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Dear Friends,

We are pleased to present Volume 3 of the Journal of Undergraduate Materials Research.  Our third
edition continues to build on the success of JUMR and to strengthen our collaboration with other
departments, universities and organizations to provide an effective voice for the undergraduate
researchers in materials science and related fields.

This year, we present papers from students at Boise State University, Savannah State University, the
University of Illinois, the University of Kentucky, the University of North Carolina at Charlotte,
Virginia Tech and the University of Wisconsin-Madison. The papers published were selected
based on reviews by industry professionals, faculty and graduate students. The publication of pa-
pers from a variety of departments highlights the cross-disciplinary nature of the field of materials
science and the broad impact of materials issues as we address many of the important engineering
challenges facing us in the 21 century.

The past year has seen the JUMR grow in numerous ways. The collaborative effort envisioned
by Alfred Knobler between the Departments of English and Materials Science and Engineering
remains strong. This cooperation between liberal arts and engineering is reflected in the growth of
our editorial board which now consists of members from seven departments and three colleges.
The journal continues to expand its relationships with the materials professional societies through
the creation of the American Ceramic Society (ACerS) best paper award and the organization of
the first annual JUMR symposium at the MS&T°07 conference, allowing selected authors to gain
experience in presenting their research to peers, faculty and industry leaders.

We are proud to be able to recognize the impact undergraduate students are making in the area
of materials science and engineering. Through efforts such as a broader distribution and the
JUMR symposium at MS&T’08, we hope to continue to increase the national attention given to
undergraduate student research. Manuscripts are currently being accepted for upcoming editions,
with those received by May 2, 2008 undet consideration for Volume 4.

In closing, the staff of JUMR would like to congratulate all of our student authors for a job well
done and thank each of our readers for their continued interest in the next generation of materials
professionals.

Sincerely,

The Editorial Board
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Letter from the Department Head

David Clark, Materials Science and Engineering

Dear Students and Colleagues:

A s is evident from the papers
presented in the first three
volumes of JUMR, we as faculty

place a great deal of emphasis on
providing a research experience for

our students —undergraduate as well
as graduate. The papers published
in JUMR represent a fraction of
the research that is on-going in the
broad world of materials. Faculty,
industrial and government program managers know that keep-
ing research funding in place for a wide range of topics and for
all levels of students presents an extraordinary challenge.
Through participation in Congressional Visits Days (CVD),
students from across the country have a unique opportunity
to raise awareness about the vital role of funding for materials
research in academia as well as government and industrial labo-
ratories. The efforts of young people to engage our nation’s
leaders in dialogue on critical areas of research and education

is gaining momentum as more and more students are visiting
their senators and representatives. In the materials community,
these activities are being organized by the Federation of Ma-
terials Societies (FMS) and Material Advantage (MA) Student
Organization.

“The Materials S&E Students’ Congressional Visits Days
provide a unique experience not only for the undergradu-
ates and grad students who come to Washington, but also
for the members of Congress and their staffs who interact
with them. The students gain an understanding of how
federal research policies are made, and how those decisions
affect their academic and future professional careers. Sena-
tors and Representatives and their staffs gain a perspec-
tive they are not able to get from the statistical tables on
university research they are constantly bombarded with.
Through the students’ visits, faces are put on the numbers,
and the enthusiasm is contagious. Student Congressional
Visits Days are vital elements in the materials community’s
advocacy efforts. Thanks to everyone who participates!”

-Betsy Houston,
Excecutive Director
Federation of Materials Societies

“Student participation in Congressional Visits Day has been
an invaluable component all around. The accompanying

training and experience of conducting the visits are very
insightful into the inner working of the Federal govern-
Students are exposed to detailed information on
how innovation directly fuels the Nation’s economy, while
furthering America’s competitiveness in the global climate.
Legislators and their staff are engaged by students who
discuss their research and how they directly benefit from

ment.

federally funded research. The promise of tomorrow is
eloquently conveyed by students who share their enthusi-
asm for the material sciences & engineering.”

- Christian McKelvey,
Former Manager of Member Services & Student Affairs The
Minerals, Metals & Materials Society

“Conveying the importance of materials science and en-
gineering education and research to congressional staffers
is an extremely important task. Having our students serve
as ambassadors to convey the excitement and potential of
the discipline has to be one of the best ways to deliver our
message.”

- Ian Robertson,
Professor and Head,
Materials Science and Engineering, University of Illinois

It is important for us to remember that our students are the
future of engineering and science in the US. As word of the
CVD events and JUMR reach more students, we hope they will
choose to become an even larger force in keeping the research
wheel turning. We hope that university faculty and administra-
tion understand the important role that students can have in
shaping the future of R & D and will help support their travel
to CVD.

Sincerely,

Ve Ao i

David E. Clark

Professor and Head

Materials Science and Engineering
Virginia Tech
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Figure 1. University of Santa Clara’s solar house

Jessica Pritchard, English

midst an unceasingly intricate political agenda lies what
many consider a grave and often ignored issue: global
warming. It would be naive to overlook the current interna-
tional political and financial demands, but few can refute global
warming’s ever-increasing presence looming on the horizon.
Fortunately, technological developments have brought about
more affordable alternative energy sources, though most still
require a fairly steep investment. I stress the term investment
because alternative energy sources aren’t something you can
purchase with those ten hours of overtime last week, but think-
ing in the long-term, imagine the benefits that will come from
your green steps into the future.

B+ JUMR

The Basics

Solar panels convert sunlight into electricity through pho-
tovoltaic cells that use solar energy to free electrons, allowing
them to flow through the cell to create electricity.!! The sun
offers enough daily energy to generate and meet global energy
needs. Unfortunately, current technology generates a mere one-
tenth of one percent of these energy needs.!" This is not to say,
however, that the technology available today won’t contribute
to a healthier environment tomorrow.

Though solar technology remains in the beginning phases
of alternative energy developments, the products out today ap-
pear to be more attuned to environmental awareness than ever



before. Despite the slightly higher price tags and
comparably fewer energy efficient products,
green participation is far more attainable than
most would think, which is the idea universities
around the world have embraced through their
design and construction of individualized solar
houses.

Solar Houses: They’re All The Rage

The Solar Decathlon, an annual competition
held on the National Mall in Washington, D.
C. where 20 universities vie to build the best
solar-powered house, serves as a public venue
that demonstrates not only effective use of solar
energy but also creative structural design. Par-
ticipants, aware that every aspect of their design
must use solely solar power, face the challenge
of integrating innovative ideas with high-tech
materials to make “powerful, comfortable, and
stylish” homes that waste neither space nor en-
ergy.? Simply put, the Solar Decathlon illustrates
the amalgamation of nature and technology.

This year’s Solar Decathlon winner hails
from Germany. The Technische Universitat
Darmstadt, using strictly German-manufactured
products, has created a solar house where the owner uses every
nook and cranny, wasting little to no space. Not only does the
Technische Universitat Darmstadt take the lead in student-con-
structed solar houses but they also serve as the lead architects
in creating a solar-powered campus, known as Solare Lichtwi-
ese. The university is in the process of installing solar panels
atop each of its academic buildings that will then feed into the
German power grid.®! Outside of the university, Germany has
implemented a “solar feed-in tariff)” offering a 20-year flat rate
contract that allows citizens to tap into the German power grid.
This tariff will not only cover the initial cost of installing the
solar panels but will also pay off in the long-run because of the
contract’s flat rate, further corroborating the investment aspect
of solar energy.l!

The University of Maryland’s LEAFhouse placed second at
this yeat’s competition, combining not only energy efficiency
but also sustainability. LEAFhouse’s features include a curved
roof with solar panels arranged in angles intended to mimic the
change in the sun’s altitude over a year; a raised elevation that
allows for nature to reclaim the earth (“reducing its footprint,
literally and figuratively, of the land”) yet keeps the house an-
chored to the ground; and renewable construction materials,
such as FSC-certified lumber and bamboo flooring.! LEAF-
house uses a photovoltaic power system, one of the most com-

Solar Houses G

Figure 2. 3D Model of University of Maryland’s solar house

mon features in solar-powered homes, that generates electricity
through solar panels, charges batteries that then store electricity,
and converts solar energy into traditional household alternating
current. The house’s plumbing features Aquatherm Fusiotherm
polypropylene pipes fused together with fittings, reducing the
likelihood of cracks and breaks.

The University of Santa Clara, ranked third at this year’s
event, believes that idealism drives their “design with purpose”
mentality, as displayed in their Ripple House. Students from the
School of Architecture and the School of Engineering featured
energy-efficient materials in their design, such as integrated
bamboo I-joists, which can hold up to 10,390 pounds before
breaking or even bending. Bamboo is not only energy-efficient
but also environmentally friendly, having a faster growth rate
than wood and a root system that allows new shoots to grow
from old stalks.” Like the University of Maryland’s LEAFhouse,
the Ripple House implements a 7.5 kilowatt photovoltaic system
that has a battery reserve compiled of 2,500 pound lead-acid
batteries that can run up to five days without sunshine. Per-
haps one of the most innovative features of the Ripple House,
however, lies in the NanaWall, a sliding glass door that serves
as both a window and a wall. This eight-foot wide structure
contains highly-insulated, triple-pane glass that allows the maxi-
mum natural light to enter into the home with minimal energy

Spring 2008 « 7



B Solar Houses

lost through heat transfer.” Eco-friendly powder coat paints,
water-based wood finishes and recyclable aluminum adorn this
NanaWall, completing the environmentally conscious design.

The Virginia Tech team, who competed in the 2005 Solar
Decathlon and received first place in the architecture com-
petition, secks to inform and educate on alternative energy
through collaboration among students, faculty, and staff from
the College of Architecture and Urban Studies and the College
of Engineering. Tech’ solar house has an energy-efficient V-
shaped roof that holds 36 adjustable 200-watt SunPower solar
panels, which not only produces energy but also collects rain,
further contributing to another form of environmental friendli-
ness—water conservation.! This rainwater then supplies the
house’s water-filtering system. Aside from using innovative
technology, Tech’s solar house pays fine-attention to aesthet-
ics—"the emphasis was on environmentally friendly materials
for sustainable living” For instance, the floors consist of
cucalyptus wood that expands and contracts as the room heats
and cools, while the furniture consists of butcher block, which
pieces together smaller chunks of wood rather than cutting
large slabs from trees, thereby using more and wasting less.!
Beyond solar panels and environmentally-friendly materials,
Virginia Tech students also chose energy-efficient appliances,
including low-flow faucets, as well as a dishwasher, washer, and
dryer with energy star ratings. You can even decide the water
level used when flushing the toilet.

The walls are perhaps one of the most innovative features of
Tech’s solar house because they function as a light source within
themselves, serving as the light and allowing you to select dif-
ferent colors. Three of the house’s walls have two layers of
panels filled with translucent insulation. Between these panels
lie three systems: “ a motorized shade that allows the user to
control light and heat; linear, actuated vents at the top and bot-
tom that provide ventilation for further thermal control; and
dimmer-controlled LED lights that allow the user to make the

wall and colort, no paint required.”t"

Bring It Down a Notch

These energy efficient features aren’t strictly intended for
academic exploration—you really can integrate even the small-
est of features into your everyday life. The technologies avail-
able today can and will meet your daily energy needs through
solar power.

Bear in mind, though, that a solar electric system alone will
likely cost upwards of $72,000. With that said, if you plan on
building a solar-powered home, or even giving your current
home a green facelift, understand that it may take a while for you
to start reaping the financial benefits. Living in a solar-powered

8+ JUMR

Interior of the University of Santa Clara’s solar house

Figure 3.

home isn’t one of those instant gratification splurges, though
some may say that saving the environment is pretty rewarding,
with or without fiscal reward.

With that said, if building a solar house falls slightly outside
of your designated budget, try a few of these energy saving tips
offered by National Geographic:

1-  Replace your 75-watt incandescent light bulbs with 19-
watt compact fluorescents;

2-  Take the train for those shorter distance trips;

3- Use a fan rather than an air conditioner;

4- Replace older refrigerators (10 years or older) with
more energy-efficient Energy Star models;

5- Quit taking long showers! Limit yourself to 5 minutes.
This is really all you need;

6- Dry your clothes outside whenever possible. They’ll
smell better anyway;

7-  Eat more fish, eggs, and poultry—it exhausts fewer
fossil fuels;

8- Use public transportation whenever possible. It can be
fast, convenient, and often faitly cheap.”!

Life has innumerable uncontrollable factors--energy conser-
vation doesn’t have to be one of them. For once, we each can
take active steps towards eliminating, or at the very least reduc-
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Go green. Live clean. You know you want to.
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DISCOVERIES AND BREAKTHROUGHS INSIDE SCIENCE:

Bringing science from the laboratory to the living room.

A partnership between the National Science Foundation, the American Institute of Physics, the Materials
Research Society, and many more for the advocacy of science and technology in society.

Lane W. Martin', Diane Hickey?, Ben Poquette®, Professor Kevin Jones?, & Professor Jerrold Floro*

'"University of California, Berkeley, Department of Materials Science and Engineering

2University of Florida, Department of Materials Science and Engineering

3Virginia Polytechnic Institute and State University, Department of Materials Science and Engineering
“University of Virginia, Department of Materials Science and Engineering

ave you ever kicked back to watch your favorite science-

based TV programming and had the thought, “That’s
not so hard, I could do that”” With the help of a partnership
between the National Science Foundation (NSF), the American
Institute of Physics (AIP), 19 professional scientific organiza-
tions, including the Materials Research Society (MRS), and
Ivanhoe Broadcast Network, Inc., you might have the chance
to be a science-star for a day and to bring your work in the
laboratory to the living rooms of millions of American televi-
sion viewers.

The program, entitled Discoveries and Breakthroughs Inside
Science (DBIS), is a syndicated science and engineering news
service for local television newscasts. DBIS, which produces
twelve 90-second news segments per month, makes sure that
cach segment is reviewed for scientific accuracy and is centered
on a broad range of topics in engineering, science, technology,
and mathematics (STEM). DBIS has been producing science
related news stories since 2000 with the goal of promoting
awareness and appreciation among local TV news viewers of
the role of STEM in society. By delivering a broad spectrum
of research news, DBIS hopes to highlight the critical role of
science and engineering to society while exposing audiences to
a diverse array of STEM professionals.

DBIS was founded on the premise that most of the American
public does not pick up the latest copy of JUMR, Science, Nature,
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or other science-related publications to get their science news.
Studies have shown that the majority of the American public
gets their (limited!) science-based news exclusively from TV.
Studies by the Pew Research Center have found that since 2000
more than 56% of those polled regularly watched TV news
programming!'l and a NSF Science and Engineering Indicators
(SEI) study that same year found that 44% of those polled cited
TV as their leading source for science and technology informa-
tdon. Of those polled in these studies, only 8% noted that
they watched in-depth science programming like NOIZA on
PBS. Furthermore, the 2004 NSF SEI study found that 50% of
those surveyed would be interested in hearing about STEM de-
velopments; however, only 15% of those surveyed considered
themselves “well informed” while 30% considered themselves
“poortly informed” about science and technology in society
today.”! Over the last decade, the way in which the public gets
their news and information has changed greatly. However, even
as internet and online news sources have flourished at the ex-
pense of other more traditional news sources, TV has remained
a steady source of news for many individuals.™"

With this in mind, the American Institute of Physics and the
NSF paired up with a number of scientific professional organi-
zations to create the DBIS program. DBIS focuses its efforts
on creating over 144, 90-second peer-reviewed reports for dis-
semination on TV news casts and on the internet each year.



Discoveries and Breakthroughs Inside Science I

The stories produced by DBIS come from many locations—in a
period from May 2005 to April 2006 DBIS produced 59 stories
from research universities press releases, 29 from partnership
contacts, like MRS, 19 from journals or news magazines, 17
from professional STEM meetings, 11 from newspaper articles,
7 from government or company press releases, and 2 from
internet science news websites. As partnerships organizations
evolve the symbiotic nature of DBIS has grown. MRS, for in-
stance, has seen fit to extend their involvement with DBIS after
an exciting and fruitful initial experience in the program. The
MRS-based DBIS Committee consists of members of different
ages, scientific backgrounds, and geographic locales, in order to
bring well-balanced, broadly interesting materials-related news
from the ranks of the MRS membership to the American public.
When searching for new stories for submission, the MRS com-
mittee is looking for stories that will be visually stimulating and
transition well from paper to the camera. In order to impact the
broadest number of viewers, stories must be of interest nation-
ally and should provide direct benefits to the general public in
the next few years. All in all, the committee tries to identify
new materials research that has resulted in a tangible solution
or explains a scientific or technical mystery that is of interest to
more then just their scientific colleagues. Most importantly, the
news is about the people, about the researchers involved, and
the committee is always searching for a scientist or outside ex-
pert who can illustrate a complex concept to a general audience.
By putting a face to the research, DBIS has the best chance to
bring science to the general public.

