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“It’s psychotic! They keep creating new ways to
celebrate mediocrity.”

In the
Final
Analysis

—Mr. Incredible, The Incredibles

I’m coming clean: One of my favorite movies is a Pixar-Disney animation called
The Incredibles. (I know; I’m a nerd. It’s a well-established and widely documented
factthat I’m reminded of frequently by friends, family, coworkers, and passing strang-
ers, so there’s no sense trying to conceal the fact now.) The Incrediblestells the story
of superheroes in hiding, trying to suppress their incredibleness by pretending to be
ordinary citizens. They live in tract housing, drive economy cars, hold down boring
day jobs, etc., etc. A favorite theme in the movie is the idea that society strives to
elevate the average as wonderful and suppress the extraordinary as something suspi-
cious. Saying that everyone is special, a gifted child observes, “is another way of
saying no one is.”

While it is nice to think of everyone as special, there’s nothing special about being
average. I’m thinking “average” thoughts these days based on a news story that |
just read in the Materials Education Community of our Materials Technology@TMS
web site (www.material stechnology.org). It provides more statistical reinforcement of
the generally downward spiral into average being achieved by the “educated” public
within the United States.

The story comes from the College Board’s Commission on Access, Admissions,
and Success in Higher Education. The College Board is the association that gives
us the SAT and Advanced Placement programs. So, they’ve got some street cred to
comment on such matters. (Does saying “street cred” make me sound hip? Or, did
I just blow it by saying “hip”?) The new report, Coming to Our Senses: Education
and the American Future, shows the U.S. working hard to convert an incredible
educational system to an average one. The bad news comes fast, as reflected in this
excerptfrom the first paragraph of the Executive Summary: “The United States, which
led the world in high school completion rates throughout the 20th century, ranked
just 21st out of 27 advanced economies by 2005. And our college completion rates
have dropped dramatically—from number two in the world for younger workers (age
25-34) to number eleven. The United States is on the verge of losing the great global
educational competitive edge it has long enjoyed.” By the way, dropout rates for U.S.
high school students have tripled in the last 30 years.

The College Board advocates that the United States ensure that at least 55 percent
of citizens ages 25-34 hold at least a community college degree by 2025. The cur-
rent mark is about 40%. Big task. Suggestions include providing voluntary preschool
education that is universally available to children from low-income families, aligning
the U.S. K-12 educational system with international standards and college admis-
sions expectations, improving teacher quality while focusing on recruitment and
retention, and making financial aid processes more transparent and keeping college
affordable.

Good suggestions, but they require commitment, planning, effort, and money. The
latter, thanks to a severe and global recession, is in short supply. With this fearful
confluence, will the Gathering Storm ramp into the Perfect Storm?

What are the prospects? As | write, | see on the CNN web site that U.S. President-
elect Barack Obama has named Arne Duncan, chief of the Chicago public school
system, to be education secretary. I don’t know much about Duncan, but | do know
that in the presidential campaign Obama showed himself to be savvy to Gathering
Storm issues. Let’s hope that he is.

Of course, it will take a lot more than hope to reverse the downward trends articu-
lated in report after report. Most importantly, the new president and new secretary
of education can’t afford to be average. They can’t even be incredible. They need to
be miraculous.
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Letters to
the Editor

Presenting thoughts, comments, opinions, and anecdotes inspired by recent issues

CAST SHOP TECHNOLOGY:
HISTORY AT YOUR
FINGERTIPS

Dear JOM Editor:

The occasion was the Cast Shop
Technology session at the TMS 2008
Annual Meeting in New Orleans. A
speaker who had just concluded his pa-
per was taking audience questions. A
member of the audience, after compli-
menting the speaker on his presentation,
added the comment “I recall George
Binczewski giving that same paper
(movie and all) thirty five years ago.”
A somewhat astonishing sequence of
events followed.

There were several post-session re-
quests from attendees for a copy of
that long-ago paper (were they think-
ing that a person would have such a 35
year old document along with him?).
Immediately after the session, | casu-
ally mentioned these unusual requests
to TMS Director of Partner Relations
Trudi Dunlap, who was attending the
TMS member service desk. She asked
for the year and the paper title (“Simul-
taneously Casting of Alloy Compos-
ites”). Amazingly, within an hour she
handed me a copy of that paper togeth-
er with a CD which | could take to the
commercial copy service down the hall
and get all the copies | wanted. WOW!
Talk about service and immediacy. Too

RECENTIVAREVIEWED
BOOKS

AT Oy et e

Macromolecules Containing Metal and Metal-Like Elements,
Volume 8, Boron-Containing Particles
Alaa S. Abd-El-Aziz, Charles E. Carraher, Jr., Charles U. Pittman, Jr.,

and Martel Zeldin, editors

ISBN 978-0-471-73012-5. John Wiley & Sons, Inc., Hoboken, New Jersey. 2007.
Hardcover. 206 pages. $150.00. Reviewed by: Pritish Kar

Nanotechnology—Volume 1: Principles a

Glnter Schmid, editor

ISBN 978-3-527-31732-5. Wiley-VCH, Weinhei
Hardcover. 300 pages. $215.00. Reviewed by:

many of our members do not yet realize
the TMS resources available to them,
literally at their fingertips.

The commenter at the meeting, Dr.
Neil Bryson, head of Alcan Interna-
tional Casting Research (retired), had a
good basis for his remark. He himself
had presented one of only four cast shop
papers at that 1972 TMS Annual Meet-
ing in San Francisco. This was only the
second session after the meager 1971
program inaugural in New York. That
was a difficult period which preceded
Warren Petersen’s early extended ef-
forts to get program recognition for
establishing the annual meeting Cast
Shop Technology subject category.
We struggled and pleaded to convince
potential authors to commit to a paper
presentation. Petersen’s early persis-
tence and vision is best exemplified by
the historical fact that the Cast Shop
sessions have evolved into the most
popular at the annual meeting.

During the 25 year period, 1945-
1970, under the auspices of the AIME,
the precursor to the TMS, the total num-
ber of cast shop papers was less than
ten. After the formal program inaugural
in 1971, the next 25 year period, 1971-
1995, there were a total of 610 papers
presented and published. The following
period, 1996-2009, yields an additional
837 cast shop paper presentations for a
grand total to date of 1,447. The 53 cast

The following materials science and engineering publi-
cations have recently been reviewed by JOM readers. To
read the reviews, or to become a JOM book reviewer, visit

the JOM web site and click the Book Review link (under
Complimentary On-Line Content). All book reviews are
published exclusively on the JOM web site.

shop technology papers scheduled for
the TMS 2009 Annual Meeting attest
to the continuing interest in this alumi-
num production topic.

The TMS cast shop presentations and
publications have become a tremendous
resource for all phases of the industry,
especially when we consider that such
recorded references were comparative-
ly non-existent prior to 1970.

More importantly, the virtual instant
accessibility of these references through
the TMS on-line service is somewhat
overwhelming!

George J. Binczewski
Retired

CORRECTION

Dear Editor:

The authors of “Advances in the
Manufacturing, Types, and Applica-
tions of Biosensors” [JOM, 59 (12)
(2007), pp. 37-43] sincerely regret their
oversight in not citing an extremely im-
portant reference of a review article—
“Advanced Bioreporter Technologies
for Targeted Sensing of Chemical and
Biological Agents” by Steven Ripp
and Gary S. Sayler (www.ceb.utk.edu
/bioprimer.pdf).

The authors apologize for their over-
sight.

N.M. Ravindra et al.
New Jersey Institute of Technology

Read them on-line at:
www.tms.org/jom.html
Click on Book Reviews

www.tms.org/jom.html
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News
& Update

Items of Note from the Field, Profession, and Society

TMS Lends a Helping Hand in
Challenging Economic Times

As the economic crisis continues to
ride heavy on the shoulders of profes-
sionals across the globe, even materials
scientistsand engineers mightneed some
help advancing their careers. TMS
undertook new initiatives in December
2008to provide both practical and moral
support to its members as they weather
the current economic storm.

The first of the new initiatives that
was implemented is the Job and Finan-
cial Security Digital Resource Center.
A feature of the Members-Only web
site, the resource center provides career
and financial support in two sections,
Employment Search and Security and
Financial Planning and Management.

The Employment Search and Security
section has nearly 100 resources spread
over six topics. The topics are:

e Enhancing Employability—The
topic consists of resources on devel-
oping the qualities beyond technical
competence that are valued by
employers

e Job Transition Resources—Infor-
mation gateways, portals, and
sources to help get the job search
started can be found under this
topic

e Job Posting Boards—An anno-
tated directory of job listing and
resume posting services, many
geared to science and engineering
careers, can be located in this
topic

e Job Search Tool Kit—The topic
is a compendium of practical
resources on resume writing, inter-
view techniques, networking, and
other job search skills

e Search and Legal Information—
Members can access resources on
employmentrightsand legal protec-
tions

e Career Counseling, Advice, and
Coaching—~People and services
who can address employment-spe-
cific questions and concerns can be
accessed under this topic

The Financial Planning and Manag-

ment section marries three economic
topics—Ilong-term, short-term, and
immediate financial actions. TMS mem-
bers can gain access to information
ranging from retirement planning to debt
management, contingency planning, and
saving for the future.

The four topics in this section are:

e Planning for Life Events—
Resources are available for helping
to save for retirement or college
expenses.

e Personal Finance—The topic
consists of tools and resources to
maintain sound financial footing.

e Investment Insights—Information
gateways with answers to common
investment questions and concerns
can be found under this topic.

e Breaking News and Informa-
tion—Members can access finan-
cial news sources that provide up-
to-date information on changes in
the economy.

In addition to the Digital Resource
Center, TMS has introduced “Ask the
Human Resources and Benefits Expert,”
where members can obtain answers to
questions about human resources and
benefits. This new feature enables mem-
bers to e-mail questions that they might
be uncomfortable asking at their work-
place to the society’s human resources
staff. The questions and answers will be
posted on a members-only discussion
board, with the identity of the member
who posed the question protected. TMS
hasalso joined amulti-society study that
is being conducted by the American
Society of Association Executives and
The Center for Association Leadership
in order to research how the economy
isaffecting itsmembers. The results will
allow TMS to develop targeted tactics
to support its members better.

If any member has a question about
the initiatives or would like to suggest
possible changes, either log-in to the
Discussion Board at http://discussions
.tms.org where you can post comments
and questions in the TMS Presidential
and Executive Blog and Podcast Zone
or contact TMS Executive Director
Warren Hunt at whunt@tms.org.

TMS 2009 Annual Meeting
Looks To Be Largest in History

The TMS 2009 Annual Meeting to
be held in San Francisco, California,
February 15-19, is shaping up to be
stronger than ever. With nearly 3,200
abstract submissions, the Annual Meet-
ing isontrack to be the largest in society
history.

