrogen as oxygen. Nitrogen 
diffusion bas been addressed in other studies [8]. The activation energy of nitrogen 
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difIusion is similar to that for oxygen but its diffusion rate in the present temperature 
range is a factor of 4 lower than for oxygen. In general nitrogen does not seem to 
concern people as much as oxygen, perhaps because a thick layer of Ti02, not TiN, forms 
on the surface, and because of the lower diffusion rate. The matter was also not 
addressed here so that we could concentrate on a phenomenon that could be presented in 
a classroom setting. 

One other factor that intluences the results of these types of studies is the efIect the oxide 
itself has on the diffusivity. Once the oxide forms the value of c, changes from that of air 
to that of the oxide. Since the oxide forms immediately, c, probably never was equal to 
the oxygen concentration of air. This means that c, was probably constant and therefore 
Hs was probably constant. 

Conclusions: 
The results obtained here are similar to those reported in the literature. This experiment 
also incorporates a number of fundamental concepts, such as diffusion, solid solution 
strengthening, phase diagrams and practical skilIs such as heat treating, meta1lography, 
microhardness testing and data reduction. It is also a re1atively inexpensive experiment 
that can be dane as a group experiment. AII ofthese factors make it very attractive as an 
experiment for the teaching laboratory. 

It should be noted that the linear correlation may not be the best approximation. Data 
showing hardness as functions of oxygen concentration in pure titanium shows a slight 
nonlinear (concave down) relationship [9]. The nonlinear might not be enough to change 
the results significantly but a new analysis should be attempted. It would be interesting 
to split the students into two groups, ask each to use one ofthese approaches, and then 
compare the results and debate the merits of each. 

This experiment required us to tind new ways to analyze the data. The "solver" 
capabilities ofthe Excel spreadsheet alIowed us to solve for multiple unknowns using 
regression, which is not common in undergraduate education. 

An interesting side-benefit of this experiment is that aII of the specimens one would need 
to conduct an experiment on the kinetics of grain growth oftitanium are already 
prepared. AII that has to be done is to etch the samples and measure the grain sizes. 

FinalIy, similar experiments could be developed for other systems. We have shown here 
is that in certain cases microhardness testing can be used to investigate the diffusivity of 
materials. 
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Best Friend 
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Program Director, Design Teclmology 
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Key Words: Control charts, continuous improvement, flow chart, process capability, and 
process improvement. 

Prerequisite Knowledge: Basic statistical concepts, variations, phases of statistical 
application, and tools of statistical process control. 

Objective: To demonstrate the application ofnon traditional SPC techniques in 
monitoring and controlling manufacturing processes involving lower production rates and 
smaller lot sizes. 

Introduction: Improvement of product quality in a manufacturing outfit utiJizing dual 
methods. Hidden causes for poor quality are identified through the use of a flow chart to 
provide the hasis for problem analysis. Traditional control charts for variables are not 
suitable under certain manufucturing environment, thus necessitating the application of 
non-conventional methods involving pre-control charts. 

Procedure: Lower production rates and smaJler lot sizes create a unique problem for the 
use of traditional SPC techniques. In this environment, there exist insufficient data to 
estimate the controllimits, process mean, and the process spread. To overcome this 
problem, pre-control and short run charts are recommended as they are appropriate for 
high capability processes. The pre-control chart is divided into five regions (fig. 1). 
The central green region, two yellow regions, one on each side ofthe green region., and 
two red regions on the outer side ofthe yeliow regions. This chart is used instead ofthe 
traditional process control chart when the process spread (60') is less than 70% ofthe blue 
print tolerance 
Of 6O'/(USL - LSL) = 0.7 
Cp = (USL - LSL)! (60') = 1/ 0.7 = 1.429 
USL - LSL = 6*1.429 = 8.570' 
Therefore, specification limits are 8.57/2 = 4.3cr away from the process mean. The green 
region covers the ±50% ofthe tolerance, making the boundaries ofthe green region 
equal ±2.15cr away from process mean. Each section of the yellow region is Yz as wide as 
the green region. The green plus the yeJlow regions cover the full width of the blue print 
tolerance. The red region indicate the out of specification region. 
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Please refer to the fOUT rules ofa pre-control chart on (fig.2). 
The assumptions of a pre-control charts are as follows: 
1. That the process follows a normal distribution 
2. That the process is highly capable, cp = 1.429 
3. That the specification limits are ± 4.30 
4. That the green region is bounded by ±2.1So with an area of 96. 84% ofthe nonnal 

distribution. 
5. That the probability of a part falling in one ofthe 2 yellow regions is 1.58% 
6. Thus, the probability ofboth the parts falling in the green region is 93.8%. The 

probability ofa part falling in the green and the other in the yellow is .9684*.0158 = 
0.0153. 