In the first year of the MRS committee’s involvement with
the DBIS program, we have experienced great success in bring-
ing the work of MRS members to story production. We have
successfully been involved in the production of stories rang-
ing from Man-Made Diamonds to Metal Rubber to bioactive
toothpaste. And most importantly, the program works. As of
February 2007, there were over 110 stations in the United States
with subscriptions to the DBIS program. This means that on
any given day a DBIS story could reach over 70 million viewers
in the United States as well as the viewers of another 48 Span-
ish language stations. Furthermore, DBIS has partnered with
public transit organization in cities like Atlanta, Chicago, Los
Angeles, Milwaukee, Norfolk, Orlando, and San Diego, to bring
DBIS clips to the riders of public transportation. Finally, DBIS
has also extended its dissemination to new platforms including
Roo Media, ScienceDaily, Voxant, Clip Syndicate, and Voice of
America (seen in over 13 countries). This continued growth
has lead to the production of the 1000™ DBIS segment in 2006
and hope for continued success in years to come.

If you are interested in seeing your research gain nationwide
attention or know of a great scientific mind who could bridge
the divide between the general public and science, please con-
tact the MRS-DBIS committee: Chair - Prof. Jerry Floro, Uni-

versity of Virginia, floro@pvitginia.edu, or Anita Miller, MRS
Headquarters, amiller@mrs.org. Our stories can be viewed at:
www.aip.otg/dibs.

DBIS Partner Organizations:

Acoustical Society of America; American Association
of Physics Teachers; American Association of Physicists in
Medicine; American Geophysical Union; American Industrial
Hygiene Association; American Institute of Physics; American
Mathematical Society; American Meteorological Society; AVS
Science and Technology Society; American Society of Civil En-
gineers; American Society for Microbiology; American Water
Works Association; Human Factors and Ergonomics Society;
Incorporated Research Institutions for Seismology; Institute of
Electrical and Electronic Engineers — USA; Materials Research
Society; Mathematical Association of America; National Sci-
ence Foundation; Optical Society of America; Space Telescope
Science Institute; Universities Research Association

Related Links:

DBIS - www.aip.otg/dbis

Pew Research Center - http://people-press.org
Gemesis Corp. - http://www.gemesis.com
Nanosonic, Inc. - http://www.nanosonic.com

U.S. Biomaterials Corp. - http://www.usbiomat.com
Roo Media - http://www.roomedia.com
ScienceDaily - http:/ /www.sciencedaily.com

Voxant - http://www.voxant.com

Clip Syndicate - http:/ /www.clipsyndicate.com
Voice of America - http://www.voanews.com
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Figure: (From left to right) Screen shots from various DBIS
stories including: Metal Rubber, Man-Made Diamonds, Bug
Breakthrough, and Molding Fingerprints.
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Tricia L. Niswonger

T he Congressional Visits Day (CVD), sponsored by The
Federation of Materials Societies (FMS) and the Material
Advantage Student Program, is an event that gives students
and faculty an exciting opportunity to visit on Capitol Hill with
members of the U.S. Congress and congressional staffers from
their own states. The 2007 event was held March 19-20. The
goal of the event is to educate Congress about the importance
of research in materials science, engineering, and manufacturing
and the need to increase federal R&D funding. Approximately
60 Material Advantage students and faculty from 11 schools
from around the country journeyed to Washington to partici-
pate.

CVD kicked off with a half-day orientation session to prepare
the students for their visits with the legislators. A federal budget
overview as well as a session on how to communicate effec-
tively with congressional staff were two of the topics during the
orientation. In addition, members of two panels, one focusing
on the administration and the other on Congtess, were available
to answer questions before students headed to the Hill.

Training presenters included:

*  Kei Koizumi, director, R&D Budget & Policy Program
for the American Association for the Advancement of
Science.

*  Dan Byers, deputy associate director, Office of Science
& Technology Policy.

e Lance Haworth, director, Div. of Materials Research,
NSE

*  Raymond Orbach, undersecretary for science, DOE.

*  William Jeffrey, director, National Institute of Standards
& Technology.

e Jim Turner, chief counsel, House Committee on
Science & Technology.

12 « JUMR

e Julia Jester, legislative assistant, office of Representative
Vern Ehlers (R-MI).

*  Colleen Shogan, legislative assistant, office of Senator
Joe Lieberman (I/D-CT).

*  Jack Wells, science fellow, office of Senator Lamar
Alexander (R-TN).

*  Deborah Koolbeck, policy advisor, Healthy Families
& Communities Subcommittee, House Education &
Labor Committee.

After the orientation session, students and faculty were divid-
ed into teams and, before heading to appointments with various
legislators for the remainder of the afternoon, “practiced” the
presentations that they would make. Later, in addition to meet-
ing with congressional leaders, students had the opportunity to
meet with leaders of scientific agencies and societies and attend
congressional hearings.

The students finished the first day by attending the Materials
Education Showecase, a grand display of exhibits that encour-
aged co-mingling of Congressional members, students, faculty,
staff and exhibitors. Organized by the Federation of Materi-
als Societies, this showcase included demonstrations, media
displays, and poster representations of the community efforts
that expose young people to the wonders and opportunities in
science, technology, engineering and mathematics education
using materials science and technology examples.

On the following morning, more congressional visits oc-
curred followed by a wrap-up luncheon and evaluation session
at Pizzeria Uno in Washington’s landmark Union Station.

About the Author

Tricia L. Niswonger is The American Ceramic Society liaison
to the Material Advantage Student Program.

*Published with Permission; First published in May 2007 issue of The American

Ceramic Society Bulletin.
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The Materials Engineering Professional Societies (MEPS) is an academic and social organization

run by the MSE student body at Virginia Tech. Each year, MEPS members represent the VI MSE

department during professional conferences and Congressional Visits Day.

Additionally, MEPS hosts guest speakers and sponsors various field trips throughout the year. The
organization also helps recruit interest in MSE through open houses and various outreach events.
Socially, MEPS participates in numerous activities, such as intramural softball, bowling tournaments, and

football tailgates for the College of Engineering.
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urnal of Undergraduate Materials Research 2007 Conference and Exhibition

The Journal of Undergraduate Materials
Research (JUMR) hosted a symposium
at the Materials Science and Technology
conference in Detroit, Michigan on
September 17, 2007. The symposium
was created for undergraduate student
presentations related to materials science
and engineering. Participating schools
included:

* Florida International University
Virginia Tech
University of Connecticut
University of Missouri-Rolla
University of Pittsburgh
University of Washington
sthlngton State University

Additionally, Dr. Uma Venkateswaran from the National Science Foundation discussed
numerous research opportunities for undergraduates to pursue. The symposium was an
excellent opportunity for Undergraduate students to present their research, and JUMR looks
forward to hosting another symposium at MS&T'08 in Pittsburgh.

Speakers and session chairs af the MS&T'07 JUMR symposium



University of Wisconsin-Madison Department of Materials

Science and Engineering

he Department of Materials Science and Engineering
at the University of Wisconsin-Madison is a dynamic
community of outstanding faculty, dedicated educators
and talented students. The department has had several

undergraduate students. Thus, our class sizes are small,
and our faculty and staff know the students. There is
opportunityfortheundergraduatestudentstoworkinfaculty
members’ research labs. There is a well established Co-

names

and has offered
several different degrees

UNIVERSITY OF

op Education/Internship
Program through which

since its founding in the mid
1800s. Until the mid-1990s,
the BS in Metallurgical

VVISCONSIN

students can get valuable
industrial experience as an
undergraduate.

Engineering had been the

primary degree offered. M A D

There are many

S O N

A BS degree in Materials
Science and Engineering is now offered.

There are 16 faculty who teach materials science and
engineering courses in the department to about 60

undergraduate scholarships
availableincluding the Frank Worzala Memorial Scholarship,
the Pat and Dick Moll Scholarship, the Tiemann
Scholarship, and the Harry M. Clarke Scholarship.

Boise State University College of Engineering

aterials Science and Engineering is a dynamic
field that is arguably one of the most important
engineering disciplines. Materials Engineers combine
material properties and structures with fundamental

knowledge to optimize and develop materials.

* performance analysis of materials in use,
e investigate modes of failure,

* behavior of materials under various
conditions,

* manufacture new products from raw

materials.
Materials such as metals, Materials ~ Science  and
ceramics, polymers, Engineering 1s an
semiconductors, and | E @ .|- A -|- E interdisciplinary field.
composites are part of our Physics, chemistry and
everyday lives. Materials U N I V E R S I TY engineering sciences are

Engineers strive to improve
such materials by studying

core concepts needed to
study a material’s structure

the following: and properties in order to develop materials that meet the

e extraction of materials from natural and demands of modern technology. Many other university
recycled resources, departments and affiliate faculty are involved and support
e selection of appropriate materials for a the MSE program and research topics.

given application,
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Structural Assessment of an Internal Fixation System for a
Forearm Long Bone Mid-shaft Fracture

MyKal Woody

Savannah State University, Department of Engineering Technology
3219 College St. Savannah, GA 31404

Abstract

A novel low cost manufacturing method for bone replicas is developed in order to provide cross sectional geometry
for 3-D modeling. A Finite Element Analysis (FEA), based on this geometry, is used to predict stress distributions
in the radius with and without an internal fixation device attached. The changes in stress distribution under tensile
and torsional loads are quantified and agree well with predictions in current literature where more expensive mod-
eling techniques are used. Normal stresses near the radial cortex are seen to be higher with the fixation device,
however stress gradients are substantially steeper resulting in lower tensile stresses with decreasing as radial
distance. Shear stress minimum values increase with the presence of the plates and do not reverse direction as
is the case with the un-plated radius. Stress shielding effects due to the plates and stress concentrations due to
the holes are observed to significantly affect stress magnitude and distribution in the radius bone with a fixation
device. The results from this research support the conclusion that fixation devices leave bones more susceptible

to future injury.

Keywords: Internal Fixation, Radius, Finite Element, fracture, repair

1. Introduction of the forearm to fully function may be

reduced due to the presence of the plate
Accidents and their resulting injuries and/or screws, impropet union, or callus
are everyday occurrences. For persons ’ ] | I I ] | formation. If the patient requires full
with  physically demanding careers
(athletes, construction workers etc.), the

occurrence and severity of these injuries

use of the forearm for his or her career,
inadequate forearm function after surgery
and bone healing may potentially trigger

are higher than normal. The radius is Figure 1. Dynamic compression plate a lawsuit against the operating surgeon
one of two long bones (the other being applie_d to an.ulna mi(.j-s.haﬂ fracture or group. This may occur even if the
the ulna) in the forearm which transmit (Reprinted with permission from patient was advised of potential surgical

Wheeless Textbook of Orthopedic
Surgery)

and distribute loads from the wrist to
the elbow. A typical mid-shaft fracture is importantly, substantial loss of forearm
repaired using Dynamic Compression Plates (DCP) as shown use may significantly reduce the quality of life and health of
in Figure 1. The DCP system provides compressive stresses —the patient. It is therefore essential to understand the internal
as well as stability at the fracture interface. These phenomena changes in the bone that may occur if plates are retained after
improve bone union and decrease external callus formation the bone has healed.

during healing. Once the fracture has fully healed, the ability

complications prior to surgery. More

16+ JUMR



1.1 Other Literature

When modeling bones for testing, several variables need to
be considered. Martin!" presented a mathematical model that
could be histologically measured and related to the mechanical
properties which determine bone function. The model aided
in studying phenomena such as Wolff’s Law', regional ac-
celeratory phenomena, and fluorochrome label escape errors.
Properties of the trabecular bones were treated as variables in
this work. By comparing prism and cube-based cell types, Kow-
alczykP! parameterized elastic properties for the trabecular bone
as FE models. Other literatures published on the subject of
fixation devices have analyzed their performance. Gardener et
al.¥ characterized the stiffness of the Orthofix DAF (Dynamic
Axial Fixator), an external fixation device, using a mathematical
stiffness matrix. The analysis provided the means of analyzing
inter-fragmentary motions that arise from physiological load-
ing, regardless of complexity. Conjunctly, Claes et al” provided
a complete description of fixation stiffness needed to predict
inter-fragmentary movement and potential effectiveness of de-
vice configurations. Results from the above investigations may
provide insight into the FE results of this work on long bone
performance with fixation devices.

1.2 Overview

In this work, Finite Element (FE) models of the radius and
ulna bones with and without fixation devices are developed.
The radius and ulna are restrained at the proximal ends and
loaded at the distal ends in tensile and torsional modes. The
load types used in the FE model simulate typical forearm usage
during daily activity.

An inexpensive manufacturing method is also developed
for suitable radius and ulna replicas. The replicas, made from
lightweight plaster, are derived from geometrically correct
plastic models. The method employs a manual counterpart to
the cat scanning technique in order to obtain 2-D images to be
extruded into a 3-D model.

2. Procedure

2.1 Manufacturing Method

This research introduces a cost-efficient way to replicate
and transfer the radius and ulna geometry into CAD software.
The process utilized Woodland Scenics lightweight Hydrocal,
modeling clay, and talcum powder to create the bone replicas.
In order to prevent adherence of clay to bone, the bone was
lightly powdered with talcum powder. Modeling clay was then
wrapped around the bone leaving the most irregularly shaped
end of the bone exposed. With a scalpel the modeling clay was
carefully cut in two halves. Once the bone was removed from
the clay, both halves were evenly pressed together. The process

MyKal Woody [ IR

is repeated for the irregularly shaped end in order to obtain a
full sized replica. Figure 2 shows an exploded view of the long
bone enclosed in two clay molds.

g
Figure 2. Clay molds and plastic bone used to create
replicas

2.2 Replication of the Bone Model

The Hydrocal mixture was created by adding water to the
powder in a 3/5™ mixture of water to powder. This resulted
in a softer material upon curing such that slicing could be ac-
complished successfully. Once the paste was poured into the
mold, air bubbles were removed by lightly shaking it. The model
was then allowed to dry overnight in an upright position. The
replicas were cut into one-inch sections and marked with a T on
the tops for orientation purposes. All cross sectional slices were
scanned in order to provide 2-D images to be imported into a
3-D modeling software package (SolidWorks). Some of these
cross sections are shown in Figure 3. The conversion factor for
the model was created by dividing the actual measurement of
the marker by the measurement of the marker in SolidWorks.
A measurement of the marker in SolidWorks was obtained by
measuring it with a line segment.

Figure 3. Scanned cross sectional slices for the radius
model
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Once all images were imported into SolidWorks and properly
scaled, splines were sketched along their perimeters in their re-
spective planes. Each plane was separated by one inch. To make
the cortical and trabecular parts of the bones, the basic radius
was copied three times. All of them were converted into either
the cortical bone, left-end of the trabecular bone, or right-end
of the trabecular bone. The original sketches were copied and
resized to one fourth of their original size at the ends of the
cortical bone and the area in the middle was reduced by half of
the original size. Each cross-sectional sketch was extruded by
0.2mm to create profiles for lofting;

Screws were made in a similar fashion. The head of the screw
was created from sketches of concentric circles that were lofted
together. The top circle has a diameter of 5.0mm, the middle
6.0mm, and the bottom 3.5mm. By extruding the bottom
circle to another circle 18.0mm below it, the shaft was created.
Threads for the screw are created using the cosmic thread com-
mand and the 3.5mm circle at the end of the shaft.

The plates for the fixation device were created by extruding
a rectangular sketch 3.3mm. Six circles were sketched on the
plane on the top face of the plate. These circles were in two
groups, starting 10.4mm from the (proximal/distal) ends of the
plate and spaced an additional 10.4mm apart from each other.
Each circle was cut-extruded through the plate and lined with
the threads using the cosmic thread command.

3. FE Model

3.1 Numerical Properties

Separate models of the radius with and without an attached
DCP fixation system were developed. The plate and screws
were modeled as being perfectly bonded to the bone as well as
each other, therefore no relative movement between bone and
plate was allowed. The cortical bone was modeled as isotro-
pic, while the trabecular bone was modeled as an orthotropic
material. The Young’s modulus and Poisson’s ratio values used
for the cortical bone were respectively, 11.4 (MPa) and 0.29.1
Trabecular bone material properties in their respective x, y and
z-directions were: Elastic Modulus, 239 MPa, 309 MPa, 823
MPa; Poisson’s ratio 0.169, 0.063, 0.423; and Shear Modules, 73
MPa, 134 MPa, 112 MPa.["

A semi-course mesh with solid tetrahedronal elements was
used for both models. The plated model consisted of 37,222
elements while the un-plated model consisted of 25,000 ele-
ments. The elements used were Jacobian in order to compen-
sate for the nodes that contact on irregular edges. Bones were
restrained at their proximal end under a cantilever condition. A
10N force was applied at the distal end for all bones. The force
was applied axially in order to simulate a tensile load. A 1 N.m
couple was also separately applied at the distal end in order to
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simulate a torsional load. The 3-D plated radius model used in
the FE analysis, as well as a plated ulna model also developed, is
shown below in Figure 4.