Despite difficulteconomic conditions,
TMS has seen a positive response to
the initiatives that were put in place to
ensure a successful meeting. With over
a month until the Annual Meeting com-
mences, TMS encourages members to
take advantage of these initiatives.

For the first time, a corporate rate is
being offered. The discounted rate was
implemented to help companies fit the
costofattending the Annual Meeting into
their budgets. Employers who register
five or more attendees from their com-
pany are able to receive the discounted
rate of $410 per person. Individual
attendees can also receive a discounted
rate if registered prior to the January 16
pre-registration deadline. After January
16, the rate will increase by $100.

Also new this year, the Annual Meet-
ing will offer attendeesachanceto further
their careersatthe TMS Employer Pavil-
ion, where they can speak face-to-face
with potential employers from a variety
of companies, universities, and national
laboratories. A job board will also be
available.

Finally, the TMS 2009 Annual Meet-
ing web site has been redesigned to
provide timely updates, detailed descrip-
tions of symposia, networking events,
and student activities, an opportunity to
register, and a complete list of exhibi-
tors.

Formore information on the corporate
rate, how to register, or to browse techni-
cal programs and more, visit www.tms
.org/Meetings/Annual-09/AM09home
.aspx.

Continuing Down the Green
Path

Materialsscientists, engineers, educa-
tional professionals, and others attend-
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Metallurgraphics

The Creativity in Carbon Nanotubes

From the collaboration of millions of
carbon nanotubes (CNTs) standing vertically
like a forest of trees extends the image of
United States President-elect Barack Obama.
Too small to see with the naked eye, the
miniature faces were engineered froman idea
thatbasically just “sounded cool.” That “cool”
idea came to be known as the nanobama.

The image of nearly a dozen nanobamas
placed in no particular pattern is just one of
many images that University of Michigan
Assistant Professor A. John Hart engineered,
photographed with optical and electron mi-
croscopes, and displayed on the World Wide
Web just prior to the United States’ Novem-
berelection. Hart’sidea of combining science
and art has driven more than 100,000 people
to his web site, www.nanobama.com, to view
the images (Figure 1).

“The number one reason why we created
the nanobamawas because we thought people
would enjoy it,” Hart said. “I would hope that
demonstrations like this are useful in ways
that bring concepts of new science and tech-
nology to a broader audience.”

Hart, along with Michael DeVolder, a
post-doctoral fellow, and Sameh Tawfick, a
doctoral candidate, both at the University of
Michigan, and Will Walker, an artist, created
the nanobama by converting Shepard Fairey’s
image of Obama into a line drawing. The
drawing was later shrunk into asmallerimage

so it could be printed on a glass plate using
alaser system. Using photolithography, athin
layer of photosensitive polymer on a silicon
wafer was patterned. The wafer was coated
with a thin layer of catalyst nanoparticle
“seeds” for growth and the polymer was re-
moved leaving the catalyst seeds in nanobama
patterns. The nanobamas were grown when
the wafer was placed in a high-temperature
furnace and filled with a hydrocarbon gas.

Carbon nanotubesaretiny hollow cylinders
that are stronger and stiffer than steel. They
have a diameter that is tens of thousands of
times smaller than a human hair.

Since the scientifically engineered images
of Obama hit the Internet, Hart has been
overwhelmed with media requests. His work
has appeared in newspapers, magazines, and
journals around the world. Hart sees the
overwhelming interest in the miniature cre-
ations as a way to disseminate information
on what small-scale science and technology
can do. So far, no one from the Obama cam-
paign has knocked on his door. But if they
do, he would be happy to hear from them.

In 2003, Hart began working with CNTs
as a doctoral student at Massachusetts Insti-
tute of Technology. It was during that time
that he had encountered many unique images
that prompted him to begin photographing
his research. However, it wasn’t until three
years later that Hart decided to share his col-
lection of images with the world via www
.nanobliss.com, a Web site dedicated to his
images taken through the lens of amicroscope.

Figure 1. Nanobama. Nearly a dozen microscopic nanobama images
were grown using a high-temperature furnace filled with hydrocarbon

gas.

| *All images courtesy of A. John Hart. -

(Another of Hart’s works, “Parting,” is on the
cover of this month’s issue.)

The Web site is broken down into catego-
ries that exhibit images that were formed
through specific techniques. Figures 2, 6, and
8 were formed when carbon nanotubes were
grown upward from a silicon substrate of a
patterned catalyst. They can be viewed in the
Nanotube Architectures section of the Web
site. The Silicon Crystals section of the Web
site contains images that were formed with
the re-solidification of silicon wafers. The
wafers were first melted by resistive heating.
Those images include Figures 3, 5, 7, 9, and
10. The intricate shape of Figure 4 was de-
veloped when images were digitally stitched
from several frames exceeding the normal
field of view of an electron microscope.

“Most of the first nanobliss pictures hap-
pened when experimentsdidn’tgoas planned,
but the nanotube structures were more beau-
tiful under the microscope” he said. “I began
photographing them after | realized | could
build a unique collection of images. Later,
when | would see something visually, yet not
scientifically, interesting | wouldstill stop and
take a picture of it.”

Hart hopes to continue the success of the
nanobamathrough the visual expressions that
connect nanotechnology to a broader audi-
ence.

“Plus, just having fun with things like this
maintainsacreative research culture,” he said.
“This is no substitute for serious science but
it is great to do both.”

Figure 2.Metropolis. Carbon nanotubes were grown upward from a
silicon substrate of a patterned catalyst to form this image of perfectly
stacked columns resembling city blocks of buildings. The same tech-
nigue was used in Figures 6 and 8.

www.tms.org/jom.html
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Figure 4. Seed
of Life. The intri-
cate shape of the
image’s structure
was grown by
chemical vapor
deposition on sili-
consubstrate.The
image was then
digitally stitched
from several
frames exceed-
ing the normal
field of view of the
scanning electron
microscope. (Im-
age by A. John

Figure 3. Ballerina. Figures 5, 7, 9, and 10 were formed with Hart, Ryan Wart-
the re-solidification of the silicon wafers consisting of catalyst ena, Felice Fran-
nanoparticle “seeds.” The silicon wafer was first melted by kel, and Michael
resistive heating. Cohen).

Figure 5. Hummingbird. Figure 6. Field.

Figure 10. Can-

dlescape. (Image

by A. John Hart

and Ryan Wart-
Figure 9. Sawtooth. ena).
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Aker Solutions: Aker Solutions
(Lysaker, Norway) signed a letter
of intent with StatoilHydro to enter
into an agreement for the delivery
of drilling equipment and related
operation services. The agreement
will put Aker Solutions among
the preferred suppliers of drilling
equipment and operational services
to StatoilHydro operated fields. The
agreement for the delivery of Aker
Solutions drilling equipment is awarded for a three year period with an optional period
and for operational services, five years.

BUSINESSHINE

INewslandjNoteskfiam
IMaterials)industries}

Alcoa Automotive Wheels: Alcoa Automotive Wheels, a division of Alcoa Wheel and
Transportation Products (Cleveland, Ohio), announced that it has been awarded platform
placement of Dura-bright® technology wheels with Chrysler LLC’s Street and Racing
Technology (SRT) engineering organization. Two new wheels within the Chrysler SRT
family, including both Dodge and Jeep platforms, will begin placement with the 2009
model year.

Ausmelt Limited: Ausmelt Limited (Dandenong, Australia) signed a licensing agreement
with Korea Zinc Co. Ltd. for the construction of two new top submerged lance technology
furnaces for lead smelting, which will be built at Korea Zinc’s production facilities in
Onsan, Korea. They will recover lead from up to 70,000 tonnes per annum of lead-bearing
materials, including lead secondaries.

Evonik Industries: Evonik Industries (Essen, Germany) signed a contract for the sale of
its United States and Canadian cyanide activities with Oaktree Capital Management. The
cyanide business constitutes a part of the CyPlus Group owned by Evonik. The transaction
is subject to approval by the regulatory authorities. It is comprised of CyPlus Group’s
business in the United States and Canada dedicated to the gold-mining industry.

Outotec Oyj: Outotec Oyj (Espoo, Finland) signed a major contract with ZAO Miheevsky
GOK, asubsidiary of Russian Copper Company, for the design and delivery of a new copper
concentrator plant for the Miheevsky porphyry-copper project located in Chelyabinsk,
Russia. The contract exceeds 175 million Euros. Outotec’s scope of delivery covers
engineering for the whole concentrator plant, supply of major process equipment in
six delivery packages, spare parts, and training, as well as site supervision services for
installation and start-up. The equipment deliveries will take place during 2010 and 2011.
The Miheevsky concentrator plant is planned to treat annually 20 million tons of copper
ore and is expected to be commissioned in early 2012.

SMS Demag: SMS Demag (Dusseldorf, Germany), acompany of the SMS group, together
with Elex AG jointly founded a new company, SMS ELEX AG, on October 1, 2008. The
new company will be headquartered in Schwerzenbach, Switzerland. SMS ELEX AG will
produce a new generation of filter systems for cleaning flue gas in steelworks. The new
company will also be focusing on the development of new flue-gas cleaning technologies
for steelmaking.

SMS Meer: SMS Meer (Ménchengladbach, Germany), a company of the SMS group,
received an order from the world’s largest steel group, ArcelorMittal, for the supply of a
PQF seamless tube plant. The seamless tube mill operating on the premium quality finishing
(PQF®) principle has an annual capacity of 600,000 tonnes. It will be used predominantly
for the production of oil country tubular goods tubes in the size range from 4%"to 16”. The
plant will be erected in Jubail Industrial City, north of Al Jubail on the Persian Gulf, and
is scheduled to go into production in the second half of 2010.

ThyssenKrupp Titanium: ThyssenKrupp Titanium (Essen, Germany) started the operation
of an electron beam furnace in Essen. The new unit was officially inaugurated in October.
Theelectron beam furnace, housed in a dedicated new shop in Essen, represents the state-of-
the-artin melting technology, and significantly increases ThyssenKrupp Titanium’s melting
capacities for titanium ingots. Due to its low weight, outstanding corrosion resistance, and
high strength, titanium is in great demand. Its main uses are in the aerospace industry,
including in the new Airbus A 380 and Boeing Dreamliner super jumbos. It is also used
in the chemical plant construction sector, heat exchangers for power plants, seawater
desalination plants, shipbuilding, offshore equipment and medical engineering.

ing the TMS 2009 Annual Meeting can
expect to see more in the way of being
green. As TMS continues to make strides
toeliminate waste, recycle, and conserve
energy, additional initiatives are planned
to ensure the Annual Meeting continues
to be green.