Comment: In 1oday' s tmbulent business environment where manufacturers of products 
are increasingly expected 10 improve the quality of their products, demands use of 
appropriate SPC tools. However, care must be taken 10 select the 100ls for a given 
manufacturing outfit. Job shop manufacturing environment would be more suitable for 
the use of pre-control SPC techniques. In a case study carried out at a defense 
contractor' s, to be shared with participants, it was found that pre-control charts are 
appropriate for use in a case oflower production rates and smaller lot sizes resulting in 
cycle-time reduction. 
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"MATERIALS FOR NEW DESIGNS, AND DESIGNING NEW MATERIALS. 
Paradigms Lost and Paradigms Found in the Changing World of Engineering Plastics" 
Leonard W. Fine, Department ofChemistry, Columbia University, New York, NY 10027 
and Sam Miller, Advanced Application Engineering, GE Plastics, Pittsfield, MA 01201. 

Abstract 
For those of us who will have spent most of OUT professionallives in the second half of 
the 20th century, we cannot faiI to see that entire century as a world oftransformations. 
Everything changed! And the rate of change accelerated through the century. For 
scientists and technologists, if there ever were classical textbook models for creating, 
designing, and building principles and practices for engineering the future, they have 
been transformed by the accelerating rate of change that is the benchmark of our times. 
And nowhere is that better illustrated than in the changing world of engineering plastics. 
This brief lesson from history suggests how some ideas and some things, and some ideas 
about things, have come together at the interface between research and education, and 
between teaching and leaming. 

Introduction 

Paradigm! The word Thomas Kuhn used to describe the intellectual order driving a 
scientific field or activity that is overthrown, convulsing, or shifting during a period of 
change. For my generation of scientists - growing to Manhood in the '60s under the 
impact of "The Structure of Scientific Revolutions (1962)" it is hard not to recognize 
parallels in technology. An existing order has the stability of a well-built model which 
gives us comfort with the understanding it brings. We know how things work or at least, 
are expected to work. A model! Sometimes mathematical. Sometimes economic. 
Sometimes scientific. Philosophical. Models help us understand. 

Kuhn will be remembered for teaching us .... 
1) that the processes of discovery and invention are intimately embedded in a larger 

framework ofhuman activity. 
2) that discoveries and inventions are the product not of some plodding rational 

process but ofhuman ingenuity intermingled with politics and personality. 
3) That science and technology are in the end social processes. 

In the plastic century that opened in 1902 with the invention of Bakelite, we have moved 
from a technics based on production and producers to one of consumption and 
consumers. The change-over has suddenly become evident. 

The implications for R&D in engineering plastics are timely to consider. Long 
before Bakelite, Adam Smith, the moral philosopher on whose ideas most modem 
economic theories were built, recognized that. .. "the fitness of any system or machine to 
produce the end for which it was intended, bestows a certain propriety and beauty upon 
the whole, and renders the very thought and contemplation of it agreeable." Adam Smith 
taught us that utility is one of the principal SOUTces of beauty! But something has 
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happened to Adam Smith's economic model that reduced science and invention to 
practiced technology in the market place. In spite of what Ecclesiastes teaches, there is 
something new under the Sun. The price and the profit are coupled to the aesthetic. And 
the driver of design has become the consumer - no longer, the producer - of products. 

From the Model T to the Mac 
Ford's Model T was revolutionary for its mass production methods. At the same time, a 
demanding public required rubber on the road that lasted for thousands of miles and the 
conveniences provided by of an assortment of Bakelite knobs, widgets, parts - in any 
color you wanted as long as it was black. 

Halfa century later, Steve Jobs and Steve Wozniak launched Apple Computer 
and hoped to fulfil a similar dream, revolutionizing the modem counterpart to the car, the 
computer. The Apple II that emerged a year later was the first ever commercial computer. 
It included color graphics for the first time, sported the Apple II DISK which was (at the 
time) the cheapest and easiest-to-use floppy drive available, and became the data storage 
device of choice among most scientists and technologists, especially the university 
crowd. And it had an alI plastic chassis, keys, and keyboard. 

In 1984, Apple Computer launched the Macintosh, featuring a user-friendly 
interface with a high-defmition screen, a mouse, and an integrated monitor and disk 
drive. The look was created not by scientists and engineers but rather by artists and 
designers. By product designers! And the Mac sported a radically different look (from the 
angular predecessor and competitor). There was something softer about the Mac. It had 
flowing lines, was a warm cream-color, and had the now classic icon-driven graphics 
interface. The Powerbook was launched in 1991. The PowerMac in 1994. 