, ———

Figure 4. FE model of plated radius and ulna bones

3.2 FE validation

The mesh size was varied between course and fine to check
for convergence. It was observed that stress results did not very
substantially with mesh sizes finer than the semi-course mesh
used. Additionally, an FEA of a hollow cylinder was developed
using the same type of element and approximately the same
number of elements. The tube was modeled using cortical bone
properties only. Stress results for the cylindrical tube under ten-
sile and torsional load agreed well with theoretical calculations.

4. Results & Discussion

All results obtained from the FE analysis are graphed as
stress vs. distance, measured from the surface inward towards
the center of the bone. These graphs capture the local changes
in the stress along planes transverse to the bone’s longitudinal
axis. They also allow for observation of general trends in the
stress distribution which may have arisen due to the presence
of the plates.

4.1 Tensile Load Results

For descriptive purposes, we will define the mot proximal
screw as the “first” screw position. Figure 5 shows a plot of the
normal stress distribution along three transverse planes (seties
1-3) for the plated bone. The 1* plane (series 1) is located on
the proximal side of the first screw position; the second plane
(series 2) is between the first and second screw, and so on. Figure
6 shows a similar plot for the un-plated radius. Based on Figures
5 and 06, the presence of the fixation device results in initially
higher stresses near the cortex, however there is a substantial
drop in these magnitudes at locations further inward. Normal
stress values drop by as much as 80% at approximately 12mm
from the cortex of the plated bone (Figure 5). Conversely,
there is little or no normal stress reduction in the plated bone at



corresponding locations (Figure 0). It can also be observed that
the difference in the normal stress values at equidistant points
(from the longitudinal axis) on different planes is substantially
smaller for the plated bone. For example, near the surface of
the un-plated bone (x = 0), the normal stress values differ by
as much as 26% (series 2 vs. series 3), while the plated values
maximum difference is approximately 7% at x = 0.
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Figure 5. Normal stress distribution: plated radius
under tensile load
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Figure 6. Normal stress distribution: un-plated
radius under tensile load
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Figure 7. Shear stress distribution: un-plated radius
under torsional load
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4.2 Torsional I oad Results

Figures 7 and 8 show the shear stress distribution along the
same planes (defined in section 4.1) for the un-plated and plated
bones respectively. The graphs show that the absolute values of
the shear stresses in the un-plated and plated bones decrease
to minimum values around 5 mm from the cortex and then
increase further inward. The shear stress values and trends do
not appear to change substantially with the presence of the
fixation device. However, the plates do increase the minimum
shear value (absolute) attained along the planes furthest from
and closest to the applied load. Additionally, once this mini-
mum value is attained, the shear direction is observed to reverse
along three planes in the un-plated bone (series 2-4, Figure 7).
This reversal only occurs on one plane in the plated bone (series
2, Figure 8). For the plated bone, the shear stresses along the
planes closest to and furthest from the applied load do not
reverse direction with increasing distance inward.

5. Conclusion

The decreased normal stress with the presence of the plates
supports the concept of stress shielding advocated be many
authors.™ ¥ Stress shielding implies that the plate takes some
of the load away from the bone. The consequences of stress
shielding however may be detrimental to bone strength as bone
will remodel and adapt to the level of stress that is placed on it
(Wolff’s law). The steep stress gradients created due to the pres-
ence of the plates may also result in high density or strength gra-
dients. This fact should be of concern to patients and surgeons
as this increases the likelihood of micro-cracks during strenuous
repetitive activity. Since the model did not account for slippage
between plate and bone, it is a conservative one. Relative slip-
page would introduce added shear stress near the cortex and
contact stresses, which may affect bone vascularity."” These FE
results indicate that plate retention after the fracture has healed
may result in a bone that is more susceptible to micro-cracks
and reduced density in the vicinity of the plates.
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Biocompatibility and Hardness of Ti-Hf and Diamond-like
Carbon Coatings for Orthopedics

Stephanie Kuhn
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Abstract

Every year, about 300,000 total hip replacement (THR) surgeries are performed in the United States. The typical

lifespan of an implant ranges between 10 and 20 years, with implant failures largely due to materials issues such

as biocompatibility, wear, corrosion, and premature stress failures. The objective of this research is to examine the

feasibility of using a new class of materials, namely Ti-Hf alloys and low friction diamond-like carbon (DLC) coat-

ings, for improving the performance of orthopedic devices. Biocompatibility and hardness tests were performed,

which showed Hf did not adversely affect the biocompatibility of Ti and that the DLC coating did not adversely

affect the biocompatibility of the Ti-Hf alloy. Furthermore, the biocompatibility of the Ti-Hf alloy was comparable

to that of Ti-6Al-4V. The research was done as a collaborative effort between the College of Engineering and the

School of Veterinary Medicine at the University of Wisconsin — Madison and NASA Glenn, Cleveland, OH.

Keywords: biocompatibility, diamond-like carbon, hemocytometer, orthopedic, Ti-Hf

Introduction

Every year, about 300,000
total hip replacement (THR)
surgeries are performed in the
United States. The cost of a
single procedure can exceed
$20,000."  The most com-
mon recipients of THR’s are
between the ages of 65 and
70; however, it is becoming
more prevalent in the younger
demographic.”? The durabil-
ity of a THR, is in the range
of 10 to 20 years depending

on the patient’s age, weight, and physical activity. One of the
major issues associated with THR’s is that retrieval surgeries
are often needed to replace corroded, worn, or fractured parts
from the original implant. These procedures tend to be more
expensive and debilitating. The orthopedics industry aspires to

Avelabular Cup

Femnral Stem 1sues

Femaneal Thend

Teadd Resins

Figure 1. Components of a THR

6A1-4V alloys.

extend the life of the implant
and has concentrated on
developing new materials and
surface modifications that are
more biocompatible and cor-
rosion and wear resistant, as
well as those that exhibit high
strength.

A THR consists of three
main components, the ac-
etabular cup, femoral head,
and femoral stem, which can
be seen in Figure 1. The ac-
etabular cup is polymeric and
is usually made of ultra high

molecular weight polyethylene (UHMWPE). The femoral head
and stem are metallic and usually made of either Co-Cr or Ti-

Figure 1 summarizes some of the issues and their respective
locations on the implant. There is significant wear at the poly-
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mer/metal interface. The alloy used for the femoral head is sig-
nificantly harder than the polymer used for the acetabular cup.
This causes the generation of wear particles up to about 5um in
size, thus causing adverse tissue reactions. The rate of wear can
range from 0.1 to 0.5 mm per year depending on the weight and
activity of the patient.’! Fibrosis, an immune response eliciting
fibroblasts to combat foreign objects inserted in the body, is
well-researched in the orthopedics industry.! Fibroblast cells
are widely used in medical device research (ATCC), so 3T3
mouse fibroblasts were selected for biocompatibility testing.
The materials used for orthopedic implants must be biocom-
patible as well as exhibit good wear and corrosion resistance.
Material selection is only part of the issue concerning bio-
compatibility and implant longevity. Surface modifications are
also being studied as a means of reducing friction, minimizing
wear, and promoting bone ingrowth. Research has shown that
diamond-like carbon (DLC) coatings reduce polymer wear and
increase corrosion resistance in synovial fluid, the body’s natural
lubricant.”! DLC is a composite of carbon in the graphite and
diamond states, which has a low friction coefficient and high
hardness, and would be deposited on the femoral head.”) The
biocompatibility and hardness of Hf and DLC coatings were

segregation upon solidification, and a lower tendency for gal-
vanic corrosion. Limited studies have shown evidence that Hf
is biocompatible when used as a coating for biomedical applica-
tions, but no studies were found for which Hf was used in the
bulk material.”!

DLC coatings were selected for evaluation for the low fric-
tion coefficient in attempt to improve wear resistance.

2. Procedure

2.1 Sample Preparation

The metallic samples varied in surface roughness R , weight,
and surface area; therefore, they had to be polished to a compa-
rable R value in order to eliminate that variable during testing.
The samples were polished according to the procedure outlined
in Table 2. Weight was a non-issue since the biocompatibility
test protocol, created in part of the research project, requires
the cells be seeded on top of the surface of interest. The total
surface area was taken into consideration when analyzing the
cell viability results.

assessed via biological testing and hardness measurements.
Table 1 lists the materials that were used for testing. Materials for Bi(}ll}gi[‘al T{,‘ﬁt]]]g
1. Materials Selection Initial | Material Research Surface Modification
Research

The Ti-6Al-4V alloy was selected for evaluation because it . 5 — .
is commercially used for THR’s and exhibits good biocompat- Ti 20wt%Hi-80v% i 20vt%HI-80wt% T
ibility and strength-to-weight ratio. Aluminum and V are added \ Ti-BAI-4V
primarily to increase the strength of Ti, but the toxicity of V
is much greater than that of Ti.l Therefore, V was chosen as Hf
a negative control, while Ti was chosen as a positive control Table 1. Materials for biological testing
for biocompatibility testing. Hafnium was selected for evalu- '
ation because, similar to Ti, it
forms a passive oxide layer and Sample Preparation Procedure
is in the same group as Ti in Remove Polish
the periodic table, thus likely to Material |Pretreatment| Mount | from SiC Paper Colloidal
exhibit comparable properties. ';':;:19 320 00 500 800 1200 | Silica
Furthermore, Hf is expected .
to increase the strength of Ti T Raughen sarmp | e e & i &
because of the large difference v ;;:?:L;T;; [ Immediatey | ik, MiA X ¥ K
in atomic radii. TLarge solute e SiC W;::’;';dm I, [ -~ - " % "
atoms create localized stress : Tz 1351400 C :
fields, which impede disloca- il Mk pelompg | RO X . . . * .
tion motion, thus increasing the  60%Ti-40%Hf F Promoid =3 MM\ |1 me ity X % X % % %
strength of the material.®! The . VS .

reng ! 40%Ti-60%HF A mmediasy | x X ¥ X ¥ X
Ti-Hf phase diagram shows
very narrow two-phase regions, ~ 20%Ti-80%Hf e Immeditey | X £ X A X "

which implies that there is less
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Table 2. Sample preparation procedure




The samples were then removed from the mounts and
ultrasonically cleaned in acetone and ethanol for 3 mins each.
Profilometry measurements were performed to ensure that
the surface roughness was comparable (0.05 — 0.1 um) for all
samples.

2.2 Knoop Microbardness
Knoop microhardness measurements were performed for
the Ti-Hf alloy and Ti-6AL-4V at a 50g load for 12 seconds.

2.3 Diamond-like Carbon Thin Film Deposition

Plasma Immersion lon Implantation and Deposition (P11ID)
technology, pioneered at the University of Wisconsin — Madi-
son in the late 1980, was used to coat Ti-Hf alloy samples. An
Ar plasma cleaned the surface of the sample, and was followed
by an acetylene (C,H,) plasma, which created a DI.C film, with
2 0.5 um thickness, on the substrate (Figure 2).1""

2.4 Cell Cultures
The samples were individually packaged and placed in an
autoclave chamber at 125°C for one ht, to be stetilized prior to
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penicillin/streptomycin antibiotic."""”  The flask was placed
in an incubator at 37°C and 5% CO, for one week or until
cells became confluent. Confluent cells grow as a monolayer
to cover the surface of the flask. The 3T3 mouse fibroblast
cell line is categorized as adherent, indicating that the cells grow
on a substrate, and not in suspension. In order to transfer the
cells from one substrate to another, they had to be trypsinized.
Trypsin is an enzyme that breaks down the proteins that bind
cells to a substrate, thus suspending them in the growth medium
allowing them to be transferred. The Biocompatibility Test
Protocol, outlined in Appendix I, was developed and carried
out for each sample.

3. Results and Discussion

3.1 Knoop Microbardness

Figure 3 shows that the hardness of 80Ti-20Hf is comparable
to that of Ti-6Al-4V. Five measurements were taken for each
sample and an error of 1 standard deviation was assessed for
each sample. There is a large error bar associated with Ti-6Al-

in vitro testing, 4V, and it is most likely attributed
The cells were seeded on the to the presence of multiple phases
surface of a flask and about 20 mL. | Twrha % | that vary in hardness. Conversely,
of growth medium was added to | Mudecular Plasmn loms Ti-Hf has a much smaller error
cover the bottom of the flask, and Punp ‘t* l 1.4 i.f { bar, which can be attributed to the
changed every two days. Growth Biazed single phase microstructure.
medium is a solution containing Slage \
essential nutrients for cell growth, r 3.2 Cell Cultures
and consisted of Dulbecco’s Figure 4 shows that the biocom-
Modified Eagles’ Media with 2 mM Ceramlc ol patibility of Tiis much greater than
glutamine, 25 mM HEPES bulffer, Trmenl ot o m-'lih that of V, which confirms that the
1% non-essential amino acids, 10% " “1“'“ test methods were rigorous enough

fetal calf serum, 50 mgl" ascorbic
acid and supplemented with 1%

to adequately differentiate between

Figure 2. Plasma immersion ion implantation and i and V, as well as the Ti-Hf alloy

deposition (PIIID)!%
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and the other samples. The biocompatibility of the Ti-Hf alloy
is comparable to that of Ti, which means that Hf does not
adversely affect the biocompatibility of Ti. The biocompat-
ibility of the DLC coated Ti-Hf alloy is comparable to that
of the non-coated alloy, which indicates that DLC coatings do
not adversely affect the biocompatibility of the bulk material.
Lastly, the biocompatibility of both the DLC-coated and non-
coated Ti-Hf was comparable to Ti-6Al-4V.

4. Conclusions

A protocol was established for testing the biocompatibility
of metallic materials, and can be used for future work with
considerable efficiency. Cell viability results from the hemo-
cytometer showed that Hf does not adversely affect the bio-
compatibility of Ti. Similarly, DL.C coatings do not adversely
affect the biocompatibility of Ti-Hf alloys, suggesting that
DLC coatings have the potential to be used along with Ti-Hf
to improve wear resistance, thus minimizing the likelihood of
adverse tissue reactions. The biocompatibility of the DLC-
coated and non-coated Ti-Hf alloys were comparable to that of
Ti-6Al-4V, proving these materials could potentially be used in
orthopedic applications. Hardness measurements showed that
Hf strengthens Ti via solid-solution strengthening, which could
minimize stress-related failures in an orthopedic implant.

5. Future Work

This research covers the initial steps in exploring the potential
use of Hf and DLC in orthopedic applications. Further test-
ing should be done on a large sample set to establish statistical
viability at a 24 hr incubation time. It would be beneficial to
examine the long term effects of these materials on biological
systems and to establish biocompatibility with respect to other
relevant cell lines. Finally, 7z vivo biocompatibility testing would
be another option for future research.

Appendix |: Biocompatibility Test Protocol

1. Growth medium was disposed and confluent cells from
four flasks were trypsinized (5 mL/flask) for 10 mins.

2. Trypsinized cells were collected into a 50 mL tube and
15 mL growth medium was added.

3. The tube was placed in a centrifuge set to 23°C and
spun at 1600 rev/min for 10 mins to produce a cell
pellet.

4. Excess medium/trypsin was decanted and the cell
pellet was separated.
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10.

11.

12.

13.

14.

15.

2 mL growth medium was added to the 50 mL tube
and mixed.
A 1:5 trypan blue dilution (dilution factor = 5) was used
to count the number of living cells/mL to determine
the volume required so that each test well contained
5x10° cells.

a. 10 uL cell/growth medium solution and 40 pL
trypan blue was pipetted into a 1.5 mL tube
and mixed thoroughly.

b. 20 uL was pipetted onto a hemocytometer
slide and the viable cells were counted (cell
count = 81 cells).

c.  Equation 1 was used to determine the number
of cells/ul (4.05x10° cells/pul).