Those initiatives are:

e Advanced registration is now com-
pletely electronic. No printed forms
were mailed to TMS members.

e The final technical program will be
available to all attendees as a PDF
download onthe TMS 2009 Annual
Meeting homepage and electroni-
cally through the TMS Personal
Conference Scheduler.

e Collected proceedings will be on
CD-ROM.

e TMS has replaced the plastic bags
received at registration with reus-
able canvas bags for full-conference
attendees.

e Recycling containerswill be placed
throughout the convention center for
bottles, cans, and paper, and will be
available at the close of the meeting
for attendees to recycle their badge
holders and final programs.

e The on-site Today newsletter will
only be available electronically.

e Shuttles have been eliminated due
to all hotels being within walking
distance to the convention center.

e TheHands OnBay Areacommunity
service project on February 14 will
bring volunteers together to plant
an organic garden for less fortunate
Bay Area families.

e The Materialsand Society technical
symposiaaddresses energy, environ-
mental, and sustainable issues.

Inadditiontothe efforts TMS istaking
to ensure a green conference, the facili-
ties and professional businesses that the
society has chosen to work with also are
implementing green initiatives. For more
than a decade, the Moscone West Con-
vention Center has recycled a variety of
materials, including foam signage, vinyl
banners, cardboard, and scrap metal.
The TMS headquarters hotel, the San
Francisco Marriott, donates more than
30,000 pounds of food leftoversannually
to local nonprofit organizations. Step
outside of the convention center and you
can hail a hybrid taxi.

To learn more about the green initia-

tives that TMS and its associates plan to

www.tms.org/jom.html
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take at the Annual Meeting, visit the Go
Green! section of the TMS 2009 Annual
Meeting web site at www.tms.org
/Meetings/Annual-09/gogreen.aspx.

Dubai Welcomes TMS

Materials scientists and engineers
from across the globe came together
October 19-22 to gain knowledge on the
theory and practice of primary aluminum
production. Nearly 60 attendees from
the United Arab Emirates, Oman, Qatar,
Iran, South Korea, India, England, Slo-
vakia, Canada, and the United States
participated in Industrial Aluminum
Electrolysis 2008 in Dubai, United Arab
Emirates (Figure 11).

The Middle East is an area that is new
to TMS programming. By sponsoring
the course there, TMS has opened doors
tothe exchange of information and ideas
with a new population of profession-
als.

The feedback and enthusiasm from
many of the attendees proved the soci-
ety’s exposure was overwhelmingly
positive. TMS member Jim Yurko
attended the course and was impressed
with its outcome. “This was the first
TMS course | have attended and the class
exceeded my expectations,” he said. “I
was very impressed by TMS’s ability to
organize a meeting so far away.” Halvor
Kvande, a TMS member and the lead
instructor of the course, believes it was
asuccess for being only the second time
in TMS history it was conducted outside
of the United States. “It was a big step
to go outside of North America and all
the way to the Middle East,” he said.
“The attendees’ evaluation scores sup-
port the impression that the course was

a success.”

The course, sponsored by the TMS
Light Metals Division, was designed to
promote more efficient operations of
aluminum smelters and to stimulate
corresponding research and develop-
ment. Topics that were covered included
alumina quality and solubility; CO,
emissions and climate change; fluoride
emissions; magnetohydrodynamics; and
potroom inspection items. The course
will return to the United States in
2009.

A New “Green” For Grass

Metabolix, a Cambridge, Massachu-
setts, biotechnology firm, has devised a
way to make grass even greener. As
reported in the December issue of
Popular Science, researchers at the
company have successfully developed a
process for manufacturing bioplastic by
growing it in the leaves of genetically
engineered switchgrass. Knownaspoly-
hydroxybutyrate (PHA) and marketed
under the brand Mirel, the bioplastic
offersahighly biodegradable alternative
to petroleum plastics, while also requir-
ing less energy for its manufacture.

The details of Metabolix’s completed
greenhouse trials are described in the
paper, “Production of Polyhydroxybutyr-
ate in Switchgrass, a Value-Added
Coproduct in an Important Lignocellu-
losic Biomass Crop,” published recently
in Plant Biotechnology Journal.

The processinvolvessplicing bacterial
genes into the DNA of the switchgrass,
causing the plant to form granules of
plastic within its leaves. The plastic can
then be culled and turned into pellets for
production, while the residual biomass

Figure 11. Nearly 60 materials scientists and engineers from ten countries came together
to participate in Industrial Aluminum Electrolysis 2008 in Dubai, United Arab Emirates.
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can be processed into biofuel. According
toa Metabolix statementreleased onthis
new development, “This result validates
the prospect for economic production of
PHA polymer in switchgrass, and dem-
onstrates for the first time an important
tool for enhancing switchgrass for value-
added performance as a bioenergy
crop.”

Switchgrass is a native prairie grass
that can be grown quickly and in abun-
dance in the United States. It has been
identified by the U.S. Department of
Energy as a prime feedstock for produc-
ing next generation biofuels and bio-
products.

Thisarticlefirstappearedinthe Materials
and Society section of the Materials Technol-
ogy@TMS web site.

A 4-D Glimpse of the Nanoworld

Real-time, real-space visualizations
of the fleeting changes in the structure
and shape of matter on the atomic scale
are now possible with a new technology
developed at the California Institute of
Technology (Caltech) in Pasadena. The
breakthrough, dubbed four-dimensional
(4-D) electron microscopy, was de-



Transition “Innovation Agenda”

W&@Dﬂﬂm mm Team: On November 26, 2008,
President-elect Barack Obamanamed
members of his transition’s Technol-
ogy, Innovation, and Government
Reform Policy Working Group to
develop proposals to implement his
Innovation Agenda. Accordingtothe

Agenda, the new Administration will

lFederationlofiaterialstSacieties,

workto “create a21st century govern-
ment that is more open and effective;
leverage technology to grow the economy;, create jobs, and solve our country’s most press-
ing problems; respect the integrity of and renew our commitment to science; and catalyze
active citizenship and partnerships in shared governance with civil society institutions.”
The Working Group is organized into four sub-teams: Innovation and Government; Inno-
vation and National Priorities; Innovation and Science; and Innovation and Civil Society.
The co-chairs are Blair Levin, a telecommunications lawyer who served as chief of staff
to the chairman of the Federal Communications Commission (FCC) during the Clinton
Administration; Sonal Shah, an economist who heads Google.org’s global development
efforts; and Julius Genachowski, a lawyer who is co-founder of Rock Creek Ventures and
LaunchBox Digital, served as chief counsel to the FCC chairman during the early years of
the Clinton Administration, and worked for then-Representative Charles Schumer (D-NY)
in the mid-1980s. Members of the Working Group are Howard Buffet, David Burd, Dan
Chenok, Aneesh Chopra, Jack Chorowsky, Cheryl Dorsey, Joshua Dubois, Judy Estrin,
Tom Freeman, Jim Halpert, Mark Johnson, Michele Jolin, Tom Kalil, Kei Koizumi, Vi-
vek Kundra, Don Lamb, John Leibovitz, Bruce McConnell, Andrew McLaughlin, Parry
Norling, Beth Novacek, Spencer Overton, Lori Perine, Kartik Raghavan, Alec Ross, Paul
Schmitz, Clifford Sloan, Steve Spinner, Marta Urquilla, Chris Warren, Daniel Weitzner,
and Irving Wladawsky-Berger.

Nobel Physicist Nominated as Energy Secretary: The nomination of Dr. Steven Chu,
director of Lawrence Berkeley Laboratory, as Secretary of Energy is being welcomed by
the science and engineering community in Washington, D.C. Dr. Chu, who holds a Nobel
Prize in physics, has testified before Congress on behalf of doubling research funding
through the Department of Energy’s Office of Science and in other agencies.

Committee to Push ARPA-E in New Congress: In response to a recently released World
Energy Outlook 2008 by the International Energy Agency, House Science, and Technology
Committee Chairman Bart Gordon (D-TN) has signaled his determination to push next
year for appropriations for the Advanced Research Projects Agency for Energy (ARPA-E)
which has been signed into law but not funded. “The 2008 World Energy Outlook projects
that worldwide, we will need more than $26 trillion in new energy investment by 2030
just to meet demand,” Gordon said. “One step we must take is to establish ARPA-E . . . a
new agency at the Department of Energy that will pursue high-risk, high-reward energy
technology development.” he continued. “The question isn’t if we can afford to do this
research in the current economic climate.”

Nanotech Safety Concerns: Two reports issued in December 2008 by the National Sci-
ence Foundation (NSF) and one by the National Academies’ National Research Council
raise concerns about safety and public acceptance issues surrounding nanotechnology.
NSF-sponsored researchers at Yale University found that “when people learn about this
novel technology they become sharply divided along cultural lines.” A separate study
led by researchers at the University of Wisconsin—-Madison and Arizona State University
says nanotechnology “seems to be failing the moral litmus test of religion.” The National
Research Council concluded that an effective national plan for identifying and managing
potential risks is essential to the acceptance of nanotechnology-enabled products. The
Council committee determined that the current research plan, developed by the National
Nanotechnology Initiative, does not provide a clear understanding of these risks or where
the plan should be in 10 years, and federal funding to address nanotechnology-related
environmental health and safety issues may be inadequate. House Science and Technol-
ogy Committee Chairman Bart Gordon’s (D-TN) panel developed legislation that would
address many of these concerns. It would require the development of an environmental,
health, and safety (EHS) plan that specifies near-term goals; identifies multi-year funding
requirements for each goal; specifies responsibilities for each participating agency; and
requires annual reassessments of progress.

scribed in two papers published in No-
vember 2008, along with “movies” made
with the new technique of atomic
changes in gold and graphite.

Scientists now can observe the static
structure of objects with aresolution that
is better than a billionth of a meter in
lengthusing electronmicroscopes, which
generate astream of individual electrons
that scatter off objects to produce an
image. The Caltech researchers have
taken this technology to a new level by
introducing the “fourth dimension” of
time into high-resolution electron mi-
croscopy. They have accomplished this
by precisely controlling every electron
trajectory in time and space, so that the
electrons arrive at the sample at specific
time intervals. The resulting image
produced by each electron represents a
femtosecondstill atthat momentintime.
Like the frames in a film, the sequential
images generated by many millions of
such images can be assembled into a
digital movie of motion at the atomic
scale.

“4D Imaging of Transient Structures
and Morphologies in Ultrafast Electron
Microscopy,” published inthe November
21issue of Science, reported the applica-
tion of 4-D electron microscopy to ob-
serve the behavior of atoms in super-thin
sheets of gold and graphite. Researchers
found that on a slightly longer, picosec-
ond scale, the graphite nanosheets pro-
duce sound waves. In the images, they
directly visualized the elastic movements
of the sheets and determined the force
holding them together, which is de-
scribed by astress-strain property known
as “Young’s modulus.” The 4-D movies
produced from the frames revealed the
behavior in space and time.