Somewhere along the way Steve Jobs was forced out of the company he founded, 
in 1985, by successors who tried and failed to keep market share in the face of Microsoft, 
Windows and the PC. But without a doubt, plastics had a market. In 1996, Steve Jobs 
retumed to rebuild the nearly moribund Apple Computer. His genius insight? To take aII 
his "geek" computer and software engineers out of their backroom hangouts and move 
them into the front room where their customers hung out. He hired an industrial designf:r 
named Jonathan Ive and, as they say, the rest is history: the iMac; the iBook; the G3. 
Three computers that collectively sounded the death knell of the anonymous and 
essentially alienating dull-colored box and in its place a cool-100king design with an 
identifiable character that was understandable and familiar to the potential customer/us(:r. 
It was the first computer to have stylistically influenced and launched the design of 
families of products from tasking lamps to desk accessories. The paradigm had clearly 
shifted. 

Baekeland and Bakelite 
Long before there was polycarbonate, engineering plastics, or even"plastics," there was 
Bakelite, the invention (discovery) of an accomplished, well-trained Belgian chemist, one 
Leo Hendrik Baekeland. Trained and educated in his native country, at age 28 he already 
found himself Lecturer in Chemistry at the University of Ghent (1887). Shortly after 
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that, as a (now) rich and successful entrepreneur for having sold an improved 
photographic paper invention to George Eastman (1899). While dabbling in his garage 
chemistry laboratory at his home in the Bronx, he tumed his attention to reactions of 
phenol and fonnaldehyde. 

It was well-known at the time that phenol and fonnaldehyde would reaet but 
produce a hard, black, intractable and insoluble material that defied analysis. Baekeland 
reasoned that ifhe could vary the conditions and the quantities, and come up with a way 
of applying a coating to wood or wire, he might find a substitute for shellac, other 
vamishes, and insul ating wire coatings. In a series of experiments in mid-1907, 
Baekelund leamed howto manipulate the phenol-fonnaldehyde reation to produce a 
vamish and a solid, moldable resin. By 1908, with patent in hand, he announced to the 
world his discovery: 

"It makes excellent billiard balls ofwhich the elasticity is close to that ofivory, in 
short, it can be used for similar purposes like knobs, buttons, knife handles ... and 
many more applications for engineering purposes. 

By 1910, Baekelund had established the General Bakelite Corporation and the large scale 
production ofthis new, synthetic material. During the next 25 years, a generation of 
independent, entrepreneurial molders and extruders began doing what Grant Austen did 
in the fictional (1955) novel, "Cash McCall:." Re started a company in a bam with a 
rebuilt hydraulic press, spooning a carbolic-smeUing powder into the cavity before 
bringing the hot plattens together. When the press opened, a miracle had taken place. The 
powder had miraculously become the socket for an electric light bulb and he was in 
business. 

Central to Grant Austen's success was a powerfullogical structure connecting the 
four elements of polymer science: processing - structure - properties - perfonnance. 
Essentially ali polymer materials on their way from molecule to product undergo one or 
more processing steps: spinning; molding; casting; fonning. It is generally accepted that 
fmal material properties can vary drastically and dramatically with processing history. 
Design of processing equipment is itself a major industrial undertaking. 

Thomas Kuhn and Ris Paradigm 
It is interesting to speculate on the relative importance of new concepts and new tools in 
the progress of science and technology. Design has clearly become a force for change: a 
way to enhance perfonnance; a way to drive science and technology; and a way to create 
prosperity; maybe even the means to sustaining cultural advantage ... or creating cultural 
advantage ... in a competitive world 

In the early decades ofthe 20th century, PRODUCTION was the important focus; 
NOW, it is clearly CONSUPTION. Of course, production and consumption go hand-in
hand with the difference being which is in the driver's seat - the original materials 
supplier (pRODUCTION) or the object-makers (CONSUMPTION). The paradigm has 
shifted. The relationship between users' needs and desires and the object are at the heart 
of our experience in our early 21st-century world. DESIGN is still the thing! But now we 
are aU included on the design tearn - consumers, producers, designers ... and scientists 
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and technologists - all shaping our worldly experience. Objects of desire (or necessity) 
can boldly announce that design is more than just a lifestyle issue. Design is a force for 
change: a way to enhance industry performance; a way to drive science and technology; 
and a way to create prosperity; maybe even the means to sustaining cultural advantage in 
a competitive world ... or creating cultural advantage. 