No. of cells | uL = cell count - dilution factor - 10 = 4.05x10° cells / uL (1)

d. Equation 2 was used to determine the volume
to be pipetted into each well to total 5x10°
cells (123 pl./well)

number of cells desired

2

Volume of cells / well =
number of cells | uL

An autoclaved metal sample was placed in a labeled
test well and growth medium was added to cover the
surface of the metal sample (Note: For those wells that
did not contain a metal sample, growth medium was
added to cover the surface of the plate).
120 pL cell/growth medium solution was pipetted into
cach well.
The plates were incubated for 24 hrs, followed by cell
viability testing.
Growth medium (which may have contained dead cells
that had detached from the substrate) was collected
into a labeled 15 mL tube.
Cells were trypsinized for 10 mins (trypsin covered the
surface of the substrate) and pipetted into the labeled
15 mL tube.
The tube was placed in a centrifuge set to 23°C and
spun at 1600 rev/min for 10 mins to produce a cell
pellet.
Excess growth medium/trypsin was decanted and the
cell pellet was separated.
250 pL. of growth medium was added to the tube and
mixed thoroughly.
A 1:1 trypan dilution was used to count the number
of live and dead cells/mL to determine the percent
viability.

a. 10 uL trypan blue and 10 uL of cells/growth

medium was pipetted into a 1.5 mL tube
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and mixed thoroughly (the 15 mL tube was 2005.
replaced on ice). [8] Material Science on CD-ROM, Vetsion 2.1. Aluminum
b. 20 pl. was pipetted onto a hemocytometer Alloys:  Strengthening, http:/ /www.matter.org.uk/
slide and covered with a cover slip. matscicdrom/manual/as.html. Accessed May 2007.
c. The live and dead cells were counted and [9] Mohammadi, S.; Esposito, M.; Cucu, M.; Ericson, L.E.;
recorded. Thomsen, P. Tissue Response to Hafnium. Journal of
d. The hemocytometer slide and cover slip were Materials Science: Materials in Medicine NVol. 12, No. 7, July
rinsed and cleaned with ethanol. 2001, pp. 603-611(9).
[10] Stidharan, K.; Reeber, R.R.  “Plasma Source Ion
Steps 7-15 were repeated for each metal sample. Implantation” Advanced Materials and Processes, 146, pp.
21-22,1994.1.
[11] Ball, M.D.; Downes, S.; Scotchford, C.A,; Antonov, E.N,;
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Optical Properties of an Electrochromic Device Based
on Poly (aniline 2-sulfonic) acid (PASA) Film, Formed by
lonically Self-Assembled Multilayers (ISAM) Technique
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Abstract

A new ElectroChromic Device (ECD) was designed and constructed based on lonically Self Assembled Multilayers
(ISAM) technique, in which oppositely charged polymers are used to construct films of multiple layers. The ECD
device proposed and studied in this work was based on Poly (aniline 2-sulfonic) acid, (PASA), as the active elec-
trochromic polyanion, and Poly (allylamine hydochloride), (PAH), as the inactive polycation. Cyclic Voltammetry
(CV) technique was employed to study redox properties of the polymer film and to help to determine the operating
voltage of the device. It was determined that the PAH/PASA ECD has two redox states between —700mV and
+700mV. The ECD with 40 bilayers demonstrated dark green to light brown to dark gray electrochromism, in the
—700mV to +700mV window. The major transmittance occurred at —-600mV (dark green) and +600mV (dark gray).
The ECD in the relaxed state, i.e. no voltage applied, is light brown. At -600mV, in visible spectrum, the highest

contrast (AT=27%) appeared at approximately 690nm (dark green) and at +600mV the highest transmittance in

visible range was a broad range between approximately 600nm to 710nm.

Keywords: Electrochromic, lonically Self Assembled Monolayers, ISAM, Poly (aniline 2-sulfonic) acid, PASA

1. Introduction

ECDs are devices that are constructed of thin polymer film
on conductive material. The polymer film reacts to voltage by
changing color and/or optical density.

The color change is reversible by reversed voltage and it is be-
cause of the redox properties of the electrochromic polymer(s).
When applying voltage, the electron flow will change the
electronic structure of the electrochromic material by reduc-
ing or oxidizing it, this change in structure appears as a change
in color and/or optical density. To date, some of the known
applications of optical switching are seven-segment displays
1, anti-glare mirrors ¥ and solar-attenuated windows Fl. Other
possible future application of ECDs is in flat panel displays.
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In this work we report the electrochromic properties of Poly
(aniline 2-sulfonic) acid, (PASA) which was used as a polyanion.
Poly (allylamine hydochloride), (PAH), a non electrochromic
polyelectrolyte, was used as the polycation to help form the lay-
ers of polymer film. In forming the polymer film, we used one
electrochromic polymer only; however two oppositely charged
electrochromic polymers can also be used to form a polymer
film. Such a device is called Complementary ElectroChromic
Device, CECD. **! CECDs are expected to have more redox
states compared to ECDs with just one electrochromic polymer.
ISAM technique was employed to construct the polymer film
on the substrate. In this method opposite charged polymers are
used to buildup several layers of polymers on the Indium Tin
Oxide (ITO) coated glass substrate. Due to the opposite charge
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Figure 1. ISAM technique, layers of opposite charged
polymers are used to construct the thin polymer film.

of neighboring layers, layers bind together to form the polymer
film as shown in Figure 1.

ISAM technique makes it possible to have nanometer con-
trol on the thickness of the film. The formed films are very
homogenous and smooth. Strong ionic interactions between
cationic and anionic layers make very stable and robust films.

2. Procedure

2.1 Substrate

A 25mm x 75mm x 0.7mm unpolished float glass, SiO, pas-
sivated with ITO coating on one surface (Rs =8 — 12 Q / sq) was
used as the conducting substrate (Delta Technologies, USA).
The non ITO surface and about 20 mm of the ITO coated
side of the slide was covered by electrical tape to prevent any
ISAM film deposition. Then the slide was cleaned with Acetone
and washed with Deionized (DI) water and dried with nitrogen
before the deposition of the ISAM film.

2.2 Solutions

All chemicals were reagent grade and were used as received.
DI water was used throughout the entire solution preparation
process. All chemicals were commercially available (Sigma-Al-
drich, USA). 2mM PASA solution (pH 3) was used as polyanion
and 10mM PAH (pH 9) was used as polycation. Both solutions
are water based and freshly prepared prior to use.

2.3 Film Deposition

ISAM technique was used to deposit thin film of PAH
(polycation) / PASA (polyanion) on the substrate. Substrate
was washed with DI water prior to the deposition process to
provide a negatively charged surface. Deposition was done at
room temperature, using an automatic dipping machine.

To form the first bilayer the sample was: 1) exposed to PAH
by spinning it in PAH bath for 4 minutes; 2) then washed in
three steps, 45 seconds each, with DI water to wash off any
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Figure 2. SEM image of 40 bilayers of PAH / PASAon ITO

loosely bound PAH molecules. After forming the first mono-
layer, the sample was; 3) exposed to PASA by spinning it in
PASA solution for 5 minutes and then; 4) washed with DI water
in three steps, 45 seconds each, to remove any loosely bound
PASA molecules. These four steps were to form one bilayer,
consist of one polycation and one polyanion layer. This process
was repeated 40 times to form a thin PAH / PASA film of
40 bilayers. This process can be repeated any desired number
of times and can be use to control the thickness of the ISAM
film. The electrical tapes were then removed. Scanning FElectron
Microscopy (SEM) was used to investigate thickness of the
ISAM film. The thickness of each bilayer is estimated to be 30
— 35 nm. The cross section of the film showed homogeneity as
shown in Figure 2.

3. Results and Discussion

3.1 Cyclic Voltammetry

After constructing the PAH/PASA thin film, a three electrode
CV technique was performed to characterize the electrochemi-
cal properties of PAH/PASA film in 0.1M NaClO , Aqueous
electrolyte solution. A Standard Calomel Electrode (SCE) was
used as the reference electrode and a platinum flag (wire) as the
counter electrode. The polymer film was scanned at 200mV/s
from —600 mV to +1400mV to investigate the redox states.
From the CV data operating voltage was determined to be in
between —600mV and +600mV. The oxidation peak appears at
approximately +600mV and reduction peak appears at approxi-
mately —600mV as shown in Figure 3.

3.2 Electrochronzic Switching in Salt Solution

The electrochromic device was then immersed in 0.1 M
NaClO, aqueous solution and the voltage was applied across
the device and a copper electrode that was also immersed in the
solution. The voltage was varied from —=700mV to +700mV and
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two color changes were observed at —600mV and +600mV, as it
was predicted from the CV data as shown in Figure 4.

3.3 Results

To further illustrate the redox properties of the electrochro-
mic material, we studied the optical properties of PAH/PASA
device using the UV-Vis. spectroscopy method. In this method
a concentrated beam of eclectromagnetic waves with varying
wavelength from 400nm to 1100nm was shined at the device
and the transmitted wave was collected at the other end of the
apparatus for detail analysis of transmittance and absorbance
behaviors of the device.

3.3.1 Absorbance

At —600mV the lowest absorbance in the visible range oc-
curred at approximately 510nm, which corresponds to the
dark green color of the
film, and the highest
absorbance occurred at
approximately 690nm
as shown in Figure 4
and 5.

At +600mV the
lowest absorbance in
the visible range oc-

the gray color of the film as shown in Figure 4 and 5.

3.3.2 Transmittance

The highest transmittance difference was observed between
the —600mV reduction peak and the neutral line. This showed
an approximately 27% (AT=27%) contrast, which appeared at
approximately 690nm wavelength as shown in Figure 6.

The highest contrast for the +600mV oxidized state was
approximately 25% (AT=25%) which was observed at approxi-
mately 480nm wavelength.

PARA

Ldmm’

curred at a wide range.
The lowest value was at
the highest wavelength,
which corresponds to

Figure 4. Color change of 40
bilayers of PASA at different
voltages. From left to right, at
—-600mV, 0.0mV, and +600mV.

Figure 5. Absorbance measurements of PAH/PASA device
at — 600mV (reduction state) and +600mV (oxidation state)
in comparison with the absorbance of the device at neutral
state (OmV).
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Figure 3. Cyclic Voltammetry of PAH/PASA at 200mV/s
scan rate, oxidation peak can be seen at ~ +600mV and
reduction is predicted to be at ~—-600mV.
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Figure 6. Transmittance measurements of PAH/PASA device
at —600mV (reduction state) and +600mV (oxidation state)
in comparison with the transmittance of the device at neutral
state (OmV). The highest contrast is about 27% that is
observed at ~ 690 nm, and is between reduced and neutral
states.



4. Conclusions

Redox properties of a system based on PASA was demon-
strated in this paper. PASA was found to have promising elec-
trochemical and spectral properties. PASA has two redox states
in the —1.0V to +1.0V range. The color change remains after
disconnecting the voltage, which confirms that the electrochro-
mic device based on PAH and PASA polymers has long term
memory. According to the CV data, the polymer film oxidizes at
+600mV and reduces at —600mV. The device changes color at
both oxidation peak (+600mV) and reduction peak (—600mV)
which agrees with the results from the CV. The device showed
about 25% contrast at the oxidation peak and about 27% con-
trast at the reduction peak.
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Abstract

With a low density and high bulk thermal conductivity, graphite foams are ideal for thermal management systems
such as computer heat sinks, radiators, and heat exchangers. Previous work has shown it is possible to improve
the foams performance by opening the porosity with nanoparticle additions in the foams precursor, an oil based
mesophase pitch.l"l The open porosity allows more fluid, such as air or water, to pass through the foam and carry
heat away. The original study, performed by Jennifer Mueller at Oak Ridge National Labs (ORNL), considered the
concentrations of nanoparticle’s used. The present study looked to determine the effects of using different types
of nanoparticles at a range of sizes from the nano- to micro- level. The study began by adding, respectively, silver,
ceria, alumina, tungsten, and nickel to different batches of mesophase pitch at a single weight percent concentra-
tion to create graphite foams with a significant amount of continuous porosity. The pitch was foamed, carbonized,
and graphitized. The final foam products were then measured in a variety of ways including thermal conductivity,
permeability, and scanning electron microscope (SEM). As a side project, an electroless copper plating solution
was passed through the foams to determine if a continuous and uniform copper coating could be built up. The
copper coating that was eventually obtained coated the foam walls without filling the open porosity and may help

to increase the foams solderability, strength, durability, and corrosion resistance.

Keywords: Carbon, Foam, Thermal, Electroless

1. Introduction Fare

Graphite foams are an excellent material for use in thermal
management systems such as computer heat sinks, radiators,
and heat exchangers. The graphite ligaments themselves have Graphite
a thermal conductivity of >1700 W/mK.® As can be seen in
Figure 1, they are usually aligned parallel to the pore structure,
which gives the bulk foam a thermal conductivity on par with
aluminum. The foams also exhibit a very low density of ap-
proximately 0.5g/cm’, one-fifth that of aluminum.?

planes

Figure 1. Optical image of graphite foam showing highly
aligned graphite planes
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Figure 2. Photograph of graphite foam

Previous work has shown that the addition of carbon
nanoparticles to the foam precursor, an oil based mesophase
pitch, will act as nucleation sites for pore windows during the
foaming process. The open porosity will create a more perme-
able foam with a greater capacity to let fluid move through it;
this will create a better performing system with greater overall
efficiency. Whereas the previous work looked at the effects
of varying the concentrations of the nanoparticles, the new
work looked to determine how particles of different materials
and varying sizes at the same concentration, 5 weight percent,
would effect the pore structure.

A side project looked to explore the feasibility of passing an
electroless copper plating solution though the foam with the
increased open porosity. A copper layer could help to improve
the foams solderability, strength, durability, and corrosion
resistance. The electroless plating side project

Particle Size Data
Iviean Size (wrn) | Median Size (um)
Slumana (0.05) Mot &ecurate
Alumana (0.30) 195 027
Ceria 539 499
Hickel 1269 969
Sibver 062 047
Tungsten 1134 10.72

Figure 3. Particle size data

(the analyzer used was unable to get an accurate reading on
the 50nm alumina because the particles were too small). The
pitch-particle mixture was heated in an oxygen-free atmosphere
to approximately 50°C above the pitch’s softening point. The
pressure and temperature in the furnace were then raised after
the pitch had melted. In its molten stage, the pitch formed
bubbles at nucleation sites, and mesophase crystals formed.
The mesophase pitch began to polymerize and the bubbles were
trapped in place creating a foam structure. After the foaming
process the material was carbonized by slowly ramping a furnace
up to 1000°C. Finally, the carbonized foam was graphitized at
2800°C in an inert atmosphere of nitrogen and argon.

2.2 Permeability

Tests were conducted at Oak Ridge National Laboratory on
an apparatus developed to measure the face velocity of air flow-
ing into and out of the system, thus giving a pressure drop. A
(2 x 2 x 0.25 inch) block of graphite foam was placed into the
system and the lid tightly sealed. The flow rate was manually
adjusted to obtain face velocities varying from 0 to 300 Ipm and
the corresponding pressures were recorded.

culminated in a continuous and uniform cop-
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measured particle size can be seen in Table 1
where the particles ranged from 11um to 50nm

Figure 4. The effects of the type of particle and processing pressure on
the foams permeability
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2.3 Scanning Electron Microscopy (SEM)

Samples were viewed with a LEO 1550 Field Emission SEM
with an accelerating voltage of 5 kV to view the graphitized
samples. Since the carbon foam is already electrically conduc-
tive, the samples did not need to be sputtered with a metallic
coating before being analyzed.

2.4 Electroless Plating

Electroless plating consists of three major steps: sensitizing,
activating, and plating. Sensitizing helps to gather all the readily
oxidized material on the surface. The activating step lays down
a layer that provides catalytic nucleation sites. The final plating
stage builds a uniform autocatalytic layer on the surface that
will continue to thicken as long as new solution is passed over
the surface.

2.5 Thermal Conductivity

Thermal diffusivity was measured using a xenon flash dif-
fusivity technique and thermal conductivities were calculated
using Equation 1. The technique involves a bulb flashing for
less than 1 millisecond and releasing a small amount of heat
on one side of the sample. An IR camera at the other side
measures the change in temperature.

(D

Where:

0. is the thermal diffusivity

K is the thermal conductivity

p C, is the heat absorbed by the material
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3. Results and Discussion

3.1 Particle Additions

The foams that were processed at higher processing pres-
sures had a higher pressure drop, meaning there was less open
porosity, compared to the foams processed at lower pressures
for a given material (Figure 4). Interestingly though, the ceramic
particles caused more open porosity than the metal particles at
the two lower processing pressures, but were about equal at the
400psi processing pressure.

At the 400 psi pressure level, very little change can be seen
in the thermal conductivity of the foams. The 200 and 300 psi
runs, however, show significant differences between the metal
and ceramic particles. See Figure 5.

The larger of the alumina and silver particles had respective
median sizes of 0.3um and 0.5um. The nickel and tungsten par-
ticles had a median size of approximately 10um. As can be seen
in Figure 5 below, the trend in these numbers is not consistent
with the trend in thermal conductivity. This means that cheaper
particles of larger sizes can be used to increase the thermal
conductivity just as effectively as the smaller particles.