In a second paper, “Nanoscale Me-
chanical Drumming Visualized by 4D
Electron Microscopy,” published in the
November 2008 issue of Nano Letters,
the Caltech researchers described their
visualization of the changes in a nano-
meter-thick graphite membrane on a
longer time scale, up to a thousandth of
a second. The researchers first blasted
the sample with a pulse of heat. The
heated carbon atoms began to vibrate in
a random, nonsynchronized fashion.
Over time, however, the oscillations of
the individual atoms became synchro-
nized as different modes of the material
locked in phase, emerging to become a
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heartbeat-like “drumming.” Digital
video, slowed down more than a billion
times, illustrates this nano-drumming
mechanical phenomenon, which displays
a well-defined resonance that is nearly
100 times greater than can be detected
by the human eardrum.

The Caltech researchers have now
turned their attention to imaging the
components of cells, such as proteins
and ribosomes. They have already pro-
duced images of a stained rat cell and,
more recently, of a protein crystal and
cell in vitreous water. Their goal is to
enhance the structural resolution in the
images of these biomaterials by taking
single-pulse snapshots before they move
or deteriorate, enabling documentation
of their dynamics in real time.

Thisarticlefirstappeared inthe Emerging
Materials Technology section of the Materi-
als Technology@TMS web site.

A Riveting Innovation

A new joining process suitable for
polymer-metal hybrid joints has been
developed by researchers at the Institute
of Materials Research, GKSS Research
Centre in Geesthacht, Germany. Known
as friction riveting, the new technology
represents an enhancement of friction
stir welding of metallic alloys. Friction
stir welding involves pressing a non-
consumable cylindrical tool with great
force into two sheets of material lying
next to each other and moving the tool
along the weld line. The material is
heated and stirred by the friction created
by the tool’s rotation, enabling the sheets
to be joined.

Friction riveting produces spot con-
nections when arapidly rotating stud, or

rivet, is pressed onto the surface of one
of the sheets, usually a thermoplastic
material or lightweight alloy. In the
initial phase of the process, the pin pen-
etrates the material and a thin layer of
molten plastic forms, which acts as an
adhesive after the joint consolidates.

As the rivet forces its way deeper into
the material, the temperature increases
and the tip of the pin spreads out to a
wider diameter than the original rivet.
This securely fixes the pin within the
material (Figure 12).

According to a November 12, 2008,
statement from GKSS, the new technol-
ogy isamorereliable, cost-efficient, and
environmentally benign alternative to
conventional processes for joining multi-
material structures. Generally, these
materials are adhesively bonded or
mechanically fastened, which requires
surface preparation generating chemical
emissions and waste. Friction riveting,
on the other hand, does not produce
harmful emissions typically associated
with fusion welding. Friction riveting
also addresses the mechanical perfor-
mance issue created by mechanically
fastened joints which typically experi-
ence increased stress concentrations
associated with the hole placed in the
joint area.

The GKSS statement said the new
joining process would be particularly
applicable to the transportation and
aircraft manufacturing industries, in
which polymer-metal hybrid structures
are becoming more prevalent asa means
to reduce weight.

Thisarticlefirstappeared in the Establish-
ing Materials Technology section of the
Materials Technology@TMS web site.

Figure 12. An example
of the process of friction
riveting.

WALCH
HIS!

Dance Your Ph.D.

WeES Watch as graduate and post-
- doctoral students, and pro-

\‘ fessors interpret their Ph.D.
\\\ theses in dance form in the
2009 AAAS/Science Dance Contest.
http://gonzolabs.org/dance/contestants

A Rubbery Future

yye=g  Richard Claus, a professor at

VirginiaPolytechnic Institute

\‘ and State University and

\\\ president of NanoSonic Inc.,

explains how metal rubber could shape
the future of commercial aircraft.

http://videos.howstuffworks.com
/sciencentral/2938-metal-rubber
-video.htm

Buckypaper: Silly Name, Strong
Intentions

WES Res_earcr!ers _at Florida State

= University in Tallahassee

\‘ explain how this super strong

\\\ material could change the way

products are engineered. Buckypaper is

made from carbon nanotubes like those
shown in the images on pages 6 and 7.

http://www.mefeedia.com/entry
[future-planes-cars-may-be-made-of
-buckypaper/11928662

Vol. 61 No. 1 ¢ JOM

www.tms.org/jom.html

11


http://gonzolabs.org/dance/contestants
http://videos.howstuffworks.com/sciencentral/2938-metal-rubber-video.htm
http://www.mefeedia.com/entry/future-planes-cars-may-be-made-of-buckypaper/11928662

Member
News

Updates on friends and colleagues in the materials community

Society Governance Changes with Member Ratification of New Bylaws

TMS members ratified a new set of
society bylaws in mid-November. The
society operates under a core set of by-
laws, which are voted on and approved
by TMS members. The new bylaws
went into effect November 17, 2008.

The TMS Board of Directors ap-
proved the bylaws on July 25, 2008,
sending them on to the members for
ratification. Here are a few of the key
recommendations that the ad hoc Com-
mittee on Governance, in addition to
the creation of new bylaws, submitted
for approval:

e Have the TMS Executive Com-
mittee work with the Adminis-
trative and Technical committees
to update their policies and bring

TMS MEMBER
RECEIVES THE
NATIONAL MATERIALS
ADVANCEMENT AWARD

TMS Fellow Siegfried Hecker re-
ceived the 2008 National Materials
Advancement Award from the Fed-
eration of Materials Societies. He is a
professor in the Department of Man-
agement Science and Engineering
at Stanford University, in addition to
serving as co-director of the universi-
ty’s Center for International Security
and Cooperation and emeritus director
of the Los Alamos National Labora-
tory.

The National Materials Advance-
ment Award recognizes individuals
who have demonstrated outstanding
capabilities and contributions in ad-
vancing the multi-disciplinary field of
materials science and engineering; the
effective and economic use of materi-
als in the marketplace and the appli-
cation of materials developments to
national problems and defense; and
the development and implementation
of national policy which furthers the
impact of materials sciences and engi-
neering on our society.

Hecker has been a member of TMS
since 1964. He was scheduled to re-
ceive the award in Washington, D.C.
in December.

them into alignment with the new
governance requirements and the
bylaws.

e Create new policies that address
the need for more transparent pro-
cesses and re-emphasize the cen-
tral role of the Board of Direc-
tors.

o Create a new Executive Commit-
tee policy that defines the con-
struction and role of the commit-
tee and establishes it as a resource
to the Board of Directors.

e Create a new Nominating Com-
mittee policy that identifies Board
of Director nominees for director
positions.

e Create and implement a Docu-

ment Retention and Destruction
policy.

In March 2008, TMS President Di-
ran Apelian commissioned the ad hoc
Committee on Governance to review
the previous TMS bylaws, administra-
tive and policy manuals, other docu-
ments, and the practices and proce-
dures for consistency, clarity, and to
ensure accuracy of all documents. He
was prompted to take action due to the
Sarbannas-Oxley Act, changes in the
Pennsylvania state law, and a 10-year
hiatus from bylaw revisions.

To view the new TMS bylaws, vis-
it the Society Governance section of
the TMS homepage at www.tms.org
[society/bylaws.aspx.

Board Elevates Thirteen TMS Members

On December 11, 2008, the Board
of Directors voted to elevate 12 new
members to Professional Member
grade and another member to Junior
Member grade.

Under the new bylaws, the Board
of Directors is required to vote on the
grade of membership a new member
will be placed at.

The following new members were
elevated from Non-Voting Members:

e Bhabani Shanker Acharya: Ma-
puto, Mozambique; production su-
pervisor, Mozal Sarl; Professional
Member.

e Laurent Cottignies: Poisat,
France; senior R&D engineer, Al-
can CRV;, Professional Member.

e Dawn Janney: ldaho Falls, Idaho;
materials engineer, Idaho National
Laboratory; Professional Mem-
ber.

e Rejin Koodakal: Thun, Switzer-
land; post doctorate, EMPA; Ju-
nior Member.

e Rick K. Lazarou: Kentucky;
chairman and chief executive of-
ficer, Lazar Anode Technologies,
LLC; Professional Member.

e Michael F. Lazorchak: Saginaw,
Michigan; sales engineer/account
manager, B&P Process Equip-

ment; Professional Member.

e Lindsay Malloy: Ayer, Massa-
chusetts; metallurgist, Riley Pow-
er Inc.; Professional Member.

e Miguel Angel Neri: Chihuahua,
Mexico; researcher and professor,
CIMAV, S.C. (Advanced Materi-
als Research Center); Professional
Member.

e Irina Skripnik: New York; re-
gional director, i-Libra LLC; Pro-
fessional Member.

e Robert J. Smollack: Montana;
operations manager, Columbia
Falls Aluminum Co.; Professional
Member.

e Marcio Douglas Soares: Michi-
gan; director of international busi-
ness, Jervis B. Webb Co.; Profes-
sional Member.

e Juergen Timm: Steisslingen,
Germany; project leader, Nov-
elis Switzerland SA; Professional
Member.

e Kristen L. Watson: Owenshoro,
Kentucky; coordinator/liaison of-
ficer, Lazar Anode Technologies,
LLC; Professional Member.

As new members are granted mem-
bership into TMS, the Board of Direc-
tors will vote on a monthly basis to el-
evate membership grades.

12
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TMS Member Profiles

Meet a Member: George “Rusty” Gray lll, Beekeeper, Stained Glass Artisan

By Francine Garrone

It would be silly to think materials
scientists and engineers do not use their
scientific knowledge to master other
tasks—even hobbies. George “Rusty”
Gray |11 believes his stained glass work
and beekeeping are just that—hobbies
that benefit from his science and engi-
neering background.

“It’s a hobby, although certainly
many of my designs are geometrical
and have a science theme,” he said of
the intricate patterns on the stained
glass lamps he designed. “And | ap-
proach all my hobbies as a scholarly
project. | read all I can find on the sub-
ject and study the previous masters—
like in science.”

Gray, a laboratory fellow at Los Ala-
mos National Laboratory in Los Ala-
mos, New Mexico, became fascinated
with glass as a young boy. While in
grade school, he collected antique bot-
tles, canning jars, and old glass insula-
tors. As he matured into an adult, Gray
developed an interest in sculpture. “My
dad taught art and drafting as a high
school teacher,” he said. “He also did
woodworking, remodeling, painting,
and drawing—a spectrum of artistic
media blended with engineering.”

The 2009 TMS vice-president, Gray
became intrigued with stained glass
after seeing beautiful lamps in a Pitts-
burgh, Pennsylvania, museum while
working toward his Ph.D. at Carnegie
Mellon University. Today, he has craft-
ed a variety of stained glass hangings;
jewelry boxes; a large window at the
Kappa-Kappa-Gamma sorority house
at Carnegie Mellon University; lamps;
and gifts for family and friends.