Kuhn rescued our understanding of science and technology from the mundane 
mechanical world of determinacy. He taught us why science and technology are exciting 
and unpredictable, getting beyond the "method" of science and the mechanical reduction 
of science to engineering practice. Kuhn taught us "The Structure of Scientific 
Revolutions." 
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Abstract 

Beams in Bending; an Instrumented Classroom Demonstrator 

Dr. Richard Griffm1
, Faculty 

Dr. Led Klosky, Faculty 
Capt. Reid Vander Schaaf, Faculty 
Civil & Mechanical Engineering 
United States Military Academy 
West Point, NY 10996 

In mechanics and/or material c1asses, students often struggle with the concept that 
both material properties and geometry may affect a materials response. A four-cantilever 
beam setup has been designed and developed to illustrate the effect that geometry and 
modulus of elasticity have on the strain measured in a beam. There are three aluminum 
beams and one steel beam contained in the fixture. The four beams are 1 in. x 1/8 in. 
(steel), 1 in. x 1/8 in. (Al), 1 in. x Y4 in (Al), and Y4 in. x 1 in. (Al) and about 16 inches 
long. Weights are hung from the end of the beam, and strain gauges are located 1 'li in. 
from the fixed end of the cantilever. The strain is measured as each load is placed on the 
cantilever beam. 

A comparison may be made between steel and aluminum at 1/8 in. in thickness, 
and the effect of material property is demonstrated. Then, the 1/8 in. aluminum can be 
compared to the Y4 in. thick aluminum beam, and now the effect of geometry can be 
observed. Finally, the fourth beam is tumed on edge so that the l-in. height is vertical, 
and a very dramatic effect on strain is observed. The unit can be brought to c1ass and used 
for either in c1ass demonstrations or can be made available for students to experiment 
with during, after, or before c1ass. 

1 Dr. Griffin was on sabbaticalleave at the United States Military Academy during the 2001- 2002 
academic year. He has retumed to Texas A&M University, MEEN Dept.-3123, College Station, TX 77843. 
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Key W ords: mechanics of materials, strength of materials, beam bending, cantilever 
beam, and material properties 

Prerequisite Knowledge 
Physics, statics, stresses and strains in beams, and strain gauges 

Objective 
This in-class demonstration enables a student to understand and compare the 

significance of geometry and material properties in the behavior of a beam under load. 

Equipment 
1. Beams ofvarious sizes see Table 1. 

Table 1 Dimensions moduli and moments of inertia for different beams , , 
Material Size, in. O x w x h) Modulus, psi 1= bh"'12, in4 

1 Steel (1018) 16~xlxl/8 30 x 10b 0.1628 x 10-3 

2 Alwninum (606IT6) 16\t2xlx1/8 10 x 10° 0.1628 x 10-3 

3 Aluminum (606IT6) 16 ~ x 1 x 1/4 10 x 10b 1.302 x 10-3 

4 Aluminum (606IT6) 16 ~ x 1/4 xl 10 x 10° 20.83 x 10-3 

2. Fixture for supporting the beams 
3. Load supporting fixture 
4. Weights 
5. Strain gauges 
6. Strain measuring equipment 
7. Dial indicators (optional) 

Cost depends on availability of strain measuring equipment. lf you have access to 
the strain measuring equipment, then the estimated cost would be about $50.00 in 
materials and about three days of machine room time. The strian mesuring components 
for installation in a computer that uses Lab View™ are about $1000 per module. 

Introduction 
Using demonstrations in the classroom helps those leamers who need something 

physical to connect theory with what is actua1ly happening. Over the past severa! rars 
the authors have developed a number of classroom demonstration devices. 1,2,3,4, In 
mechanics and materials classes students often struggle with the concept that an object's 
response to a load is controlled by either a material property or the geometry of the 
situation. The cantilevered beam device (CBD) described in this paper was developed to 
demonstrate,these differences. The CBD has been successfully used in a mechanics of 
materials class, where the device is brought to the classroom for demonstration or to havc: 
available for student's to experiment with. The current unit, shown in Figure 1, uses four 
beams, which are listed above in Table 1. Three of the beams have the l-inch dimension 
horizontal, while the fourth has the l-inch dimension in the vertical direction. lfbeams 
number 1 and 2 are compared, then the effect of material property may be demonstrated, 
while if numbers 2, 3 and 4 are compared the effect of geometry may be shown. The 
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detai1s ofthe device and its operation will be described in the following sections ofthe 
paper. 