3.2 Copper Plating

As can be seen in Figure 6 a copper coating was obtained.
The EDS analysis in Figure 7 shows that the pores are indeed
copper while the ligaments remain pure carbon. Figure 8 shows
a picture of the copper plated foam taken with the SEM. The
non-coated pores could have occured either because no plating
solution reached the pore or the copper fell out during the cut-
ting process.

4. Conclusions

Adding particles to the foam precursor helped to in-
crease the amount of open porosity and thus allow

k3

+ ~3/4"

Figure 5. The effect of the type of particle on the thermal
conductivity
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Figure 6. The inside of a piece of foam that was coated with
copper
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Figure 7. EDS analysis showing the pore as 100%
copper and the ligament as 99.96% carbon
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Figure 8. An SEM image showing numerous pores
coated with copper

more heat to be dissipated into the atmosphere more quickly.
The specific properties of the particles that affect the amount
of porosity have yet to be determined, but there is a very clear
trend that at lower processing pressures (less than 400 psi),
ceramic particles have a much greater effect than metal ones.
Thermal conductivity of the foams was also aided by the ad-
dition of particles at the lower processing pressures, but the
specific properties that are most important are still unknown.

The feasibility of coating the foam with a uniform layer of
copper was shown. Other plating materials should be possible
but at this point are untested.
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The Effect of Cornstarch Levels on the Surface Quality
of Extruded Soy Protein Plastic

Evan M. ZiolkowskKi
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Abstract

The ratio of soy protein isolate to cornstarch was studied in the extrusion of four different formulations of soy

protein plastic in order to qualitatively examine the surface quality upon extrusion. Levels of glycerol and moisture

were constant across all samples, and no other additives were used in the mixtures. Mixtures were made using a

planetary mixer, and then extruded using a single-screw extruder equipped with a 10.16 centimeter sheeting die

with a 0.152-centimeter opening. The surface of the extruded plastic became smoother with increasing starch

content, but the processability became too difficult with very high starch levels.

Keywords: soy protein plastic, biopolymers, sheet extrusion

1. Introduction

With increasing awareness of the environmental hazards
surrounding petroleum-based plastics, many have started
researching alternative materials to avoid these risks. One of
the primary environmental issues for any material is its relative
biodegradability. While petrochemicals have dominated the
plastics industry for the last 70 years, there are concerns about
the extended use of conventional plastics and the effect they
may have on the environment.!!" A widespread system for plas-
tics recycling is available in most areas of the United States, but
the system largely relies on the consumer to take responsibility
for his or her own refuse. For these reasons, demand for biode-
gradable plastics, such as those made using a soy protein base,
has risen in recent years.

1.1 Forms of soy protein

The three basic forms of soy protein are soy flour, soy pro-
tein concentrate, and soy protein isolate. Soy flour is produced
by grinding soybeans into a powder, discarding the hulls, and
extracting the oil. Soy protein concentrate, a more purified form
that contains approximately 65% protein, is made by leaching
out all of the water soluble carbohydrates from soy flour.” Soy
protein isolate, the purest and most expensive form, can be
produced by a chemical treatment process to bring the soy to
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an approximate 90% protein content.” Much of the research
done today on soy protein plastics is done using soy protein
isolate to better manage the levels of each component in the
mixture prior to processing.

1.2 Early research in soy protein plastics

The concept of using soy protein in both plastics and adhe-
sives has existed as early as the 1910s. Patents were firstissued in
1913 and 1917 for preparing plastics from a soy protein base.!"
In the early 1930s, Ford Motor Company researched methods
to develop and produce a soy-based resin that would be used in
their vehicles for interior plastic components. This and prior
research was ultimately abandoned because of the industry’s
overall move towards plastics based on petrochemicals for their
wide availability, easy processability, and lower price.!"

Today, the market is beginning to return its focus toward the
possibilities of more widespread use of soy protein plastics.!
The prospect of global climate change and the volatility of oil
supply and price is driving a demand for plastics made from
materials other than petrochemicals. Environmentalists have
been pushing for research in the area of biopolymers as a way
to reduce the amount of plastic consumed in the wotld.”? In
order to reduce petroleum-based plastic use on the consumer
level, further advancements must be made to allow for using
biopolymers in consumer plastics.



1.3 Recent research in soy protein plastics

The primary areas of research on soy protein-based plastics
are to reduce the cost of soy protein plastic products, and to
improve both their short- and long-term mechanical perfor-
mance.’! Recent research has already shown that various poly-
ols (such as sorbitol and glycerol) and water will plasticize soy
protein effectively, but each of the plasticizing agents created
somewhat different properties in the resulting plastics.! Some
alcohols studied for use as plasticizers are toxic to humans,
so the type of plasticizer used depends on the application of
the final product.’! Like different kinds of plastics, different
formulations and the soy-to-plasticizer ratio will also affect the
applications in which the plastic can be used.

One of the main problems currently hindering the use
of soy-based plastic in consumer product applications is the
relative processability of these new biopolymers in comparison
to the current consumer-grade plastics on the market. The
research world knows little about the behavior of soy protein
plastics when they are formed or molded using the common
methods of processing petrochemical polymers.
however, several research groups have done studies on the

Recently,

molecular composition” or mechanical properties of extruded
ot compression-molded plastic.l”

At the University of Wisconsin—Madison, recent studies have
focused on the rheology of soy protein isolate-based plastics,®
and this projectis continuing to expand on that research through
the examination of different formulations of soy-based plastics
and the surface quality after extrusion. This sheet extrusion
research focuses on altering the levels of cornstarch and soy
protein in the different formulations, while maintaining the

levels of water and glycerol in each composition.

2. Procedure

Four different formulations of soy protein-based plastics
were explored by altering the ratios of soy protein isolate and
starch. Soy protein isolate was used instead of soy protein con-
centrate in order to more carefully manage the ratio of protein
and starch in the formulations. These formulations were then
extruded using a single-screw extruder with a 10.16 centimeter
wide sheeting die to extrude an approximate 0.152-centimeter
thick profile. The extrudate quality was examined qualitatively,
with careful attention to the surface properties and the consis-
tency of the plastic.

2.1 Formulations

Each formulation was composed of soy protein isolate,
cornstarch, lab grade glycerol, and deionized water. The for-
mulations, shown in Table 1, are variations of those used by
Ralston.®
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The moisture content of each component of the formula-
tions was tested using a moisture analyzer. The moisture con-
tent was factored into the calculation to find the dry weight of
the components needed in each formulation.

Formulations by % weight
A B C D

Soy Protein lsolate | 31.2 | 26 | 208 | 13
Starch 208 26 | 312 39
Glycerol 18 18 | 1B 18

Dl vifater + Moisture | 30 30 30 30

Table 1. Composition of the formulations by weight
percent

2.2 Preparation

To prepare each formulation, the soy protein isolate and
cornstarch were measured and blended using a planetary mixer
for five minutes before adding the glycerol and deionized water.
Each mixture was then blended in the planetary mixer for ten
more minutes. The sides of the mixing bowl were scraped, and
any large pieces of material were broken apart. Each formula-
tion was then mixed for an additional fifteen minutes.

Each formulation was blended until the consistency was that
of a damp powder. Approximately 500g of each formulation
was produced, and was extruded immediately following the
mixing process to reduce moisture loss.

2.3 Exctrusion

Each formulation was extruded using a single-screw Braben-
der plasticorder extruder, with a 10.16 centimeter wide sheet-
ing die set at 0.152 centimeters in thickness, at variable speed
between 15 and 50 RPM. The temperature zones were set at
90°C, 125°C, 135°C, and 105°C from the first zone, immediately
following the feed throat, to the die. These temperatures were
chosen since it has been shown that an optimal injection mold-
ing temperature for soy protein plastics is 130°C.”) Though the
plastic was not being injection molded, the soy was still being
processed though an outlet with a small thickness.

3. Results and Discussion
For the purposes of this experiment, all observations were
qualitative in nature. Large differences were exhibited in the

processability and surface quality between each of the four
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formulations, so higher precision was unnecessary for the scope
of the project.

3.1 Observations during extrusion

Formulations A and B, the formulations with lower corn-
starch content, exhibited some tearing at the die during extru-
sion. Formulation A showed high tearing on the edges and
some roughness on the top and bottom faces of the extrudate,
where formulation B exhibited very little tearing on the edges
and smoother top and bottom faces.

Formulation C extruded with a fairly smooth overall surface,
and exhibited virtually no tearing at the edges of the plastic.
This mixture seemed to extrude the most easily of all tested
formulations.

Finally, formulation D extruded with some difficulty and was
unable to completely fill the die with material. The powder
would frequently squeeze back out toward the feed throat, even
when the screw was not filled with material. Nevertheless, the
surface quality of this formulation was smooth and comparable
to formulation C.

3.2 Observations after extrusion

All four formulations behaved similarly while cooling. The
extrudate was still flat and flexible, even when it was cool to the
touch. After it sat in open air overnight, the plastic was much
harder and curled slightly from the center to the edges across
the width of the extrudate. All of the formulations could be
cither cut with scissors or scored with a blade after this over-
night drying period.

Formulations A through C all retained a similar surface
quality, but formulation D had a drier appearance after drying
overnight.

3.3 Analysis of observations

Formulation A exhibited tearing at both the edges and the
top and bottom surfaces of the extrudate, and formulation B
showed only some mild tearing on the surfaces. It is assumed
that since the only difference between the two mixtures is the
increased level of starch in formulation B, that the higher starch
content was the reason for the improved surface quality. The
extrusion of formulation C further supported this statement,
because little to no tearing was observed on either surface or
the edges of the extruded material.

The difficulty with formulation D indicates that an upper
limit does exist in processing this basic formulation of soy
protein plastic effectively. The results for formulation D were
also poor when compared to formulation C. The addition of
other additives, such as soy oil, may be useful to the processing
of the plastic and further refine the extrudability of these basic
formulations.
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3.4 Mold growth

Prior to extrusion, formulations that were mixed and then
stored in plastic bags began to grow mold after one and a half
weeks of storage. The cause of this mold growth is unknown,
as previous formulations of soy protein plastic did not exhibit
this problem. After extruding, mold growth does not appear
to be an issue.

4. Conclusions

4.1 Feasibility

Increasing levels of cornstarch in the soy protein plastic
formulations clearly have an effect on the surface quality of
the final extruded plastic film. While the exact cause for these
differences remains unknown, it is possible that the inclusion
of cornstarch reduces the coefficient of friction between the
plastic and the metal screw and die. This idea could also explain
why formulation D had such difficulty in processing; very low
friction could cause the plastic to slip on the screw too easily,
which will reduce the overall processability.

Formulation C exhibited the most feasible combination of
processability and final surface condition out of the four mix-
tures tested. Since the ratio of starch to soy protein isolate was
3:2, it is possible that soy protein concentrate and cornstarch
could be used in the mixtures to produce similar results. The
lower cost of soy protein concentrate could allow more inex-
pensive but comparable materials to be produced.

4.2 Future research

This research could be continued by looking for a more
optimal starch level, and also by comparing the results of this
research to qualitative properties of the extrudate after includ-
ing other additives in the mixture, such as soy oil. Also, testing
the tensile properties, water resistance, variance of the coeffi-
cient of friction, and biodegradability of the extruded material
can continue the optimization process. These properties can
be compared to those of conventional petrochemical plastics.
Finally, comparative mixtures could be tested using soy protein
concentrate in place of soy protein isolate to see the variability
in properties between the two grades of soy protein.
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Abstract

A gold, parallel-plate capacitor test cell was used to make electrochemical impedance spectroscopy (EIS) mea-
surements on high resistivity gas turbine engine oil as a function of the oil additive type. The additive effects on
the EIS response were determined by analyzing ester-based basestock oil mixed with a single additive. This
work was performed for four different additives: antioxidant, metal deactivator, anti-wear, and extreme pressure.
Multiple measurements were made for each basestock-single additive mixture. To determine whether the EIS
response of each additive showed a significant difference, statistical analysis was performed on the data using
a student’s t-test. Low-frequency data showed the largest difference in additive responses. Statistical analysis

showed that the extreme pressure additive has the greatest effect on oil impedance. Mixtures of antioxidant and

metal deactivator additives did not show interaction.

Keywords: electrochemical impedance spectroscopy, sensor, turbine engine, oil, additive

1. Introduction

Recently, there has been a great interest in using electrochemi-
cal techniques as non-destructive methods for monitoring oil
quality."”! Oil quality can be a function of contamination, oil
degradation, and additive depletion. This paper focuses on
using electrochemical impedance spectroscopy (EIS) to study
individual additive effects.

Based on eatlier work that analyzed oil conditions using EIS,
a gold, parallel-plate sensor was used to make measurements for
various oil additives, figure 1.1
allow for the direct measurement of an oil binary mixture (oil
+ single additive) by negating interfacial reactions that would
occur using a bearing steel substrate. Several additives are used

The inert electrode materials

in oils and lubricants to protect the engine from heat and wear.
Monitoring additive levels can provide insight into their role
in preventing engine wear as well as signal timely oil replenish-
ment. Making distinctions in impedance data requires analyzing
statistical variations.

Oil additives in the synthetic ester basestock include: metal
deactivator, extreme pressure, antioxidant and anti-wear. The
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extreme pressure additive forms a tribological film on the
substrate under high pressures to reduce wear. The metal de-
activator additive protects soft metals in the lubricant system
such as Cu and Mg and chelates wear particles formed from
these metals. A chelating agent is a molecule that bonds to
specific ions in a solution and, in this case, prevents them from
reacting/interfering with the lubticating properties of the oil.
The anti-wear molecule creates a tribological film on the fer-
rous bearing and gear surface to reduce wear. The antioxidant
molecule reacts with free oxygen in hot engine environments
to prevent degradation of the oil basestock molecules. A more
detailed summary of the additives is found shown in table 1. It
should be noted that each additive concentration in the binary
mixtures (oil + additive mixtures) closely corresponds to ad-
ditive concentrations present in the full formulation for each
respective additive.

EIS analysis was performed on the basestock oil plus single
additive mixtures to understand the additive effects. In addi-
tion to the single additive mixtures, two additives were mixed to
determine the effects of additive interaction. Since the metal



deactivator additive tends to be acidic while the antioxidant
additive tends to be basic, these two additives were mixed and

tested for interaction.

To ensure that the variations in the EIS data were significant,
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for the statistical variation in data sets is necessary for making
predictions based on the impedance measurements (i.e. if the

results are within the range of statistical error, no prediction

statistical analysis was used to compare data sets. Accounting
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Table 1. Summary of oil additives found in a commercial grade

engine oil

Figure 1. Capacitive Impedance Sensor constructed for use in addi-
tive testing. The plastic case keeps the electrode faces at a constant
spacing.

can be made).

2. Procedure

All EIS measurements were made using a Gamry
Reference 600 Potentiostat/ Galvanostat/ZRA inside
of a copper Faraday cage. A two-electrode EIS set-
up was used to make the measurements (to prevent
impedance artifacts due to charging of a reference
electrode). Both electrodes were made of high purity
gold foil and all tests were performed at measured
room temperature (23 £ 2° C).

Construction of a sensor from an existing casing
allowed for a constant electrode spacing, The plastic
superstructure of an HS1101LF-ND humidity sen-
sor (obtained from Digi-key Inc.) was used for the
sensor casing, figure 1.

Pure gold foil, attached to copper wire leads, was
attached with epoxy to the inside of the case. Only
the electrode faces were exposed to the oils.  This
sensor was immersed in each of the additive/oil mix-
tures and the open circuit potential was monitored
for 10 minutes to ensure stability. All tests were per-
formed in open air and as such, absorption of a small
amount of ambient moisture by the oil was assumed.
Absorption was considered to be consistent between
tests and to have a minor effect on impedance. The
first test used fresh oil and a clean sensor. For the
second test, the oil was stirred but the sensor was not
cleaned. For the third and fourth tests fresh oil was

again used and the sensor was cleaned between tests.
The AC amplitude was 1V. This amplitude was se-
lected to reduce the noise in the data. (AC amplitudes
as low as 100 mV were studied and the trends in the
impedance response remained the same, however, the
noise increased.) The measured frequency range for
the test was 1,000,000 Hz to 0.001 Hz.

It should be noted that the gold electrode surfaces
were slightly non-planar and this could lead to the ap-
pearance of a second double-layer capacitance, which
appears as a second “hump” in a Nyquist plot of the
data. Charge that builds up at the surface gives rise
to a double-layer capacitance term. However, if the
surfaces are not flat, this double-layer can vary over the
surface of the electrode and can give rise to a second,
or psuedo-double-layer capacitance.
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For the tests involving the metal-deactivator and antioxidant
mixtures the same setup and procedure was followed, except
the frequency range was shortened. The frequency range tested
was 1,000,000Hz to 0.01Hz. Three different ratios of antioxi-
dant to metal deactivator were tested: 1:1, 1:2 and 2:1.