Gray’s main focus, however, is
stained glass lamps. Each one distinct,
the lamps feature multi-flat-sided as-
semblages or designs built on forms
such as cones. He has also designed
complex three-dimensional designs on
flat-sided lamps. Gray has incorporated
sea shells found while camping in St.
John, the United States Virgin Islands,

into his work, and obsidian slices cut
from pieces he collected in the Jemez
Mountains in Santa Fe, New Mexico.

Many of Gray’s lamps have 400 to
600 pieces that could take a hundred
hours in total from design, cutting the
glass, grinding the edges, and copper
foiling (the technique popularized by
“Tiffany” lamps).

Gray also developed an interest in
beekeeping as a young man. It was not

George “Rusty” Gray Il handles a swarm
while clothed in a full body beekeeper's
suit, veil, and protective gloves.

This stained glass lamp was made with
sea shells found while camping with his
family in St. John, United States Virgin
Islands.

his love for bees that brought him to
the hobby, but his love for his wife,
Altana, a third-generation beekeeper.
However, Gray says there is plenty of
science in beekeeping. “I read all | can
about strategy to beekeeping manage-
ment—I subscribe to a monthly bee-
keeping journal,” he said.

Gray began maintaining bee hives
at his father-in-law’s home in New
Jersey prior to his marriage. It was not
until the mid-1990s that he obtained
protective gear and bee hives to begin
beekeeping at his residence. His en-
gineering knowledge became useful
when bears threatened his hives and
a friend’s, which he helps maintain,
in Paonia, Colorado. “The enclosure
around the bee hives is powered by a
deep cycle battery that is attached to a
solar recharger as the bee yard is out
in the orchard away from an electric
source,” he said of his friend’s enclo-
sure. “The sheet metal around the yard
keeps the grass from shorting the fence
and as | connected it to my grounding
rod it also serves to provide a guaran-
teed ground right at the fence for any
animal that touches it.”

Each year, Gray and his family har-
vest honey from the hives for cooking,
to give as gifts, and to donate to their
church and the United Way for auc-
tion.

“All of my hobbies are relaxing,” he
said. “l am an engineer through and
through—especially in my hobbies.”

To view more of Gray’s stained
glass and beekeeping photos, visit the
JOM Discussion Board at iweb.tms.org
[forum/default.aspx?forumid=26.

Each month, JOM will feature
a TMS member and their activities
outside the realm of materials science
and engineering. If you have an
interesting activity or know someone
who does, contact Francine Garrone,
JOM news editor, at fgarrone@tms.
org.
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Human Assets: The Most Precious

Capital

Diran Apelian

In the last few months we have wit-
nessed a global economic downturn and
concerns about the fiscal health of cor-

porations. There is
much talk about
assets—both  fi-
nancial and capi-
tal. Yet, we hear
very little about
our most precious
asset, our human
assets.

The intellectual capital of the planet
is the most critical asset that can ad-
dress the serious issues we face. Yet,
the $700 billion Wall Street bailout was
crafted in about two weeks, with Wash-
ington working around the clock to get
things done. It is not only the size of
the bailout that is of concern, but also
the kinetics of the reaction on the Hill!
The concern and the attention that we
as a nation placed on our financial as-
sets say much about our values.

Where is the urgency regarding our
human asset? Why aren’t we outraged
about the education deficit and why do
we value financial assets over human
assets? To paraphrase and embellish
an observation by Thomas Friedman,
what we need is not just a bailout of our
economy, but a buildup of our people.

One would think that education of
our children would be the highest pri-
ority, in America and across the globe.
Unfortunately, a close look at schools
across the United States points out that
we do not place a value on the most
precious capital we have: our children.
The resources we have channeled for
educating the next generation is pitiful
when we compare it to the resources we
have allocated for defense, etc.

We need to invest in, nurture, and
cultivate our human assets. The place
to start is with our schools—primary

and secondary (K-12), as well as with
higher education and research funding
at our graduate schools. The 2007 Na-
tional Academies Press publication Ris-
ing Above the Gathering Storm clearly
pointed out that our economic security
was in question because of the decline
in investments in R&D budgets, as well
as investments for the development of
the intellectual capital of the nation. It
is not surprising that economic security
is directly coupled with human assets
as well as the intellectual capital that
we cherish and want.

Yet, in our major cities, and par-
ticularly the inner-city schools, we
are wasting the opportunity to impact
our future. Comparing K-12 teacher
salaries to salaries in other sectors of
society is not a good testament of our
values. Imagine what would happen if
starting annual salaries for mathemat-
ics, science, and English teachers were
$70,000. We need to ensure that our
educational system is first rate, that we
have the best facilities, the best-pre-
pared teachers, and we need to be dili-
gent in the outcomes we expect.

Muhammad Yunus and the Grameen
Bank (a bank he founded) won the No-
bel Peace Prize in 2006 for investing in
people and reversing poverty in Ban-
gladesh. It is a universal theme; invest-
ing in education is the most crucial in-
vestment we can make to fight poverty,
to fight crime, and in brief to fight so
many ills that have their roots in igno-
rance of the populace. | am reminded of
a bumper sticker | saw at our university
parking lot that read: “If you think edu-
cation is expensive, try ignorance”

At the Metal Processing Institute, we
are in touch with close to 100 corpora-
tions that are partners and consortium
members. The one constant message
we hear from these corporations is the

graying of the workforce and the con-
cern as to where the next generation of
knowledge workers will come from.
Take the aerospace industry as an ex-
ample. It is a powerful force within the
U.S. economy and one of the nation’s
most competitive sectors in the global
marketplace. It contributes over 15 per-
cent to the gross domestic product and
supports over 15 million high quality
U.S. jobs. Aerospace products provide
the largest trade surplus of any manu-
facturing sector. Yet only a handful
of universities and centers in America
are working on superalloys, structural
materials, titanium, etc. Moreover, the
funding in structural materials does not
reflect the importance of the industry
to the economy. Funding is needed to
support these industries, and in turn to
enable a generation of students to be
educated in our graduate schools who
will be our future knowledge workers.

Last, we need to get the message out
that science and engineering education
opens doors to a variety of career paths
where one can make a world of differ-
ence. We need to all work in unison
with one message that materials science
and engineering (MSE) is an enabler to
address societal challenges and that ca-
reers in MSE are exciting, wide-open
opportunities, and in demand.

In closing, this is my last column
in JOM as | finish my term as TMS
president. | want to thank you for your
support this past year. We have accom-
plished much and we will continue to
do so under the leadership of Ray Pe-
terson, who will be installed as our next
president in San Francisco at our An-
nual Meeting (February 2009). See you
all in San Francisco.

Diran Apelian is a professor in the Mechanical
Engineering Department of Worcester Polytechnic
Institute and the 2008 TMS President.
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EXTRACTION & PROCESSING
DIVISION SCIENCE AWARD

Sponsor: Extraction & Processing
Division

Recognizes: A paper, or series of
closely related papers with at least
one common author, that represents
a notable contribution to the scien-
tific understanding of extraction and
processing metallurgy, with empha-
sis on nonferrous metals.

EXTRACTION & PROCESSING
DIVISION TECHNOLOGY
AWARD

Sponsor: Extraction & Processing
Division

Recognizes: A paper, or series of
closely related papers with at least
one common author, that represents a
notable contribution to the advance-
ment of the technology of extraction
and processing metallurgy, with em-
phasis on nonferrous metals.

following awards:

LIGHT METALS DIVISION JOM
BEST PAPER AWARD

Sponsor: Light Metals Division
Recognizes: The author(s) of a paper
published in an issue of the preceding
volume year of JOM under a light-
metals related technical topic.

James W. Evans (left) receives the 2008 Light
Metals Division JOM Best Paper Award from
division chair Wolfgang A. Schneider (right)
at the 2008 TMS Annual Meeting.

JOM: Home of Award-Winning Papers

Papers published in JOM are automatically eligible for the

STRUCTURAL MATERIALS
DIVISION JOM BEST PAPER
AWARD

Sponsor: Structural Materials
Division

Recognizes: The author(s) of a pa-
per published in an issue of the pre-
ceding volume year of JOM under a
structural materials technical topic.

ROSSITER W. RAYMOND
MEMORIAL AWARD

Sponsor: The American Institute
of Mining, Metallurgical, and
Petroleum Engineers

Recognizes: The best single- or
dual-authored, peer-approved or
peer-reviewed paper published dur-
ing the twelve months preceding
May 1 where the lead author is a
member of the American Institute
of Mining, Metallurgical, and Pe-
troleum Engineers, and under the
age of 35.

JOM READER POLL

To vote, go to www.tms.org/jomsurvey.html.

Last month’s question:

The automobile industry is suffering in the current economic downturn
and the U.S. government has been asked to help. What support should
the United States offer to the Big 3 automakers?

« A stopgap loan to keep them solvent 18.37%
* A grant conditioned on retooling for
energy-efficient auto production 22.45%

Oo0O0oao

All of the above

Last month’s answers:

* A grant, no strings attached 0%
* None—let the market forces prevail 53.06%
o Other 6.12%

This month’s answers:

Reducing waste: | only print documents when absolutely necessary.

Reducing my carbon footprint: | drive a hybrid or electric vehicle or use mass transportation consistently.
Facilitating sustainability: | recycle bottles, cans, and paper even when it’s not mandatory.
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Polymer-Matrix Composites Commentary

Polymer-Matrix Composites: New
Fibers Offer New Possibilities

Sergio Neves Monteiro

If one class of
material could rep-
resent the transi-
tion to the new
millennium, it
would be the poly-
mer-matrix com-
posite (PMC).
From missile com-

ponents to golf clubs, an ever increas-
ing number of products or specific de-
vices are made of PMCs. Some are new
developments, such as the carbon fiber
composites in modern commercial air-
craft. Others are beneficial to both our
health and the environment. Typical
examples are the aramid fiber compos-
ites replacing asbestos in automotive
brakes and clutch linings, as well as re-
cyclable coconut fiber composites sub-
stituting synthetic fibers in automobile
seat cushions.

Polymer-matrix ~ composites are
normally composed of a matrix rein-
forced with a synthetic or natural fiber.
The matrix acts as the intermediate by
which an externally applied load is dis-
tributed to the stronger and stiffer fibers
that structurally support the compos-
ite. It protects the fibers from outside
chemical (or even atmospheric) attack
and abrasion. The plasticity of the ma-
trix serves as a barrier to crack nucle-
ation/propagation, and as such prevents
catastrophic rupture.