DescriptiOD of Device 
The drawings for the canti1ever beam device are shown in Figure 1. Typical1y, 

ci.LRANCt HOLf rOR 1/4-20 0" rOf> Kl.U o. FlXTURE 4P:..ACES 

-------->lIj~AP 1/4-20 ~ J15 [)[EP 2 P\.AC[S 
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!l7~ 4 87)G~' ! 11':7'"''' ''''' 'D-J2 Ce" HE" S,"EW '''CAm 

i !!.'hl~ -1 I ,~ "'~I tbi~,IM omo-{M;Er">G 
l' , , ~ I I I TAP 8OTTOIII HALF Of FIXTVRE FOR 1/4-20 4PlACES 

i--+==t---+--A--j-j-I-H--.€:>:.::"-""'" 

I 
-, oiooI- -j,,,,,,.-

. '1!ioOO------<O 
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"""" , 

Figure 1. Drawings for the canti1ever beam device. 
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a l-lb. weight has been used for the load. Figure 2 shows the setup in the classroom. The 
midpoint for the strain gauges is located 1 'i2 in. from the fixed end ofthe cantilever. The 
strain readings vary from about 190 JlE for the steel to about 600 JlE units for the 
aluminum. Figure 3 shows the students gathered around the unit in the classroom. 

Figure 2. Cantilever beam setup in the classroom. 

Figure 3. Students gathered around the cantilever beam demonstration device. 

Theory 
One ofthe fundamental concepts in any introductory course in solid mechanics is 

the effect of geometry and material type on the behavior ofbeams in bending. For each 
ofthe beams shown, the shear and moment diagrams can be drawn by the students, 
allowingthem to find the moment, M, atthe location ofthe strain gage. The students 
should be led to noticing that the moment is unaffected by either the material type or the 
beam shape. This is because they are part ofthe force system, and are not stresses. The 
operative equation for computing the normal stress, O; in the direction ofthe strain gage 
(placed in the long direction on the beam), is: 

Mc 
(j=-

1 
Equation l 
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where 1 is the moment of inertia, (1/12)* bh3
, and c is the distance from the neutral axis to 

the strain gage. Of course, stress is not st:ra.in, and lTmust then be converted to strain, or 
microstrain depending on the strain readout device. This conversion is simply: 

lT 
ţie =-*1000 

E 
Equation 2 

Thus, students should be able to frrst draw the shear and moment diagrams for the 
real system they see, and then predict the resulting stresses and measurable strains. 
Additionally, it is possible for the students to predict and then measure deflections at 
various points on the beam based on widely-published beam deflection equations. 

Results 
Having the students calculate the expected change in strain after taking a strain 

reading on the frrst beam with the one-pound weight on it, is a very effective way to get 
the students to understand how much and why the material and the geometry of the 
beams in important. When comparing the strain readings made between steel and 
alurninum at 1/8 in. in thickness, we predict the strain in the aluminum will be three times 
higher, and the device demonstrates this, with a reading of approximately 190 !lE for the 
steel, and 600 !lE for the alurninum, see Table 2. Then, the effects of geometry can be 
observed by comparing the 1/8 in. alurninum to the Y. in. thick alurninum beam. We 
predict a reading eight time higher in the Y. inch beam, which the model illustrates with a 
reading of 600 !lE verses 72 !lE. Finally, the fourth beam is tumed on edge so that the 1-
inch height is vertical, and a very dramatic effect on strain is observed. The strain 
reading is one sixteenth ofthat on the flat Y. in. beam (beam 3), and 1/128 ofthe strain 
experienced by the 1/8 in. flat beam (beam 2). 

T bl 2 A a e ~pproxlmate stram v al ues or e ti th CBD 
Beams Strain Values (!lE) 

Steel: 1/8 in. thick 190 
Aluminum: 1/8 in thick 600 
Aluminum: '1. in. thick 72 
Aluminum: 1 in. thick 4 

Discussion 
In discussing the experiment with the students, Equations 1 and 2 can be used, 

and written as follows. 
Mc 

E=-
rE 

Equation 3 

If a comparison is made between steel and alurninum (1/8 in.) then the ratio of 
Equation 3 is about 1/3, which is what Table 2 illustrates. This clearly shows the effect of 
material properties. Similarly, ifthe ratio of steel and aluminum (1/4 in.) is considered 
then the ratio ofthe equations is about 1/8, which Table 1 illustrates. The questions can 
be posed to the students, and then the students may test their responses using the CBD. 
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Altematively, it is possible to measure the deflections and compare them with 
calculated values. or ask where would the loads need to be located for steel and 
aluminum to have the same maximum deflections. A wide variety of questions may be 
posed and the answers tested for. 