EIS data is typically displayed on Bode and Nyquist plots.
When dealing with AC, Ohm’s Law becomes V = IZ where
Z is impedance with real and imaginary components. A Bode
plot shows the magnitude of the impedance (|Z], also called
the modulus or Zmod) versus frequency on a logarithmic scale.

Nyquist plots show the imaginary versus real components of
impedance.

3. Results and Discussion

The data for the additive tests are shown in Figures 2 and 3.
Compiling the data from the four trials, an average impedance
value, with its standard deviation, was calculated at two different
frequencies (at a high and low frequency). The stated variance
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Figure 2. Bode magnitude plot of each BP oil tested. The left shows the full frequency range tested. The high frequency
data shows no difference between the oils. The graph on the right is an enlarged view of the low frequency range. The
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Figure 3. Nyquist plots of the oil additives. The figure to the right shows a zoomed in view of the lower impedance oils

(extreme basestock and full-formulation).
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in the tables represents one standard
deviation. For the high frequency
range value, 100 kHz was selected
because it lies in the linear range of
the Bode plots. For a low-frequency
point on the Bode plots 10 mHz was
chosen. At this point the slope has
changed and the impedance value
appears stable.

Statistical analysis was performed
for each sample using a paired t-test.”
Each sample was first compared
to the basestock oil then to the full
formulation. The t-test values on the
table indicate a statistical significance
ata 95% confidence level. The prob-
ability of the null hypothesis (that
there is no difference in the samples,
H,) is also included to show the how
far from the confidence level each
sample is. The data is summarized
in table 2. Variance from the mean is
one standard deviation. T-test values
indicate statistical significance at 95%
confidence; = indicates no statistical

Table 2. Summary of impedance data at two
frequencies, 10mHz and 100kHz.

significance, +/- indicate significantly higher or lower values. H
values indicate the t-probability associated with the paired t-test
values showing confidence levels for all tests. The top group
shows a comparison of each oil to the basestock oil while the
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second group shows a comparison
to the full formulation. The 10 mHz
impedance data is summarized on
the following graph, figure 4, where
the mean value for each oil is plot-
ted with error bars representing one

The first set of data in Table 2
compares the additive oil mixtures
to the basestock. The basestock
displays the most variance in data.
Although the values are not statisti-
cally significant, the addition of an
additive reduces the variance. It was
found that only the extreme pressure
additive and the full formulation are
significantly different from the base-
stock (using a 95% confidence level)
but that the antioxidant additive had
a H, probability of 0.06 indicating it
is close to the confidence level. It is

10mHz
Olidddiiee Emed (G M i-best Iy . chanpe
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possible that with larger sample sizes
this additive also could be shown to
be significantly different from the
basestock.

The second set of data in Table 2 compares the additives
to the full formulation. All additives are significantly higher
when compared to the full formulation (as noted by the + sign
in Table 2). The extreme pressure additive appears to have the
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Figure 4. The mean value of each oil plotted with error bars
representing one standard deviation.
pressure additive and full formulation are statistically signifi-

Only the extreme

cant from the basestock (using a 95% confidence level).

Figure 5. Mean value and standard deviation error bars of
oil additives at 100 kHz. None of the tests were significantly
different from one another.
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Figure 6. Bode and Nyquist plots of metal deactivator and antioxidant mixture data. The data from the straight metal
deactivator and antioxidant additives is included. Only the low frequency data is shown on the Bode plot.

largest effect on impedance of all the additives. A comparison
to the full formulation also indicates that the extreme pressure
is not the only additive to have a significant effect but that there
may be interaction between the additives in the full-formulation
oil. Because each additive displays a higher mean magnitude, it
is assumed that some interaction is occurring to cause the lower
mean magnitude value displayed by a full-formulation.

For the 100 kHz data it can be seen that no difference is
observed between the additives and both the basestock and the
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full formulation. This frequency is insufficient for impedance
testing. Figure 5 shows the mean impedance values for each
additive, with error bars representing one standard deviation.
The mixture studies with metal deactivator and antioxidant
were performed to understand additive interaction and the ef-
fect it has on impedance. The data for each of these is shown
in Figures 6 and 7 and Table 3. Variance from the mean is one
standard deviation. T-test values indicate statistical significance
at 95% confidence; = indicates no statistical significance, +/-



indicate significantly higher or lower values. H values indicate
the t-probability associated with the paired t-test values show-
ing confidence levels for all tests. The first group compares
the tests to the metal deactivator, the second to antioxidant and
the last two groups compare the mixtures to each other. The
data presented here is for the test that was closest to the mean.
Because the 100 kHz frequency point was shown (see Fig, 5) to
be ineffective in detecting differences in impedance, this data
was ignored for the mixture tests.

The data shows there is a difference between the two addi-
tives, that the mixtures are different from both additives, but
that each mixture is not significantly different from one another.
If there was no interaction occurring, it would be assumed that
the impedance magnitude would vary with the mixing ratio (i.e.
the magnitude in Figure 7 would be linear). This trend appears
to be the case, except for the 1AO:2MD ratio. For this ratio, it
is evident that the antioxidant additive has a stronger contribu-
tion to the impedance. If the additives were interacting, the
impedance magnitude for the mixtures would be expected to
be very different from the single additives (i.e. not have a value
between the single additives). This was not observed for any of
the mixtures in this study.

4. Conclusions

The amount of variance in data is different for each addi-
tive. High frequency tests do not show any significant differ-
ence between oils/oil-additive mixtures and are unsuitable for
impedance response tests. Compared to the basestock oil only
the extreme pressure additive and full formulation are signifi-
cantly lower using a 95% confidence level. All additives are sig-
nificantly different from the full-formulation. The mixtures of
metal-deactivator and antioxidant do not indicate interaction;
however, the antioxidant additive appears to have a stronger
contribution to the impedance. The impedance values for these
mixtures are proportional to the mixing ratio.

To aid in the development of a suitable equivalent circuit, a
model derived from the physical mechanisms related to elec-
tronic conduction in oils will need to be addressed. The goal
is to “simulate” the response of a fully formulated oil (and in-
corporate the effects of water content and Cl” contamination).
In addition, future work will be focused on identifying the
contributions of the interfacial reactions on the impedance.
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Ruthenium Coordination Chemistry: Implications for
Directed Carbon Nanotube Assembly

Thomas J. Younts
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Abstract

Ruthenium coordination chemistry is studied for its usage as a building block for constructing supramolecular
coordination complexes. Our laboratory focuses on how nanometer sized ruthenium structures interact with
single walled carbon nanotubes (SWCNTs) with implications for directed nano-structure assembly. Understand-
ing aspects of carbon nanotube assembly involves synthesizing ruthenium coordination complexes with various
morphological and electrostatic properties. For example, various ruthenium dendrimers, each of which differs
in shape and overall cationic charge, can be synthesized. Progress towards synthesizing a ruthenium trimer is
reported. The central unit to the trimer, [Ru(phendione),phen]*, was successfully created in high purity. [Ru(phen
),phendiamine]?, the peripheral monomer implemented in trimer synthesis, was not attained. However, precursor
to the peripheral unit, [Ru(phen),phendione]**, was synthesized. Since ruthenium monomers are built from vari-
ous diimine ligands, syntheses of these ligands are also presented. Taken together, we possess half the starting

material needed to create the trimer that will be utilized for carbon nanotube aggregation studies.

Keywords: Ruthenium, Coordination, Trimer, Carbon Nanotube

1. Introduction o
N o AN

Nanotechnology has wide implications ranging from nano- ¥ '. e
devices for effective drug delivery systems! to colloidal sciences Ty )
whereby carbon nanotube self-assemblies can be induced.” Our % ol r:f.‘f)
laboratory is focused on the latter, whereby single walled carbon T""Tn TS = "_x;'f,au-':'u'- "o _:i-:"ﬂ,,
nan.otube (SWCNT) aggregates can be utilized for electrical 'J\“‘??I - . Ff; ".';;'J" ) 'i.ﬁ:;
devicest! and photovoltaics.! The self-assembly processes are : R ,r‘u“,l.],_.n___.l‘,ﬂ L M ot a2
studied by coagulating carbon nanotubes with various inorganic ﬁ'lli ",j‘:j- “H L,,_,.H'r vy J-:.Hf:fijr Tatramer
salts and ruthenium complexes. Several ruthenium coordination Q"—@ il
complexes are schematized below (Scheme 1), and are referred Pimer LA

to as ruthenium monomer, dimer, and, tetramer; the number
of ruthenium centers in the complex dictates the dendrimer’s
name. Importantly, each complex has specific morphological

Scheme 1. Ruthenium Coordination Complexes Possess-
ing Unique Morphological and Electrostatic Properties. Top
left: ruthenium monomer with +2 charge. Bottom left: dimer

and electrostatic properties. with +4 charge. Right: tetramer with +8 charge.
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Scheme 2. Ruthenium Supramolecular Interactions with SWCNTs. (Top left) SWCNTs can bind decamer at

one of three locations as shown.
tures 1000 times stronger than steal.

(Bottom left) Modeling the assembly of a three tube guide-rail for struc-
(Right) Modeling the assembly of a nano-gearbox with mechanical

parts. Perspective (top right) and edge on (bottom right) views of two SWCNTSs rotating through the ratchet
motion of ruthenium decamer and the torque transferred to the second SWCNT through a series of gears.

Previous studies from our laboratory revealed an enantiomeri-
cally pure ruthenium metallodendrimer [A A, A-Ru, |**[PF '],
to bind strongly and specifically to S\X/CNTS B Given its ten
ruthenium centers, this large ruthenium complex known as the
decamer, was much more effective at coagulating SWCNTs as
compared to the monomer, and these observations have been
attributed to the stark differences between shape and ionic
charge. Scheme 2 (top left) illustrates supramolecular interac-
tions thought to occur between ruthenium decamer and carbon
nanotubes. The remainder of the scheme implicates prospec-
tive nano-technological devices.

A current goal of our laboratory is to synthesize various ru-
thenium compounds intermediary to ruthenium monomer and
decamer and study their interactions with carbon nanotubes.
We discuss the synthesis of a ruthenium trimer (Scheme 3).
Synthesizing the rigid, electrically coupled ruthenium trimer is
accomplished by first synthesizing various ruthenium monomers
with specific diimine ligands (for examples of diimine ligands,
see Scheme 4). We report the successful synthesis of the tri-

mert’s central unit, ruthenium 4zs-1,10-phenanthroline-5,6-dione
1,10-phenanthroline {[Ru(phendione) phen]*"}. Although we
were unable to achieve the peripheral unit, ruthenium b7-1,10-
phenanthroline 1,10-phenanthroline-5,6-diamine {[Ru(phen),p
hendiamine]*"}, its precursor ruthenium bis-1,10-phenanthro-
line 1,10-phenanthroline-5,6-dione {[Ru(phen),phendione]* }
was synthesized. Taken together, we possess half the starting
material needed to create the trimer.

2. Procedures

The following synthetic procedures were modified from
primary literature, and references to the literature are provided
where applicable.

2.1 1,10-phenanthroline
This heterocyclic compound was purchased stock (Sigma-Al-

drich). Fourier Transform-Infrared (F'T-IR): 1419, 1501, 1586
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Scheme 3. Synthetic Strategy for Ruthenium Trimer.

Two molar equivalents of [Ru(phen),phendiamine]**
(shown at bottom left) reacted with one molar equivalent
[Ru(phendione),phen]* (shown at top left) yields the rigid,
electrically coupled ruthenium trimer. Trimer has bent
geometry that can wrap around SWCNTSs.

and 3369 cm™. 300 MHz H' NMR (CDCL,), ppm: 9.209, 9.194
(d, 2H); 8.278, 8.251 (d, 2H); 7.809 (s, 2H); 7.671, 7.656, 7.644,
7.628 (dd, 2H). See Results and Discussion for presentation of
these data.

2.2 1,10-phenanthroline-5,6-dione”

Liquid N, was poured around a beaker containing 20 ml 18M
H,SO, and stir bar. The solution was switled until chilled (ap-
proximately -10°C), at which point liquid N, was removed, and
1.000 g (5.04 mmol) finely powdered phen added. While phen
dissolved, liquid N, was poured around the beaker to ensure
mixture remained about -10°C. Next, 5.147g (50.0 mmol) NaBr
was added and the mixture warmed to room temperature. Br,
vapors evolved during this time; no vapors were present after ~1
hr. 10 ml1 16 M HNO, was subsequently added drop-wise after
pouring contents into 500 ml round bottom flask. The mixture
was refluxed 3 hrs. Vapors (Caution: Toxic Fumes) were allowed
to escape after reflux to reveal yellow liquid. Contents were
poured into 400 ml dH,O and neutralized with ~37g Na,CO..
Four extractions were performed with 100 ml CH,CL.
layers were saved and solvent removed. Residue was recrys-
tallized from warm MeOH, rinsed with Et,O after retrieving
crystals, and dried under vacuum. Yield 60-70%. FT-IR: 1413,
1458, 1559, 1683, and 3061 cm™. 300 MHz H' NMR (CDCl,),
ppm: 9.141, 9.125 (d, 2H); 8.534, 8.507 (d, 2H); 7.624, 7.610,
7.597,7.583 (dd, 2H). See Results and Discussion for presenta-
tion of these data.

Organic

2.3 1,10-phenanthroline-5,6-dioxime”

0.420 g (2.00 mmol) phendione, 0.486 g (7.00 mmol)
NH,OH-HCI, and 0.593 g (3.00 mmol) BaCO, were placed in
30 ml EtOH, stirred, and refluxed for 5 hrs. After removing the
solvent, residue was treated with 0.2 M HCI, stirred for 30 min-
utes and filtered to give a light yellow/gteen solid. The sample
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was washed with H O, EtOH, Et O, and dried to give a 25%
yield. Being an intermediate, this compound is not presented
in the Results and Discussion section.

2.4 1,10-phenanthroline-5,6-dianime”

0.400 g (1.66 mmol) phendioxime and 0.400 g Pd-C (10%)
were placed in 100 ml 100% (dry) EtOH, purged with Argon,
and heated to reflux. 3.50 ml N,H,-H,O was added to 15 ml
dry EtOH, and over the course of 1 hr, this mixture was added
drop-wise to the reaction flask. The mixture was refluxed 12
hrs, filtered hot through a bed of celite, and then rinsed with 20
ml portions of boiling EtOH. The filtrate was taken to dryness,
the residue triturated prior to adding 30 ml H O, and left at
4°C overnight. It was then filtered, washed with cold H,O, and
dried to reveal tan solid. Yield 23%. FT-IR: 1435, 1484, 1561,
1606, 1725, 2925, and 3222 cm™. 300 MHz H' NMR (CH,DH),
ppm: 8.832, 8.816 (d, 2H); 8.627, 8.600 (d, 2H); 7.767, 7.750,
7.738,7.724 (dd, 2H). See Results and Discussion for presenta-
tion of these data.

2.5 Rutheninm(1,10-phenanthroline) C1, 2H O and Rutheninm(1,10-
phenanthroline-5,6-dione) CI, 2H 0"

One molar equivalent RuCl-:3H,0 was added to 2.1 molar
equivalents phen (or phendione) along with LiCl (in excess of
10’ moles), and placed under Argon. 50 ml DMF was carefully
added and refluxed with stirring for 8 hrs. 250 ml acetone was
then added and the resulting mixture cooled overnight. Black
micro-crystalline products were observed. The crystalline
products were filtered, washed with H O, Et,O, and dried in
vacno. Being an intermediate, this compound is not presented
in the Results and Discussion section.

2.6 [Ruthenium(1,10-phenanthroline) (1,10-phenanthroline-5,6-
dione)][PF ], and  [Rutheninm(1,10-phenanthroline-5,6-dione) (1,10-
phenanthroline)][PF ] ”

Ru(phen) Cl, ‘H,O or Ru(phendione),Cl, ‘H, O was heated at
reflux for 3 hrs with 1.2 molar equivalents of phendione or
phen, respectively, in thoroughly deaerated 1:1 EtOH:H,O.
After cooling and stirring for 30 minutes, the complex was

:1 3. C8 n a

e
QH}—’“@H}—WQ s

FPhien Phamlime Phendiaminge

Scheme 4. Synthetic Outline for Diimine Ligands. Carbons
5 and 6 are highlighted on phen. H' NMR assignments are
shown for phen, phendione, and phendiamine. Compare
letters labeled above to letters labeled on H' NMR spectra of
Figure 1.
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Figure 1. H' NMR and FT-IR Spectra of Phen, Phendione, and Phendiamine. (a) H' NMR of phen recorded in CDClI,.