The real advantages in terms of flex-
ibility and expanding potential for the
PMC are the different fibers available.
Glass fiber is the most popular owing
to its low price, easy processing, high
specific strength, and chemical inert-
ness. Carbon fiber is the current prefer-
ence for advanced structural compos-
ites. It is the stiffest and strongest of
all fibers. Carbon fiber manufacturing
and its composite processing are cur-

rently reaching a cost-effective level
that permits even common leisure and
sporting goods to be relatively inex-
pensive. Aramid, a kind of polymeric
fiber, was a fantastic development only
three decades ago. This fiber is the
lightest, toughest, and the most impact-
resistant among the synthetic fibers.
Kevlar, a well-known brand name for
aramid fiber, revolutionized the market
of bullet-proof vests. Other synthetic
fibers, such as silicon carbide, alumi-
num oxide, and boron, traditionally
used in metal-matrix composites, have
found commercial niches as PMCs in
helicopter rotor blades, circuit boards,
tennis rackets, and many other items.
Natural fibers are promising options for
PMCs. Their environmental advantages
(biodegradable, renewable, recyclable)
and the large number available as na-
tive, cultivated, or industry residuals
stand over other fibers. Already used
in many automobile components, natu-
ral fiber composites may in the future
be appraised by their environmentally
friendly qualities and seen as an ally in
the fight against global warming.

The PMC articles in this issue will
deepen scientific and technological un-
derstanding related to this important
class of material. The article by S.N.
Monteiro, F. Lopes, A. Ferreira, and
D. Nascimento provides an overview
on natural fiber composites. The grow-
ing interest and existing applications
of these composites by the automobile
industry were the main motivation for
the article. The economical, technical,
and environmental advantages are em-
phasized.

The paper by S. Sen, E. Schofield,
J. Scott O’Dell, L. Deka, and S. Pil-
lay describes the development of ad-
vanced PMCs for future space explo-
ration. This new materials will provide

shielding from cosmic radiation and
micrometeoroid impact during long in-
terplanetary missions such as NASA’s
planned round trip to Mars.

The article by Y. Ganesan and J. Lou
provides an overview on the mechani-
cal behavior of polymer-matrix nano-
composites. The outstanding properties
of nanostructured materials are exem-
plified using the case of carbon-nano-
tube reinforced composites. The au-
thors emphasize the role played by the
interface between nanoparticulate fill-
ers and the polymer-matrix interface.

Characterization of fundamental
properties related to the behavior of
thermoplastic composites under impact
condition is the focus of the article by
K. Brown, R. Brooks, and N. Warrior.
The strain-rate sensitivity of a glass-
woven-fabric-reinforced  composite,
considered for vehicle impact resistant
components, is providing basic infor-
mation on the material mechanical re-
sponse in case of a crash event.

The work by T. Rodrigues, M. Tava-
res, I. Soares, and A. Moreira presents
a review on a modern and advanced
development, hybrid nanocomposites.
These are new materials with improved
properties such as gas barrier, thermal
stability, and flame resistance for sev-
eral applications, from food packaging
to fuel cells.

It is hoped these articles will update
the readers and motivate them to share
in the belief that PMC is the millenni-
um material. Finally, a special token of
gratitude is due to Ann Hagni, whose
experience and effort enabled this issue
to move forward.

Sergio N. Monteiro is a professor of Materials
Science and Engineering in the Laboratory for
Advanced Materials at the State University of
Northern Rio de Janeiro, and is the advisor to JOU

from the Characterization of Minerals, Metals and
Materials Committee.
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Polymer-Matrix Composites Overview

Natural-Fiber Polymer-Matrix
Composites: Cheaper, Tougher,
and Environmentally Friendly

Sergio Neves Monteiro, Felipe Perissé D. Lopes, Ailton Silva Ferreira, and Denise Cristina O. Nascimento

Natural fibers, especially lignocel-
lulosic fibers extracted from plants, are
gaining attention as polymer-matrix
composite (PMC) reinforcements due
to their comparative advantages over
synthetic fibers. Natural fibers are rela-
tively low cost, renewable, and biode-
gradable. Their production systems are
associated with low equipment wear
and are energy efficient. In addition,
the incorporation of lignocellulosic
fibers into PMCs may significantly
improve some mechanical properties.
This article presents an overview of the
advantages and drawbacks of applying
natural fibers, some of them relatively
unknown, as reinforcements of PMCs.
The mechanical behavior of composites
incorporated with selected fibers is dis-
cussed in terms of the effect of surface
micromorphology and the fiber/matrix
interaction.

INTRODUCTION

In the past century, priority has been
given to synthetic fibers fabricated us-
ing energy-intensive methods. Today,
there is a strong belief that the most
common energy sources such as petro-
leum, coal, and natural gas are highly
responsible for worrisome climate
changes. The possibility of replacing
traditional energy-intensive materials
with natural ones is, therefore, now
gaining attention. In fact, natural ma-
terials are considered environmentally
friendly not only for their savings in
process energy but also for renewable
and biodegradable characteristics that
render them neutral with respect to
CO, emissions. Such emissions cause
the atmospheric greenhouse effect re-
sponsible for global warming.'-

The cellulose/lignin-rich fibers ex-
tracted from cultivated plants such as
jute, sisal, hemp, coconut, coir, flax,

How would you...

...describe the overall significance
of this paper?

This paper studies the advantages
of using natural fibers as
reinforcements in polymer matrix
composites, as compared with
synthetic fibers, especially glass
fiber. Economical, environmental,
and technical aspects are discussed.
Distinct characteristics of each
natural lignocellulosic fiber are
emphasized. It is shown that the
surface structure and the fiber/matrix
interface can be responsible for
outstanding impact resistance.

...describe this work to a
materials science and engineering
professional with no experience in
your technical specialty?

Materials scientists and engineers
are familiar with synthetic fiber
composites in automobile and
aerospace components. A novel type
of composite with natural fibers is
substituting the traditional ones
with synthetic fibers. In addition

to economical and technical
advantages, the natural fiber is
biodegradable and renewable, which
makes them environmentally correct
materials. The characterization

of these ““green”” composites will
contribute to further extend their use
in engineering applications.

...describe this work to a
layperson?

This work investigates the
characteristics and properties

of composite materials, which

are nowadays applied in many
components for airplanes and

cars. The point of this work is

that natural vegetable fibers are
replacing synthetics like glass fiber
as reinforcements of composite
materials. The natural fibers are
cheaper and environmentally correct
due to their biodegradable and
renewable characteristics. Natural
fibers also consume relatively less
processing energy. This represents a
contribution to the control of climate
changes.

wood, pineapple, and many others are
typical examples of natural materials.
These lignocellulosic fibers have been
extensively investigated in the last de-
cade as possible substitutes for syn-
thetic fibers that have been tradition-
ally used as the reinforcement phase
of polymeric composites.*® Hundreds
of scientific and technological works
were dedicated to investigations on the
properties and structural characteristics
of polymeric composites reinforced
with natural lignocellulosic fibers. Al-
though it is beyond the scope of this
article to review all publications on this
subject, it is relevant for the reader to
be informed that, contrary to synthetic
fibers (such as glass and carbon) ex-
tensively produced in highly industri-
alized countries, lignocellulosic fibers
are cultivated mainly in tropical regions
of developing countries.” This is of so-
cial importance and represents a major
source of income to sustain the econo-
my of local populations in Africa, Latin
America, and South Asia.

Moreover, some of these natural fi-
bers are relatively unknown and their
reinforcement potential in polymeric
matrices only recently has begun to be
investigated. For instance, fibers such
as curaua,®® piassava,’*** buriti,!>1®
ramie, '8 and sponge-gourd'®® from
the Amazon and other regions of South
America, which are traditionally used
in simple domestic items, are currently
being studied as composite reinforce-
ments.

GENERAL
CHARACTERISTICS

The industrial application of natural
fibers as an alternative for synthetic fi-
bers in polymer-matrix composites
(PMCs) has already occurred in mar-
ketable products. A relevant case of
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Figure 1. Automobile components made of natural-fiber-reinforced composites.?®

lignocellulosic fiber substitution is in
vehicles. The automobile industry is
successfully applying composites rein-
forced with a variety of this type of
natural fiber to replace components
such as interior panels and seat cush-
ions originally made of glass mat PMC
or polymeric foams.?-?® Figure 1 illus-
trates the different components made of
natural-fiber-reinforced PMCs in a
Mercedes Benz sedan.?® Important
technical reasons exist for this prefer-
ence. A natural-fiber PMC presents less
damage to tools and molding equip-
ment, as well as relatively better finish-
ing. Furthermore, a high degree of flex-
ibility, which makes a natural fiber
bend rather than fracture, in association
with low density and non-abrasive sur-
face, offer practical advantages for re-
inforcement of PMC components in
comparison to glass fibers.? Addition-
ally, as further discussed in this article,
the relatively greater toughness of a
natural-fiber PMC component is able to
absorb the high impact energy occur-
ring in an automobile crash.

According to R. Zah et al.,* an even
stronger argument based on legislation
now exists for the use of natural-fiber
PMCs in automobiles. A European
Community directive? requires that by
2015 member countries re-use and re-
cover at least 95% of the material from
all end-of-life vehicles. Components
containing glass fibers cannot easily be
separated and, therefore, are difficult to
recycle. In contrast to glass fiber, natu-
ral-fiber PMCs can be completely burnt
to recover energy, which is a practice
accepted by the directive. Consequent-
ly, the use of natural-fiber PMCs, as il-

lustrated in Figure 1, is rapidly increas-
ing in the automobile industry? at an-
nual growth rates above 20%.?¢ Zah et
al.? predicted that “the future trend of
extreme lightweight car design will fur-
ther enhance the application potential
of natural fiber composites eventually
leading to the ultimate vision of S.
Hill?® of cars that grow on trees.”

In addition to technical and environ-
mental advantages, low cost is the main
industrial motivation for natural rather
than synthetic fibers as PMC reinforce-
ment. The most economical of all syn-
thetics, the glass fiber has a commercial
price that varies from $3.00 to $3.80
per kg.?® By contrast, cultivated ligno-
cellulosic fibers usually have costs that

are about one order of magnitude lower.
For example, in Brazil, the export FOB
price of piassava fibers is $0.37, curaua
fiber, $0.44, and sponge-gourd, $0.60
per kg.” It is also worth mentioning that
some lignocellulosic fibers obtained
from coconut husks®*-32 and sugar cane
bagasse,* which could be used as PMC
reinforcements like coir, are by-prod-
ucts with much lower commercial val-
ues. These economical considerations,
together with environmental and tech-
nical advantages, contribute to the cur-
rent interest in choosing natural fibers
in PMCs. This type of fiber, however,
also presents drawbacks.

From a practical point of view, natu-
ral fibers as a biomaterial have dimen-
sions that are limited by their anatomi-
cal restrictions. In other words, it is not
possible to specify a given length or di-
ameter for a specific natural fiber. One
has to accept what Mother Nature pro-
vides. In terms of length, it has been
shown®* that many lignocellulosic fi-
bers have average values that are suffi-
cient to be considered long and contin-
uous for PMC reinforcement. Figure 2
illustrates the statistical distribution of
length and diameter of commercial lots
of curaua and piassava fibers.