Assessment 
In fali 2002, 87 students were asked to assess the inc\ass CBD activity. Table 3 

gives their numerical responses to the question, "Should we keep the activity or send it to 
the scrap heap?" The scale was 1 to 5 with 5 being high and 1 being low. Another 
question asked the students, "Did the classroom demonstration make any difference in 
your understanding ofthe activity (CBD)?" Fifty-one (51) responded yes, twenty-six (26) 
responded no, and eight (8) students responded with somewhat. From this brief analysis, 
79% rated the experiment 32 or higher on the I to 5 scale, while 69% said either yes or 
somewhat to making a difference in their understanding ofthe CBD demonstration. 

Table 3 Student evaluation for CBD activity. 
No. of Students Points 

45 > or=4 
24 3 
18 <or=2 

Conclusions 
A cantilever beam setup has been designed and built that demonstrates the effect 

of material properties and geometry for steel and aluminum beams. The system is simple: 
to use and may be brought to the classroom. The CBD provides students with a visual 
way of observing the effect of the modulus of elasticity and the effect of geometry. 
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Abstract 

To many national park campers and mountain climbers saving their foods in a safe and 
unbreakable storage container without worrying being attacked by a bear is a 
challenging task. In some parks, the park rangers have mandated that park visitors rent 
a bear canister for their food storage. Commercially available bear cani sters are made 
of ABS plastic, weigh 2.8 pounds, and have a 180 cubic inch capacity for food storage. 
A new design with similar capacity was conducted in this study to reduce its weight and 
make it a stiffer and stronger canister. Two prototypes incorporating carbon prepreg 
with and without honeycomb constructions were manufactured using hand lay-up and 
vacuum bag fonning techniques. A 6061-T6-aluminum ring was machined to 
dimensions in order to reinforce the opening area ofthe canister. Physical properties 
(weight and volume) along with mechanical properties (flexural strength and specific 
allowable moment) ofthe newly fabricated cani sters are compared against the 
commercial ones. The composite canister weighs on1y 56% of the ABS one can 
withstand 9 times of the force greater. The advantages and limitations of using 
composite bear cani sters will be discussed in the presentation. 
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ASM International Foundation 

Educational Outreach Program Summary 

MATERIALS CAMP 
• Weeklong residential, hands-on learning. 
• Have a lot of FUN while becoming a "science detective" conducting a failure 

analysis investigation 
• High School students entering Junior or Senior year in the fali 
• Pre-requisites: chemistry, physics, algebra II 
• "Teach the Teacher" program for High School math / science teachers, held at 

University Michigan-Ann Arbor 
• FREE tuition, housing, meals, extra-curricular events 
• Competitive application process 
• Locations in Seattle, Cleveland and Toronto in 2003 
• World c1ass all-volunteer faculty "Materials Mentors 

K-12 TEACHERS 
• "Living in a Material World": $500 grants for use in c1assroom materials projects 
• High School Teachers MATERIALS CAMPs: Learn to use FUN, hands-on 

activities in math & science courses, focusing on materials 
• "Fun in Metals": a lively and entertaining video that introducing materials to the 

young and young at heart 

COLLEGE 
• 40 + Undergraduate scholarships from full tuition to $500 
• "LeaderShape" fuli scholarships: week-Iong leadership training emphasizing 

ethics 
• Metallurgy / Materials Yearbook: list ali colleges/universities that offer 

undergraduate and graduate degree programs in materials, ceramics and polymers. 
Complete "Who's Who .. "faculty directory 

• "QuickNotes": concise study guide on materials engineering 
• ASM Student Chapter grants 

SCIENCE FAIRS 
• 500 awards to "best Materials Project" world-wide distribution 
• Top 3 winners receive major cash grants and are invited to attend a MA TERIALS 

CAMP 

lVIDRE INFORMA nON: 
• Chuck Hayes, Executive Director 
• www.asmintemational.org/foundation 
• Phone: 1-800-336-5152 
• Fax: 440-338-4634 
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Understanding Motor Operation 

by 

Building an Single-Pole Pulse Electric Motor 

Dr. John Marshall 
University of Southern Maine 

Gorham, ME 04038 

Key Words: Conductors, insulators, enamel, magnetism, electromagnet, motor 
principles. 

Prerequisite Knowledge: Basic knowledge of electricity and magnetism. 

Objective: To understand basic electric motor principles and the materials needed to 
convert electricity and magnetism into motion. 