(b) FT-IR peaks at 1501 cm™ and 1419 cm™' correspond to C=C stretching and C-H bends, respectively, at the five and

six positions of phen (circled in red). (c) H' NMR of phendione recorded in CDCI,. (d) C=0 phendione absorption peak
appears at 1682 cm™ (green circle) as detected by FT-IR. (e) H' NMR of phendiamine recorded in CD,CN. Unidentifiable
peaks are present. (f) FT-IR of phendiamine. Blue circle highlights N-H or O-H stretching around 3100 cm™'. NMR proton

assignments for each compound are shown in Scheme 4.

precipitated by addition of saturated NH, PF, aqueous solu-
tion. Brown solid was produced which was filtered, washed
with H O, Et O, and dried under vacuum. Crystallization with
acetonitrile/ether may be used to further purify. Electrospray
ionization mass spectrometry (ESI-MS) confirmed synthesis of
these compounds. See Results and Discussion for presentation
of these data.

3. Results and Discussion

3.1 Diimine Ligands Synthesized for Ruthenium Coordination Chem-
istry

Ruthenium has an octahedral binding domain, and therefore
three diimine ligands can be coordinated to ruthenium. Diimine
ligands we coordinated to ruthenium include 1,10-phenanth-
roline-5,6-dione (phendione), which contains two carbonyls at
the five and six positions, and 1,10-phenanthroline-5,6-diamine
(phendiamine), which contains two amines at the five and six
positions. Both phendione and phendiamine are synthesized
from precursor 1,10-phenanthroline (phen). See Scheme 4 for
the synthetic strategy and placement of carbonyls and amines
at the five and six positions.

We optimized the oxidation of phen to phendione by modi-
fying literature procedures.>) H' NMR and FT-IR spectra of
phen and phendione are shown in Fig. 1, both of which cor-
respond to literature values.*'” By examining H' NMR and

FT-IR spectra, it is possible to track the conversion of atoms
within molecules, and in this case, the emergence of two oxygen
atoms in place of two hydrogen atoms at the five and six posi-
tions. Note H' NMR of phen in Figure 1a. The singlet peak
labeled “d” corresponds to hydrogen atoms at the five and six
positions (compare with Scheme 4), and this peak is no longer
present in H' NMR of phendione (Fig. 1¢c). FT-IR of phen
(Fig. 1b) reveals absorption peaks at 1501 cm™” and 1419 cm
which correspond to C=C stretching and C-H bends at the five
and six positions, respectively. If phendione was synthesized,
absorption peaks inherent to phen should not be present in
FT-IR whereas absorption peaks specific to phendione should
be present. FT-IR confirmed the presence of carbonyls (Fig.
1d) specific to phendione, indicating phen was oxidized to
phendione.

After synthesizing phendione from phen, attempts were
made to synthesize phendiamine from phendione!” as outlined
in Scheme 4. Figure le and 1f show H' NMR and FT-IR, re-
spectively, of phendiamine. Similar spectral observations have
been observed elsewhere.'"? Noisy baseline of H' NMR was
observed due to solubility issues of the isolated compound; un-
identified compounds are present in addition to phendiamine.
FT-IR absorption peaks characteristic of phendiamine occur
at 3100 em™ (Fig. 1f, blue citcle), representing either N-H or
O-H stretching. It is difficult to determine exactly which peaks
in the range of 3100 cm™ represent N-H or O-H stretching
because of their similar absorptions. Based on H' NMR and
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Figure 2. ESI-MS of [Ru(phen),phendione]** recorded in
Acetonitrile. Two major products are [Ru(phen),]** and
[Ru(phen),phendione]** as emphasized by red rectangles
in the top spectrum. Schematics of each compound

are shown. Computerized isotope calculator illustrates
mass spectrum of [Ru(phen),phendione]** shown at bot-
tom. Other byproducts were present in complete mass
spectrum (not shown), some of which were derivatives of
[Ru(phen),phendione]*.

FT-IR spectra of these three diimines, we were able to synthe-
size pure phendione from phen; phendiamine was synthesized,
but samples were not pure.

3.2 Coordinating Diimine Ligands to Ruthenium: Creating Monomers
With pure samples of phen and phendione, ruthenium
coordination chemistry was pursued, and work towards the
Recall two
must be re-

hexa-valent ruthenium trimer began (Scheme 3).
molar equivalents of [Ru(phen) phendiamine]**
acted with one molar equivalent of [Ru(phendione) phen]*" to
produce the rigid structure.'”) Therefore, each of these mono-
mers” must first be synthesized. Peripheral monomeric units,
[Ru(phen) phendiamine]*, were pursued first. Although this
molecule was not attained, its precursor [Ru(phen) phendione]*
was made. We plan to aminate this precursor!! to give
[Ru(phen) phendiamine]*" using similar procedures outlined in
Scheme 4.

Analyzing syntheses of ruthenium monomers was accom-
plished with electrospray ionization mass spectrometry (ESI-
MS). When examining mass spectra of ruthenium compounds,
two salient features of spectra can be used to positively identify
ruthenium complexes. First, approximately eleven ruthenium
isotopes exist in nature, and each isotope has a relative abun-
dance. Expanded view in Figure 3b shows the distinguishing
ruthenium isotope pattern. Note approximately 11 peaks are
present. Hach peak does not correspond to a different com-
pound. Rather, the entire group of eleven peaks corresponds
to one compound. Consider an example with chlorine. Had a
compound containing chlorine been analyzed by ESI-MS, only
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Figure 3. ESI-MS of [Ru(phendione),phen]** re-

corded in Acetonitrile. (a) Complete spectrum reveals
[Ru(phendione),phen]*" as major product (red rectangle).
Small peak at 192 amu is solvent. At far right, 847 amu is
{[Ru(phendione),phen]**[PF6]"}'* that did not completely
ionize. Very little [Ru(phen).]** was byproduced. (b)
Expanded view of region highlighted by red rectangle.
Actual and calculated spectra of [Ru(phendione),phen]** are
presented.

two peaks, each corresponding to the two chloride isotopes,
would be observed. Therefore, compounds containing ruthe-
nium are easily identified by the characteristic peak pattern.
The second feature of all mass spectra containing ruthenium
compounds is that the numerical difference between two iso-
tope peaks is related to mass to charge ratios. If the difference
between two peaks is 0.5 amu, the ruthenium species is a +2
ion; a difference of 1 amu corresponds to +1 ruthenium spe-

cies. See discussion below for further details on interpreting
ESI-MS.
Major byproduct obtained during the synthesis of

[Ru(phen),phendione]** was [Ru(phen) ]*". Figure 2 highlights
an expanded region of the complete mass spectrum. The
complete mass spectrum has been omitted for clarity. At top,
two groups of peaks are observed. Bond-line diagrams of
[Ru(phen),]*" and [Ru(phen) phendione]*" indicate ruthenium



monomers. Usinga computerized isotope calculator, a calculated
mass spectrum was created for [Ru(phen) phendione]** and is
shown at bottom for comparison. Notice the actual and calcu-
lated isotope patterns for [Ru(phen) phendione]* are coincident,
indicating successful synthesis of [Ru(phen) phendione]*".

Synthesis of the central unit, [Ru(phendione) phen]®,
was successful, and a complete mass spectrum of
[Ru(phendione) phen]** is shown (Fig. 3). The largest group of
peaks corresponds to desired product (Fig. 3a, red rectangle).
Figure 3b is an expanded view of the red rectangle shown in
Figure 3a. An isotope calculator confirmed successful syn-
thesis of [Ru(phendione) phen]**. Actual mass spectrum is at
top whereas computed spectrum is illustrated at bottom. In
addition to ruthenium’s defined isotope pattern, the numerical
difference between isotope peaks is 0.5 amu, signifying +2 cat-
ion. Trimer construction is halfway complete at this point; the
central monomeric unit of the trimer, [Ru(phendione),phen]*”,
was successfully synthesized.

4. Conclusions

Understanding supramolecular binding interactions between
various ruthenium coordination complexes and SWCNTs is a
goal for our laboratory. Specifically, we are focusing on directed
assemblies of SWCNTs. Ruthenium complexes ranging in
molecular morphology and cationic charges have been shown
to interact with SWCNTs differently.” Elucidating carbon
nanotube directed assembly processes may be accomplished by
synthesizing novel ruthenium compounds with various mor-
phological and electrostatic properties.

Synthesis of a ruthenium trimer was pursued based on the
pathway outlined in Scheme 3. Several diimine ligands were
first synthesized and coordinated to ruthenium prior to trimer
construction. Phendione was successfully created from its
precursor phen; phendiamine synthesis was not synthesized in
high purity. Ruthenium coordination chemistry was pursued
using diimine ligands phen and phendione. Relatively pure
[Ru(phendione) phen]*, the central unit of the trimer, was
synthesized. We also created [Ru(phen),phendione]**. Samples
were not pure, but can easily be purified using column chroma-
tography. Therefore, we possess half the ruthenium monomers
needed to create the trimer. After synthesizing the trimer, in-
teractions of this coordination complex with SWCNTs will be
studied.
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Abstract

A novel pore morphology was developed by addition of fugitive fibers to a thermoreversible gel slurry to induce

pores in alumina (AlL,O,) samples. Through density measurements by the Archimedes’ method and SEM images

the percolation threshold for fibers with aspect ratios of 37 and 120 was found to be less than 1 vol% fibers.

Introducing two spherical fillers with different diameters (3.5:1 diameter ratio) to create bimodal filler has a small

effect on the percolation threshold, if any. More research is needed to understand the effect of bimodal fillers on

the pore morphology.

Keywords: Alumina, Gelcast, Bimodal Fillers

1. Introduction

A ceramic is an inorganic, brittle solid, composed of at least
two clements, one of which must be a non-metal. Commonly,
these ceramics are carbides, oxides, and nitrides of elemental
metals or semiconductors. By nature, ceramics are strong, hard,
generally non-reactive, and have very high melting temperatures.
They have very low thermal and electrical conductivity."

These properties are useful in applications that require high
strength in high-temperature and/or highly corrosive environ-
ments, such as heat exchangers,” many kinds of filters,
catalyst supports,”! composite preforms/?! and biomedical
implants.”™  All of these applications require a high surface
area within the material, which is achieved by creating a pore
network. Pores can be induced by adding organic fillers which
are later removed. Other methods of pore forming include
partial sintering and the addition of foaming agents.!""

Different pore sizes and shapes are necessary for different
applications. This study secks to develop a pore morphology,
or network, that is different from spherical pore morphology
by introducing fibrous and bimodal filler materials at various
concentrations. New network geometries will yield materials
with unique mechanical, thermal, and transport properties.
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Because of their very high melting temperatures, it is im-
practical for most applications and sometimes impossible (as
in some carbides which dissociate instead of melting) to melt
and cast a ceramic. Instead, solid state processing is often used.
Shape forming for solid state processing can be accomplished
by direct casting, in which the ceramic powder and organic
binder are added to a liquid medium and mixed into slurry. The
slurry is cast into a mold and is allowed to dry before proceed-
ing to the burnout process. During burnout, the part is heated
at a controlled rate which depends on the composition of the
organic binders and fillers in the green body. The organics, in-
cluding fillers for pore introduction, will decompose and leave
only the intended pore network in the pure ceramic skeleton.
The final step is to sinter the ceramic at a very high temperature,
usually above 1000°C, to complete the patticle consolidation
and densification of the skeleton surrounding the pores. Direct
casting methods are near net-shape processes, so the final part
typically does not require significant machining or finishing.

Gelcasting is a direct casting method in which the liquid and
binder form a gel. Traditional gelcasting is limited because the
slurry gels through an irreversible polymerization reaction, and
therefore, can only be cast within a short time after the reac-



tion catalyst has been introduced. A variant of this method,
thermoreversible gelcasting (TRG), has been developed at
Northwestern University."'"" TRG uses the selective solubil-
ity of an acrylate tri-block copolymer dissolved in alcohol to
form a gel through a physical transition instead of a chemical
reaction. The tri-block copolymer has a poly(n-butyl acrylate)
(PnBA) midblock and two poly(methyl-methacrylate) (PMMA)
endblocks. Below the critical micelle temperature (CMT), the
PMMA endblocks become insoluble and form micelles. The
soluble midblocks effectively cross link the micelles, forming
a gel network. The physical transition is reversible, so the gel
can be reheated and recast over and over again.!'"!' Thermor-
eversible gelcasting has additional advantages over traditional
gelcasting because it is oxygen insensitive, uses safer chemicals,
permits for early preparation in producing a slurry, and allows
for recycling of flawed castings.

2. Procedure

A thermoreversible gel was made by combining 5 vol% tri-
block polymer (PMMA,-PnBA, -PMMA,, Kuraray Corpora-
tion, Japan) and 95 vol% pentanol (99+%, Alfa Aesar) in a glass
vile, then ultrasonicating the mixture in a Branson 2510 Ultra-
sonicator at 75° C until dissolved. The solution was removed
from the ultrasonicator, and aluminum oxide (ALO,) with 0.05
mol% magnesium oxide (MgO) powder (Baikowski Malakoff,
North Carolina), and the filler were added in four equal loads,
cach added after the previous load had completely dispersed
after ultrasonication at 75° C. Filler concentrations, in vol% of
total solids, ranged from 0.5 to 5 vol% polypropylene (PP) or
polyethylene fibers (PE) (Minifibers), or 25 to 40 vol% PP bead-
corn starch mixture. The sizes and aspect ratios of these fillers
are listed in Table I. A dispersant (Aerosol® AY 65 (sodium
diamyl sulfosuccinate in ethyl alcohol) Cytec, New Jersey) was
added in equal parts at the first and third solids loadings: 2 wt%
for bimodal filler or 3 wt% for fiber filler.

Diameter Length Aspect
Ratio
Polypropylene 30 1.1 36.7
Fiber
Polyethylene 5 0.6 120
Fiber
Corn Starch 10 - 1
Polypropylene 35 - 1
Beads

Table |1 Sizes and aspect ratios of filler materials
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Figure 1. The burnout schedule of polypropylene fiber filler
in a thermoreversible gelcast Al,O,

Nylon rings coated with Dow Corning Molykote 316 Sili-
cone Release Fluid and glass slides with silicone-coated Mylar
sheets (Richard E. Mistler, Pennsylvania) taped to the surface
were heated on aluminum blocks in an oven at 70°C. The glass
slides were left on the aluminum blocks to keep them warm.
The gel slurry was cast into the rings with a glass slide on either
side, Mylar-side towards the mold. When the glass slides were
cool to the touch, one slide was removed and the drying process
began.

The drying process consisted of one day in a sealed, pentanol
vapor environment, created by introducing a pentanol source
into the sealed container. This was followed by one day in an
air-tight environment (without the pentanol source), and then
one day open to air.

Samples went through a burnout process that is customized
to the composition of the organics. An example of the PP fiber
burnout schedule is shown in Figure 1. The burnout schedules
were determined from thermogravimetric analyses of the tri-
block copolymer and fillers. A pre-sintering step at 1000°C was
incorporated to give the porous bodies some handling strength
before the sintering process. All AI203 samples underwent the
same sintering process as follows: 10°C/min up to 1600°C, a
one-hour hold at 1000°C, then 10°C/min ramp rate down to
room temperature (actual ramp rate is less than 10°C/min at
lower temperatures).

The bulk density (density of the overall sample), specific
gravity (density of the ceramic skeleton), and apparent porosity
of samples were found using ASTM Standard C373, commonly
known as the Archimedes’ method. Selected samples were sec-
tioned and polished with 0.1 um suspension to be imaged using
a scanning electron microscope (Hitachi $3400), at a pressure
of 70-100 Pa, using both backscattering electron (BSE) and
environmental scattering electron detector (ESED) modes.
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Figure 2. Open porosities of samples produced with
polyethylene and polypropylene fibers as a function of
volume percent filler

3. Results and Discussion

Pores can be classified as closed, where the individual pore
or pore clusters are isolated from each other, or open, where
each pore is connected to the pore network that spans the
entire volume (a percolative network). A sharp boundary exists
between closed and open porosity, known as the percolation
threshold.

Percolation theory uses a statistical method to determine
the minimum concentration of particles required to create a
single, connected network in a multi-phase system. In the case
of spherical, monodisperse particles in a simple cubic lattice,
the percolation threshold is 31 vol%.!"! The volume percent of
filler material is not necessarily equal to the volume percent of
the pores in the final material due to shrinkage of pores during
the densification process. Percolation theory can also be useful
for predicting results in non-spherical, polydisperse multi-par-
ticle systems. Since assumptions for statistical calculations and
models outline ideal situations, it is necessary to evaluate pore
network morphology and percolation thresholds under experi-
mental conditions.
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Figure 3. SEM cross-sectional images of porous Al,O,
produced with polyethylene fibers of random orientations at
(a) 5 vol% and (b) 1 vol% fibers

3.1 Fiber Fillers

Open porosity as determined by the Archimedes’ method
is shown in Figure 2 for materials made with fugitive fillers of
PP and PE fibers at concentrations between 0.5 and 5 vol%.
The apparent porosity increases linearly with volume percent
fiber and porosity is proportional to filler concentration, which
implies that the percolation threshold is below 1 vol% fugitive
filler; much less than the 31 vol% threshold of spherical fillers.
The fibers act as pre-formed channels which connect into a
network at a low concentration. This is an important result
because the percolation is achieved while maintaining a very
high ceramics concentration, which gives a stronger structure
overall.