In this figure, two points should be
noted. First, that the average length of
curaua, 846 mm, and piassava, 455
mm, are more than 15 times their criti-

Frequency (%)

O_ X & 02 R 12 % 3 G
650 700 750 800 850 900 950 1000

Frequency (%)

30

25

20

_0.02 0.04 0.06 0.08 0.10 0.12 0.14

a Length (mm) Diameter (mm)
30
251
S 53
P P
c =
g 159 S
o o
<] @D
C 10 C
5
300 400 500 600 700 800 02 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
b Length (mm) Diameter (mm)

Figure 2. The dimensional distribution of

piassava.

commercial fibers of (a) curaua and (b)
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Figure 3. The typical smooth surface of synthetic fibers: (a) glass and (b) carbon.

cal lengths, respectively, 10 mm and 15
mm.* This is considered a positive fea-
ture for optimum reinforcement of
PMCs and assures effective strengthen-
ing for the composite.®® Secondly, the
statistical dispersion in dimensional
values is quite accentuated, which,
technically, is an undesirable feature.
Therefore, these fibers, like all other
lignocellulosics (Figure 2), can be con-
sidered non-uniform in comparison
with synthetic fibers that are fabricated
within precise dimensional values.

A possible solution for the limitation
in length of lignocellulosic fibers is to
weave (as done in cotton, flax, and ra-
mie) the fibers into a continuous thread

that could then be wound on a spool. In
this way, uniformly distributed PMCs
could be automatically fabricated by
pultrusion, prepeg, or filament wind-
ing processes.® However, a weave
operation adds supplementary cost to
the fiber and diminishes its economical
advantage. Moreover, stiff fibers like
piassava and coir are difficult to weave
for automatic fabrication.

Another disadvantage of lignocellu-
losic fibers is the fact that, due to their
natural wax, they are hydrophilic and
adsorb water onto their surface. Conse-
quently, a weak bonding is expected to
form between the surface of a lignocel-
lulosic fiber and a hydrophobic poly-

mer (such as polyester, vinyl esters,
and epoxy) normally used as composite
matrix.*® In this case, surface modifi-
cation by alkali or silane treatments®-%
may improve the fiber/matrix adher-
ence and increase the PMC strength.
Once again, a treatment operation re-
sults in additional cost and decreases
the economical competitiveness of the
natural fiber.

SURFACE MORPHOLOGY

The surface microstructure between
natural and synthetic fibers is markedly
different. The conventional process-
ing methods applied in synthetic fibers
fabrication result in smooth surfaces as
illustrated in Figure 3 for the most com-
mon types.

By contrast, natural fibers, espe-
cially those lignocellulosic extracted
from plants, display complex surface
micro-morphological details. These
details vary from one kind of fiber to
another and influence the adherence to
the polymeric matrix in distinct ways.
Consequently, they affect the mechani-
cal behavior of the composite in cor-
respondingly different manners. Two
examples are presented to illustrate the

Figure 4. Curaua fiber morphology: (a) filament composition (2000 x); (b) general view of the fiber showing multiple filaments in one
fiber (300 x); and (c) separation of filaments during mechanical rupture by tensile stress (80 x).

Figure 5. Surface morphology of a piassava fiber: (a) surface spiny protrusions (2000 x); (b) general view of the fiber (100 x); and (c)

reentrant cells (500 x).
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relevance of distinct lignocellulosic fi-
ber surface structures.

Figure 4 shows the surface micro-
morphology of a curaua fiber. Note the
filamentary structure of the fiber. Each
curaua fiber (Figure 4b) is composed
of more than 50 cylindrical-shaped
filaments (Figure 4a). Under an ap-
plied load, these filaments initially tend
to separate from one another. Only at
a relatively high tensile stress level of
1,000 MPa” would all filaments be bro-
ken, allowing the complete rupture of
the fiber (Figure 4c).

The typical surface micromorpholo-
gy of a piassava fiber is shown in Figure
5. Characteristic structures of the pias-
sava can be seen in Figure 5b extending
along the fiber. Most of the surface area
is covered with silicon-rich spiny pro-
trusions (Figure 5a), while the remain-
ing area is associated with reentrant
cells (Figure 5c). Both features, protru-
sions and reentrant cells, may interact
with a polymeric matrix and affect the
mechanical behavior of the composite.

The two examples presented in Fig-
ures 4 and 5 emphasize the importance
of a natural fiber’s surface micro-mor-
phology. As indicated, every kind of
lignocellulosic fiber has its own surface
structure, similar to a fingerprint, which
will affect the mechanical behavior of
its reinforced PMC in a specific way.
As a general rule, the complex surface
structure of any natural fiber (Figures 4
and 5), in contrast to smooth synthetic
fibers (Figure 3), plays a significant
role in the mechanism of load transfer
through the matrix interface.

MECHANICAL BEHAVIOR

The following results were obtained
in laboratory experiments described
elsewhere for both curaua®?® and pias-
sava’®# fiber-reinforced PMC.

Curaua-Fiber-Reinforced
Polyester Composites

Figure 6 shows the experimental
(dashed line) polyester PMC strength,
c,, as a function of the volume fraction,
V,, of curaua fibers. The solid line cor-
responds to the calculated composite
strength, o, obtained by the Rule of
Mixtures:

6,=0,(1-V) + o, V, ()

For both phases, o, for the polyester
and o, for the curaua fiber is also plot-
ted. One should notice in Figure 6 that,
within the error bars, the experimental
points can be associated with a straight
line up to the maximum fraction of
50% of curaua fibers that could be, in
practice, incorporated into the polyes-
ter matrix.®* This experimental line,
although showing a significant increase
in the composite strength with the frac-
tion of curaua fiber, has a lower value
when compared to the calculated Equa-
tion 1 by the Rule of Mixtures. The dif-
ference between the calculated ¢, and
the experimental o, is a function of the
curaua fiber fraction:

0,-0,=24V, @

a b

According to this equation, the ratio
o /o, increases with the amount of fi-
ber. For the maximum investigated V,
=50%, the ratio ¢ /o, reaches 2.2.

A model for the curaua fiber/poly-
mer matrix interface (Figure 7) is able
to explain the difference between the
calculated and experimental values
(Equation 2) for the PMC strength.

This model is based on the actual fil-
amentary structure of a curaua fiber, as
illustrated in Figure 4. If it is assumed
that the interface in Figure 7 is formed
by a polymer matrix covering half-cyl-
inders (Figure 7c¢), then the stress con-
centration at the matrix is given by:*

6,=0,[1+2(a/p)"] ®)

where a is the depth of the polymer
penetration and p the fiber radius of
curvature. For this interface model a =
p and, consequently,

6,=30, (4)

where . is the interfacial stress and o,
an applied stress to the composite.

Equation 4 indicates a three-times
reduction in the theoretically expected
PMC strength due to the stress concen-
tration generated at the curaua fiber
interface with a polymeric matrix. In
principle, this agrees with the experi-
mental results shown in Figure 6, al-
though the actual reduction was less
than three times. Part of the applied
stress, which is transferred to the fiber,
is used to separate the filaments (Figure
4c) before total rupture.

The impact resistance of lignocel-
lulosic-fiber-reinforced PMCs is an
important property for tougher compo-
nents. As mentioned earlier, automo-
bile components are required to absorb
energy during a crash. Figure 8 shows

Cc

Figure 7. A geometrical model for a curaua fiber interface with a polymer matrix: (a)
lateral view of a fiber; (b) transversal section; and (c) fiber matrix interface.
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Figure 8. Charpy results for curaua fiber
polyester PMCs: (a) impact energy and (b)
tested specimens.

Charpy impact results for curaua-fiber-
reinforced PMCs. The variation of the
impact energy as a function of the fiber
fraction is given in Figure 8a. Corre-
sponding tested Charpy specimens are
shown for different fractions of curaua
fibers (Figure 8b). A marked increase in
the impact energy (Figure 8a) indicates
significant improvement in the tough-
ness of the PMC due to curaua fibers.
Dispersion in the experimental error
is caused by the previously mentioned
heterogeneous nature of lignocellulosic
fibers.

As shown in Figure 8b, above 10%
of curaua fiber results in the PMC spec-
imen not separating into two parts (i.e.,
no complete rupture occurred regard-
less of the power of the Charpy ham-
mer). This is a consequence of the low
interfacial strength between the ligno-
cellulosic fiber surface and the poly-
meric matrix. A low resistance of the
interface permits the fiber to be easily
separated from the matrix, which re-
sults in a much larger final area of frac-
ture.*2 Specimens with more than 10%
of fibers were bent enough to be pro-
jected by the Charpy hammer without
complete rupture of the flexible curaua
fibers (Figure 8b).

Piassava-Fiber-Reinforced
Polyester Composites

The piassava-reinforced PMC pro-
vides another interesting example of
the influence of the surface micro-mor-
phology and fiber/matrix interaction on
mechanical behavior. Figure 9 shows
the experimental (dashed line) poly-
ester PMC strength, ¢,", as a function
of the volume fraction of the piassava

fiber. In this figure, the calculated solid
straight line, corresponding to the Rule
of Mixtures (Equation 1) is also dis-
played.

Within the error bars of the experi-
mental dashed straight line, which goes
up to 51%, the calculated line by the
Rule of Mixtures fits satisfactorily.
This is an indication that the experi-
mental values conform to the predicted
increase in strength for PMC reinforced
with piassava fibers. Contrary to the
case of curaua fibers (Equation 2), there
was no difference, 6,” — o, =0, for the
case of piassava fibers (Figure 9).

Figure 10 presents a model for the
surface micromorphology of the pias-
sava fiber. In this figure, reentrant cells

(Figure 5c) increase stress and contrib-
ute to the decreasing of PMC strength in
a manner similar (Equation 3) to what
was proposed for the curaua-reinforced
PMC. However, as shown in Figure 10,
the piassava fiber also has hard silicon-
rich spiny protrusions (Figure 5a) that
act as anchors to make slide motion dif-
ficult with respect to the matrix. These
protrusions contribute to improving the
fiber adherence and add to the strength
of the PMC. In the final balance, the
piassava fiber provides a perfect rein-
forcement for a PMC as calculated by
the Rule of Mixtures (Figure 9).

Charpy test results for piassava-fi-
ber-reinforced PMCs are shown in Fig-
ure 11. The variation of the impact en-
ergy as a function of the fiber fraction
is given in Figure 11a. An exponential
increase in the Charpy absorbed energy
was found with increasing fraction of
piassava fiber.