Equipment: 

One 'D' cell alkaline battery 
One wide rubber band 
Two three inch lengths ofheavy gauge copper wire 
One rectangular ceramic magnet 
Heavy gauge magnet wire 
Fine sandpaper 
Needle-nosed pliers 

Introduction: 

This is a tremendous activity, originally developed by Beakman's World, which I 
have perfected over the past ten years ofteaching motor principles at the 
university level. Standard Radio Shack materials can be used. Heavy gauge 
copper wire is used to fabricate the coil cradle, and the cradle is attached to a 
standard "D" size battery with elastic bands. After winding the motor coil, we 
remove insulation from two locations with sandpaper and assemble the device. 

When the un-insulted parts of the coil make contact with the cradle, current flows 
through the coil, making it into an electromagnet. Since magnets attract, the coil 
attempts to align itselfwith the magnet. However, when the coil tums to face the 
magnet, contact is broken, and the magnetic field collapses. Inertia causes the 
coil to continue around until contact is reestablished and the process repeats itself. 
In other words, the motor revolves continuously. 
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Procedure: 

1. Start about 3 inches from the end of the magnet wire and wrap it seven times 
around the battery. Remove the battery and cut the wire, leaving a three-inch 
tail opposite the original starting point. Wrap the two tails around the coil so 
that the coil is held together and the two tails extend perpendicular to the coil. 

2. On one tail, use fine sandpaper to completely remove the insulation from the 
wire. On the other taii, lay the coil down flat and lightly sand off the 
insulation from the top half of the wire only. 

3. Using needle-nosed pliers, bend the two heavy copper wires. Form a cradle 
on one end that will hold the coil, and form a loop on the other end that wiH 
contact the battery. 

4. Use a rubber band to hold the loop ends to the terminals ofthe "O" ceH battery. 

5. Stick the ceramic magnet on the side of the battery between the attached 
copper wires. 

6. Place the coil in the cradle formed by the ends of the paper clips. You may have 
to give it agentle push to get it started, but it should begin to spin rapidly. 

Comments: 

Balance is important, so be sure to center the two tails on either side of the coii. 

If it doesn't spin, check to make sure that aH of the insulation has been removed 
from the wire ends. 

If it spins erraticaHy, make sure that the tails on the coil are centered on the sides 
ofthe coii. 

References: 

Beakman's Electric Motor 
Beakman's W orld Show 
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EXPERIMENTS WITH AN AC-DC DROPPING 
VOLTAGE WELDING POWER SOURCE 

Carlos E. Umana 
Consultant Engineer 
San Jose, Costa Rica 

KEY WORDS: Plasma, arc length, arc blow. 

PREREQUISITE KNOWLEDGE: The students should be familiar with welding 
equipment and instruments for electrical measurements. 

GENERAL OBJECTIVE: To familiarize students of a welding course with the arc 
behavior and the basic parameters of arc welding power sources. 

SPECIFIC OBJECTIVES: 
1. To experimentally obtain the characteristic voltage-current curves of a welding 

power source. 
2. To demonstrate the arc blow effect. 
3. To show the heat distribution between electrodes for AC versus DC mode 

operation. 
4. To establish the heat distribution between e1ectrodes for DC mode operation. 

EQUIPMENT AND SUPPLlES: (See figure 1) 

l. An AC-DC dropping voltage welding power source 
2. Welding helmets, preferable auto darkening helmets 
3. Two carbon electrodes about 1/4 inch diameter 
4. Two stands and clamps to hold the carbon electrodes 
5. Rubber bands to be used as e1ectrode insulators 
6. Two voltmeters 
7. A clamp-on current meter 
8. A plastic ruler 
9. A magnet 

PROCEDURE: (See figure 1) 

PART 1. 

1. Set up the connections as shown in figure 1. 
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2. Make sure the welding power source is off. 
3. Set the welding power source to AC mode. 
4. Alien and hold the electrodes with the clamps on the stands. Use rubber bands to 

isolate the electrodes from the clamps. 
5. At least four students are required to run the experiment. Student 1 will be in 

charge ofturning on and offthe power source and taking the open circuit voltage 
(OCV) readings. Student 2 will take care ofthe clamp-on current readings. Student 
4 will make the arc voltage readings and student 4 will be the leader who gives the 
instructions during the experiments and handle the electrodes to make the short 
circuit and start and end the arc. 

6. Set the nominal current on the power source. It is recomrnended to use the 
following currents: 40, 60, 80 and 100 amperes. 

7. With a plastic ruler set the required arc length by relocating the stands. It is 
recomrnended to use the following arc lengths for each nominal current: 6, 10, 12 
and 15 mrn. 