The randomly oriented pore structures of samples produced
with 5 vol% and 1 vol% PE fibers are seen in SEM images,
Figure 3. The two-dimensional images of a sectioned and
polished surface do not properly show the percolation of three
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Figure 4. Relative skeletal density of samples produced
with bimodal fillers of 25, 32, and 40 vol%

dimensions. The observed plane may not display a fully-con-
nected network even when the volume of the sample shows
that, through bulk density measurements, there is complete
percolation. However, the SEM images are useful to show
variation of filler particle sizes and approximate ratios by the
two-dimensional pore shapes, as well as to confirm random
orientation of the fibers in slurry.

Modeling studies reported the percolation threshold for el-
lipsoids with a large range of aspect ratios.””! Approximating
fibers as high-aspect ratio ellipsoids, the threshold for a PE fiber
(aspect ratio 37) should be between 2.6 and 1.5 vol%, and a PP
fiber (aspect ratio 120) should reach percolation just below 0.69
vol%. Because the cited values were generated by modeling,
the numbers assume a perfect percolative system with straight
particles. The flexible polymer fibers used in this study do not
form perfect ellipsoids because of size dispersion and fiber
bending, and the effective aspect ratios are less than modeled in
the study by Garboczi, et al.l'”l Although the PP and PE fibers
have different aspect ratios, results show a similar behavior for
both fibers due to fiber bending which reduces the relative dif-
ference between their aspect ratios.

3.2 Bimodal Fillers

It was expected that the percolation threshold of bimodal
fillers will deviate from 31 vol% based on particle packing argu-
ments. The density and porosity of samples produced with

Figure 5. Open porosity as a function of cornstarch fraction
for three levels of bimodal (cornstarch and polypropylene)
filler

bimodal fillers at three volume percents (25, 32, and 40 vol%)
are plotted in Figure 4 and 5, respectively as a function of corn
starch to PP bead ratio. Because Archimedes’ method interprets
closed porosity as a decrease in apparent specific gravity, it is
expected that the percent apparent specific gravity will decrease
by a percentage approximately equal to the filler concentration
if closed pores are present in the sample. This is exactly the
case, for samples produced with 25 vol% filler, where the ap-
parent specific gravity is between 79 and 82% of theoretical
density. This represents 18-21 vol% closed pores, which is close
to the concentration of fugitive filler. More evidence that these
samples do not achieve percolation is the open porosity (Figure
5), which is ~3 vol% and less. The small amount of measured
porosity could be due to surface roughness, surface cracks, or
systematic error Archimedes’ method, but <3 vol% porosity
suggests a lack of percolation in the case of bimodal spherical
fillers at 25 vol%. A SEM image of a samples produced with 25
vol% filler with 61.3 vol% corn starch is shown in Figure 6(a).
Samples with 32 vol% filler in Figure 4 have higher relative
skeletal density than samples with 25 vol% filler, suggesting that
there are relatively more open pores. It should be noted that
corn starch has a large spread in particle size distribution, which
could affect the spread of data in Figure 4. Figure 5 shows that
samples produced with 32 vol% filler have porosities between
8 and 16 vol%, which are too large to be surface roughness or
experimental error, but too small to have reached the percola-
tion threshold. A network has begun to form, but there are
still pores in isolation from the network. Although statistical
percolation is a sharp transition, the experimental system is
not ideal in particle shape and size distribution; thus porosity
increases gradually as the filler concentration approaches the
percolation threshold. The SEM image of a sample produced
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Figure 6: SEM cross sectional images of samples produced
with bimodal filler at (a) 25 vol% filler with 61.3 vol% corn
starch and (b) 32 vol% filler with 7.0 vol% corn starch. The
percent of corn starch is the percent of total filler material.

with 32 vol% bimodal filler is shown in Figure 6(b).

Figure 4 shows the porosity of samples produced with 40
vol% filler to have between 89 and 98% specific gravity. The
2-11% spread from 100% density is attributed to the non-ideal-
ity of the bimodal fillers. As expected, there is evidence of
percolation, although the data is not ideal. The hypothesis that
the percolation threshold of bimodal fillers will deviate from 31
vol% cannot be confirmed or rejected.
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4. Conclusions

It was found that fibrous fillers with aspect ratios of 37 and
120 reach the percolation threshold at less than 1 vol% filler.
The results for both fibers are similar even though their aspect
ratios differ by a factor of four. These results differ from the
theoretically predicted result because the fibers are not ideal
ellipsoids.

The percolation threshold of spherical bimodal fillers (3.5:1
diameter ratio) is between 32 and 40 vol% filler, but the effect
of bimodal fillers as a function of particle size ratio is unclear.
Any effect of bimodal fillers with size ratio 3.5:1 on percola-
tion threshold is small due to a large particle distribution and
non-ideal system. However, particle size distribution and shape
appear to cause a more gradual transition from closed to open
porosity instead of a sharp threshold.
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Abstract

Lubricant systems in military aircrafts, operating in marine environments, experience corrosion due to seawater

contamination. In particular, low chromium martensitic bearing and gear steels are susceptible to pitting corrosion

attack in seawater-contaminated lubricants. Therefore, the corrosion performance of two advance bearing steels

was assessed in this study. The steels were immersed in oil solutions and the corrosion results were analyzed as

a function of seawater content and time. Optical image analysis was used to measure the pit density/size/distribu-

tion and an optical profiler was used to measure pit depth.

It was found that while the pit surface fraction (pit

surface areal/total area) and pit depth increased with seawater content and time, the actual chloride content in the

oil might have made a greater contribution to the corrosion damage.

Keywords: Pitting, M50 steel, profilometry

1. Introduction

Stainless steels are widely used for their corrosion resistance,
especially in harsh environments.!"! Chlotide contaminated envi-
ronments, in particular, can cause pitting corrosion and possible
failure of steel including stainless steel parts. Even in protective
oil, corrosion can still occut.” Information pertaining to the
protectiveness of oil towards corrosion can be very useful for
many applications.

In order to quantify the effects of chloride concentration on
corrosion rates in oil, tests were performed on M50 steel and
carburized Pyrowear 675 stainless steel (P675) (provided by
Pratt & Whitney), while varying the seawater concentration and
studying the corrosion at different lengths of time (1 week and
1 month). Upon test completion, each sample was analyzed
by optical image softwate to determine pit density (pits/area),
average pit size, and surface fraction of pits. This was followed
by optical profilometry to determine deepest pit depth. The
results of these tests show the effect of chloride concentration
and time on corrosion rate.
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2. Experimental Procedure

Corrosion tests were run on ten M50 samples, and four P675
samples. M50 was tested at 0 water (with 5% seasalt), 500ppm
seawater, 2500ppm seawater, 5% seawater, and 30% seawater in
oil for both one week and one month. Pyrowear 675 was tested
at 5% seawater and 30% seawater in oil for one week and one
month. The seawater used in this study had 0.6 mole chloride
content. Oil-seawater mixtures were made of Exxon 254 jet
oil, ASTM D 1141-52 standard seasalt, and DI water. Prior
to testing, all M50 samples were mounted in an epoxy resin
and polished to a 1 lm polish. P&W supplied Pyrowear 675
samples with a 1 m surface finish and no further polishing was
performed. Samples were placed in sealable mason jars, with
polished side up, containing the vatious oil/seawater solutions.
The seawater-oil solutions were added until the sample surface
was located approximately 1/3 depth from the bottom (Figure
1). Upon test completion, the samples were cleansed using a
DI water sonic bath, acetone, methanol, and a DI water rinse.
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Figure 1. (a) 14 samples stored in 7 sealed mason jars. (b) Close-up photo with a superimposed image indicating how the

sample was positioned in the solution.

Analysis began with optical digital photos and micrographs
taken on a Zeiss Axiovert 200 microscope. Multiple micro-
graphs, at various magnifications and positions were taken of
each sample to provide an overall representation of the surface.
Three micrographs were selected for areal analysis. Areal analy-
sis was performed using a Scion Image Alpha 4.0.3.2 instrument.
Scion Image distinguishes pits based upon a given threshold
value (a sample of an analyzed micrograph with pits shown in
red can be seen in Figure 2). The threshold corresponds to
the pit size and comparisons of the analyzed image and optical
image were used to determine the appropriate threshold value.
The Scion Image program was used to quantify the number of
pits and the area and perimeter of each pit. Italso measured the
total size of the area being analyzed. From this data, pit density,
average pit size, and the surface fraction that pits covered were
determined.

Figure 2. Analyzed micrograph of M50
sample from 2500ppm seawater in oil for 1
week

After analysis, each sample was then surface profiled on a
WYKO NT1100 optical profiling system, using Vision 32 3.303
SMU4 Build 5 software by Veeco. Measurements of multiple
pits were made to determine the deepest pit on each sample.
The deepest pit depths were reported, not the average pit
depths, in order to provide useful information regarding critical
flaw size.

3. Results & Discussion

Micrographs of the samples can be seen in Figures 3-9. New
oil is assumed to contain approximately 150ppm water. The
amount of seasalt added is the same as the amount of seasalt
that is present in the 5% seawater (0.6 M CI) solution. This
study was performed to understand what might happen if a
large quantity of seawater contaminated the oil and then was
evaporated off (leaving behind the salt).

As can be seen by the micrographs, only the M50 steel in
0 water, 500ppm, and 2500ppm samples can be analyzed for
pitting damage. For the M50 steel, 5% and 30%, the corrosion
was morte severe and the pitting damage is difficult to quantify.
The M50 samples displayed a filiform type of corrosion for the
2500ppm seawater samples, as seen in Figure 5.

Filiform corrosion is a type of crevice corrosion, and has
mostly been observed under thin coatings of the organic type.
It can most easily be described as worm-looking, with an ac-
tively corroding head and an inactive tail filled with corrosion
products. Filiform corrosion is generally found to be superfi-
cial, and considered not to have a critical effect on the bulk.F!
More study needs to be done to determine if the corrosion in
Figure 5 is indeed a type of filiform corrosion, and therefore
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Figure 3. Micrograph of M50 in Oil with seasalt added (no water added) for 1 week, taken with Zeiss microscope (a) 1
week (b) 1 week (c) 1 month (d) 1 month

Figure 4. Micrographs of M50 in 500ppm Seawater for 1 week, taken with Zeiss microscope (a) 1 week (b) 1 week (c) 1
month (d) 1 month
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Figure 5. Micrographs of M50 in 2500ppm Seawater for 1 week, with Zeiss microscope (a) 1 week (b) 1 week (c) 1 month
(d) 1 month
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Figure 6. Micrographs of M50 in
taken with Zeiss microscope.

Figure 8. Micrograph of Pyrowear 675 in 30% Seawater
after 1 week, taken with Zeiss microscope

Figure 7. Micrographs of M50 in 30% Seawater for 1 week,
taken with Zeiss microscope
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Figure 9. Micrographs showing the localized corrosion region on alloy 2 in 30% Seawater after 1 week, taken with Zeiss

microscope (a) 1 week (b) 1 week (c) 1 month (d) 1 month
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Table 1. Pit density data collected through Scion Image

analysis software
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Table 2. Average Pit sizes collected through Scion Image
analysis software
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Figure 10. Number of pits per cm? in Oppm, 500ppm, and
2500ppm seawater concentrations for 1 week and 1 month

Table 3. Average surface fraction covered by pits,
determined through Scion Image analysis software

determine how much or how little need for concern there is in
these samples.

The transition from pitting to general/severe cotrosion is
suspected to be somewhere around 4000ppm, but more studies
need to be conducted in that range.

For carburized Pyrowear 675 stainless steel, there was very
little corrosion, as compared to M50 steel, though some pit-
ting damage was observable. As mentioned, only the harshest
conditions were studied at this point for P675 samples (5% and
30% seawater-oil solutions). Figure 8 represents the typical
corrosion damage incurred on P675 samples; however P675
does display some localized corrosion phenomenon as depicted
in Figure 9. Pitting was observed to initiate at grain boundaries
on the samples as evidenced in Figure 9. The areas of attack are
considered to be the steel matrix alloy adjacent to the chromium
carbide precipitates, but further analysis is needed.

Pit density data (# pits/cm?) has been collected and is dis-
played in Table 1 and Figure 10. For the 1 week immersion
time, a direct correlation can be seen between seawater content
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Figure 11. Average Pit Size (cm?) at Oppm, 500pm, and
2500ppm for 1 week and 1 month

and pit density. For the 1 month immersion time, the correla-
tion is not as evident due to the coalescence of pits during pit
growth (i.e. the number of pits decrease as multiple pits grow
to form one larger pit).
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Pit size data (pit area) is listed in Table 2 and is plotted in
Figure 11. For the 1 month immersion time, there is a very
strong correlation between seawater content and average size
of pits, but for the 1 week immersion time, a direct trend of
pit size to seawater concentration is not present. This indicates
that pitting is not just an effect of seawater content, but also a
function of the chloride content in the seawater. This is due to
the fact that seasalt (not seawater) was added to the oil for the 0
“seawater added” solution, but there is approximately 150ppm
water already present in the oil from air exposure. Therefore,
the chloride concentration in this solution is much greater than
the others, which might explain the excess pitting for the 1 week
M50 sample. More studies, which consider various chloride
concentrations in seawater, will need to be carried out to verify
the correlation between chloride content and pitting damage.

Taking into account the fact that pits eventually grow together,
the best way to express the aerial growth of pits is by quantify-
ing the areal surface fraction occupied by pits. Surface fraction
data is listed in Table 3 and plotted in Figure 12. Over the time
period of 1 week, surface fraction increases from 0.0042 to
0.0189 as seawater content goes up from 0 to 2500ppm. Over
1 month time, the correlation is even stronger. Surface fraction
increases from 0.0066 to 0.1860. This means that at 2500ppm
seawater content, almost 19% of the surface is covered by pits
after only 1 month time.
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Table 4. Average surface fraction covered by pits, deter-
mined through Scion Image analysis software

Pit depths were measured using a WYKO NT1100 optical
profiling system, using Vision 32 3.303 SMU4 Build 5 software
by Veeco. The deepest pit depth data is presented in Table 4
and plotted in Figure 13. While pit depth would be expected
to follow the same pattern as surface fraction, that does not
appear to be the case. The pits at O water are much deeper than
expected (around 4 microns deep). This is possibly due to the
150ppm water already present in the oil dissolving the added salt
and making a very high chloride concentration seawater. This
high chloride concentration seems to have as much or more of
an effect on pit depth (and even pit size) than the seawater con-
tent has. For this solution, seasalt was directly added to the oil
(not seawater). The amount of seasalt added is the same as the
amount of seasalt that is present in the 5% seawater solution.
This study was performed to understand what might happen if
a large quantity of seawater contaminated the oil and then was
evaporated off (leaving behind the salt).

The 2500ppm seawater content solution does not seem to
cause pits to grow very deep eatly on but after 1 month’s time,
they are as deep as 6.6 microns. Some of the optical analysis
images are shown in Figures 14-16.

5. Conclusion

It has been found that surface fraction is the best way to
quantify the pitting damage. Surface fraction of pitting has an
obvious correlation with seawater content and time. Pit depth
also shows a correlation with seawater content and time, but
seawater content and time are not the only factors in pit growth.
It has been shown that higher molarity of the seawater causes
larger and deeper pits, and may be more crucial to pit depth
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Figure 12. Average surface fraction covered by pits at
Oppm, 500ppm, and 2500ppm for 1 week and 1 month
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Figure 13. Deepest pit found per sample through optical
profilometry
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Figure 14. Optical profilometry images used to quantify pit depths in M50 after being immersed in Oppm seawa-
ter added (=150ppm water present in the oil) for (a) 1 week (b) 1 month

Figure 15. Optical profilometry images used to quantify pit depths in M50 after being immersed in 500ppm
seawater (0.6 M CI) + oil solution for (a) 1 week (b) 1 month

Figure 16. Optical profilometry images used to quantify pit depths in M50 after being immersed in 2500ppm
seawater (0.6 M CI) + oil solution for (a) 1 week (b) 1 month
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than seawater content. A note should be made that there is an
obvious corrosion resistance advantage in P675 as compared
to M50.
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