8. Students who will face the arc should cover their faces with welding helmets 
before tuming on the power source. Student 4 will execute step 10 to step 13 

9. Give order to turn on the power source and ask for an OCV reading. 
10. Tilt one stand until electrodes make contact with each other and ask for a short 

circuit current (Isc) reading. Make sure the stand does not slip. 
Il. While the arc is on, return the stand to its normal position and ask for simultaneous 

current and arc voltage readings. Use a table like the one shown in Table 1 to 
collect the data. 

12. Separate the electrodes and turn offthe power source. 
13. Repeat from step 7 until alI arc lengths have been tested. 
14. Repeat from step 6 until alI nominal currents have been tested. 

PART 2. 

1. On the AC mode set the welding power source to the highest nominal current used 
before. 

2. Set an arc length to about 8 mrn. 
3. Cover faces with welding helmets and give order to turn on the power source. 
4. Tilt one stand untiI electrodes make contact with each other, then return the stand 

to its normal position while the arc is ono 
5. Bring the magnet close to the arc and observe the arc behavior. 
6. Observe and compare the incandescence intensity on both electrodes. 
7. Change to the DC mode and set the welding power source to the highest nominal 

current used in part 1. 
8. Repeat from step 2 to step 6. 
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AC-DC WELDING 
POWER 
SOURCE 

t:} VOl:lMETER 

OCV 
kLAMP-ON 
kURRENT 
METER 

k:ARBON 
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Figure 1. Experimental arrangement. 
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TABLE 1 

In [A] L [mm] Va [volts] Ia [A] Ise [A] 

6 

40 10 
12 
15 
6 

60 10 
12 
15 
6 

80 10 
12 
15 
6 

100 10 
12 
15 

RESULTS AND DISCUSSION: 

For every nominal current plot the OCV at zero current and the average short circuit 
current at zero voltage. A1so p10t Va versus la and trace curves as shown schematically in 
figure 2. Each curve simu1ates the actual manual welding operation and describes how the 
machine reacts to a variation of arc lengths. The shorter the arc the higher the current and 
viceversa. Curves are steeper for lower nominal currents. 

Figure 2. Schematic dropping 
voltage-current curves. 

v ,---------------------------, 

ocv 
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The magnet test shows how the DC arc can be affected by a magnetic field. This effect 
makes the welding process difficult and increases the possibility of weld defects. 

For AC current heat distribution is uniform in both electrodes. Both show the same 
incandescence intensity. On the other hand for DC mode the anode or positive electrode 
generates more heat than the cathode (-) as can be deduced from differences in 
incandescence intensity between electrodes. This result only applies to carbon electrode 
arc in air and should not be taken as a rule, the anode is not always the hottest electrode 
due to the fact that heat distribution between anode and cathode depends on the kind of 
electrodes and the type of atmosphere. As can be deduced from these experiment, polarity 
is therefore a very important parameter in DC welding processes. 

INSTRUCTOR NOTES: 

Extreme precautions should be taken in order to avoid accidental eye arc exposure and 
bums caused by touching hot electrodes. 

REFERENCES: 

1. The Procedure Hand book of Arc Welding, The Lincoln Electric Company:, 12th ed., 
1973. 

th 2. Metals Handbook, VoI. 6, ASM, 8 ed.,1971. 
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Abstract for National Educators Workshop 

FACT: Did you know that California students tied for dead last among the 50 states in 
the most recent national assessment of science education? 

Science Buddies is a peer e-mentoring program for Bay Area middle and high school 
students with a fun, hands-on approach to science and access to science-related career 
role models. The goal is for students to complete a science fair project and to enter it in a 
local science fair. 

How Science Buddies is unique: 
l. PEER mentoring: Students help other students. High school "Mentors" are 

trained to take the lead in guiding the less experienced student who does the 
actual project. The team "Advisor" (usually a science professional) serves as 
backup and sometimes takes a more active role when necessary. 

2. CONVENIENT e-mentoring: All team interaction takes place via an online 
message board monitored by Science Buddies staff. Check in anytime, anywhere 
there's Internet access. 

3. FRAMEWORKED: The interactive Web site leads students through a step-by
step project framework, places how-to information at their fmgertips, and 
provides samples. 

Each Advisor is matched with a student team (a middle schooler and a high school 
Mentor) interested in the Advisor's area. The Advisor helps them refine a topic suitable to 
their skillievei that leverages the Advisor's background. 

What Science Buddies looks for in Advisors: 
• Desire to foster interest in the sciences at a pivotal age. 
• Wish to give back to the community in a way that doesn't take a lot oftime but 

has high value. 
• Has a science or engineering background by education and/or profession. 
• Accesses the Internet and email on a regular basis. 

For more information, visit www.sciencebuddies.org. 

Contact: 

Gina Han, Program Director 
gina@sciencebuddies.org 
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