The typical aspect of tested Charpy
specimens is shown for different frac-
tions of piassava fibers (Figure 11b).
These results are similar to the ones
obtained for curaua fiber PMC (Figure
8). The same debonding mechanism
at a weak fiber/matrix interface creat-
ing large fracture areas applies for the
piassava-fiber-reinforced PMC. In both
cases, the continuous and aligned re-
inforcement, which is associated with
these lignocellulosic fibers, substantial-

200 T T T T T T T T

rrrrrrr Experimental points

|~ Rule of Mixtures

150 4

1004

Flexural Strength (MPa)
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Figure 9. The flexural strength
of polyester PMCs as a function
of piassava fiber fraction.

T T T T T T T
0O 10 20 30 40 50 60 70

T T T
80 90 100

Volume Fraction of Piassava Fiber (%)

Figure 10. A geometrical
model for a piassava fiber
interface with a polymer
matrix.
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Figure 11. Charpy results for piassava fiber
PMC: (a) impact energy and (b) tested
specimens.

ly increases the toughness of the PMC.
In comparison to synthetic fibers, this
is indeed a technical advantage, which
is attracting industries (such as auto-
mobile manufacturers) to the use of
natural-fiber-reinforced PMCs.

CONCLUSIONS

The next few decades should see a
growing interest in the application of
PMCs reinforced with natural fibers.
These fibers, especially lignocellu-
losic extracted from cultivated plants,
are abundant, biodegradable, renew-
able, and neutral with respect to CO,
emissions that cause global warming.
Natural fiber composites are less ex-
pensive and do not require as much
processing energy as synthetic glass or
carbon fibers. The automobile industry
is increasingly using these natural fiber
composites in components for eco-
nomical, environmental, and technical
reasons. Each lignocellulosic fiber has
a specific surface micro-morphology
that affects the mechanical behavior
of the composites in distinct ways and
can significantly improve their strength
and toughness. This has been shown in
many studies on well-known fibers and
has been exemplified in this paper for
two relatively unknown tropical fibers,
curaua and piassava. The incorporation
of these fibers is promising for a future
of less expensive, stronger, and envi-
ronmentally friendly composites.
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The Development of a Multifunctional
Composite Material for Use in Human
Space Exploration Beyond Low-Earth
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Long-duration human exploration
beyond the low Earth orbit (LEO)
mandates development of materials to
minimize crew and equipment exposure
to the interplanetary radiation environ-
ment. The potential for biological dam-
age by the relatively low percentage of
high-energy heavy ions in the galactic
cosmic ray spectrum far outweigh that
due to lighter particles because of their
ionizing power and the quality of the
resulting biological damage. To avoid
paying a penalty due to additional
weight, it would be beneficial to de-
velop a multifunctional material as an
integral part of a spacecraft structure
to provide shielding effectiveness and
structural integrity. This paper dis-
cusses the development of polyethylene
fiber reinforced epoxy matrix structural
composites that effectively satisfy both
primary requirements.

INTRODUCTION

NASA’s current vision for space ex-
ploration includes long-duration human
travel beyond lower Earth orbit (LEO)
and sustained human presence on other
planetary surfaces. For this vision to be
a reality, one of the major challenges
that need to be overcome is to mini-
mize the radiation exposure to crew
and equipment from the interplanetary
radiation environment. Life on Earth
is well protected from this radiation
environment by a combination of the

How would you...

...describe the overall significance
of this paper?

Long-duration human exploration
beyond the low Earth orbit mandates
development of materials to minimize
crew and equipment exposure

to the interplanetary radiation
environment. A polyethylene fiber-
reinforced epoxy matrix composite
with an open cell carbon foam and
vacuum plasma deposited boron
carbide coating was developed

to potentially satisfy the primary
requirements for radiation shielding,
structural integrity, micrometeoroid
impact, and atmospheric re-entry
temperature resistance.

...describe this work to a
materials science and engineering
professional with no experience in
your technical specialty?

Interaction of the charged particles
in the interplanetary radiation
environment with a shielding
material takes place through

several specific atomic and nuclear
processes. Using a shielding material
to break the heavy ions in the
galactic cosmic ray flux into smaller
fragments with lower ionizing power
is the only realistic solution for
passive radiation shielding design.
The emphasis of this work was to
develop a multifunctional composite
architecture that will satisfy the
requirements for deep space
radiation shielding and also for
structural integrity, micrometeroid
impact, and re-entry temperatures.

...describe this work to a layperson?

A challenge to NASA’s vision

for long-duration human space
exploration is to minimize

the radiation exposure to

the interplanetary radiation
environment. This paper discusses
a multifunctional composite
material that will provide shielding
from cosmic radiation while also
providing structural integrity,
thermal management, and protection
from micrometeroid impact.

geo-magnetic field and the atmospheric
overburden. In LEO, the radiation ex-
posure of astronauts is kept below the
National Council on Radiation Protec-
tion (NCRP) limits by limiting their
exposure time and by taking advantage
of the shielding still offered by the geo-
magnetic field.! However, exposure to
free space cosmic radiation during an
approximately two-year round trip to
Mars or during extended stays of upto a
few months on the surface of the moon
or Mars could result in significant bio-
logical damage. This paper discusses
the development of a multifunctional
composite material that will provide
shielding from cosmic radiation while
also providing structural integrity, ther-
mal management, and protection from
micrometeroid impact. This emphasis
on multifunctionality is to avoid pay-
ing a significant penalty in weight and
cost due to addition of material solely
for radiation shielding. The design for
shielding solutions is dictated by the
nature of interaction between the cos-
mic radiation environment and the pro-
posed shielding material. It is therefore
worthwhile to first describe the cosmic
radiation environment and the physics
of its interaction with materials.

The galactic radiation environment
consists primarily of a continuous flux
of galactic cosmic rays (GCRs)?® and
transient but intense fluxes of solar en-
ergetic particles (SEPs).3* The primary
constituents of the GCR spectrum are
85% protons, 14% alpha particles, and
1% heavy nuclei with energies ranging
from 10 MeV/nucleon to 10 GeV/nu-
cleon.® The intensity of these particles
depends on the solar cycle as well as on
the location in the inner solar system.2®
Despite their low flux, the heavy ions
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in the GCR pose a serious health risk
because they are highly ionizing (en-
ergy loss is proportional to the square
of the atomic number for charged par-
ticles with same velocity) and because
the quality of the resulting biological
damage is high.%” The SEPs, on the
other hand, consist primarily of pro-
tons and alpha particles with energies
ranging from a few MeV/nucleon to
few hundreds of MeV/nucleon.2457
The likelihood of occurrence for
these events is highest during solar
maxima and their occurrences can be
predicted with some degree of confi-
dence. Although the SEP spectrum
does not contain heavy ions and their
energy range is much lower than that
of GCRs, they still pose serious risks
to crew and equipment, particularly in
the event of a severe solar storm.
Interaction of the charged particles
present in the interplanetary radia-
tion environment with a material takes
place through several specific atomic
and nuclear processes. Of these pro-
cesses, two are of particular relevance
here, namely, energy loss and frag-
mentation. The energy loss of charged
particles per unit length of material
traversed (also know as the stopping
power or the linear energy transfer,
LET)®® is directly proportional to the
square of their atomic number and in-
versely proportional to their energy.
As discussed earlier, the radiation risk
from GCR exposure is dominated by
the small but highly ionizing flux of
heavy ions. Fragmentation of the inci-
dent heavy ion projectile leads to the
formation of smaller fragments mov-
ing at the same velocity as the incident
particle, and are less ionizing due to
their lower atomic number. Breaking
up the heavy ions in the GCR flux into
smaller fragments with lower ionizing
power is the only realistic solution for
passive radiation shielding design. It
is also important in this process to
minimize the production of secondar-
ies from target fragmentation that can
otherwise add to the radiation risk.%°
Therefore, any proposed radiation
shielding material for use in outer
space must be composed of nuclei that
maximize the likelihood of projectile
fragmentation while producing the
minimum number of target fragments.
In this respect, polyethylene (PE) has

Table I. Density of Hydrogen Atoms in
Different Materials

Material # Atoms/cm® x 102
Hydrogen 57
Water 6.7
Polyethylene 7.9
Polystyrene 47
Polyimide 2.2
Polyamide 3.0

been found to be one of the best-suited
materials for radiation shielding'!2
since it has a very high density of hy-
drogen atoms (see Table I). As hydro-
gen has the smallest atomic diameter,
it provides a large number of interac-
tion points or high cross section for
projectile fragmentation. Moreover,
the absence of elements heavier than

Breaking up the
heavy ions in the
GCR flux into smaller
fragments with lower
ionizing power is the
only realistic solution
for passive radiation
shielding design.

carbon minimizes the production of
target fragments, since the hydrogen
nuclei consist of a single proton. It is
therefore not surprising that in some
quarters of the International Space
Station passive radiation shielding in
the form of polymeric materials is cur-
rently being used.®

As is evident from the above dis-
cussion, the superior radiation shield-
ing effectiveness of PE has already
been established. The emphasis of
this paper is to develop a composite
architecture based on PE that would
not only be an effective radiation
shield but also would have sufficient
structural integrity to be considered as
structural elements of a crew vehicle
for long-duration exploration beyond
LEO. In addition to radiation shield-
ing and structural integrity, a truly
multifunctional material for a crew
vehicle should address thermal man-

agement required for mitigating the
effects of temperature fluctuations in
outer space, and severe re-entry tem-
peratures, and offer ballistic protec-
tion against micrometeoroid impacts.

RADIATION TRANSPORT
CALCULATIONS

To determine the optimum compo-
sitions for composite fabrication, radi-
ation transport calculations were per-
formed. The transport code essentially
solves the one-dimensional Boltzman
equation where the flux of particles
of a given atomic number, energy,
and spatial location are determined.
Detailed discussion on the transport
code is beyond the scope of this paper,
and readers are directed elsewhere.'
Transport calculations were performed
using both the 1986-1987 solar-mini-
mum and the 1989 solar-maximum
GCR environment.'* Two observables
were used to evaluate the shielding
effectiveness: the absorbed dose and
the dose equivalent. Absorbed dose
is defined as the energy absorbed by a
target per unit mass from any kind of
ionizing radiation. The international
unit for absorbed dose is Gray (Gy)
or 1 J/kg. However, it has been estab-
lished that the absorbed dose required
to obtain the same level of biological
damage can be different for differ-
ent kinds of radiation. To account for
this difference in absorbed dose, the
concept of dose equivalent was intro-
duced. Dose equivalent is expressed in
the units of Sievert (Sv) and defined as
the product of the absorbed dose and a
dimensionless quality factor, Q. This
quality factor is dependent on the LET
of the radiation and is prescribed by
organizations such as NCRP and the
International Commission of Radio-
logical Protection. Further discussion
on some of these fundamental metrics
for radiation shielding can be found
elsewhere.® For the present analysis,
to minimize systematic uncertainties
in the calculated results, dose and dose
equivalent relative to PE were ana-
lyzed. Two composite architectures
were evaluated for radiation shielding
effectiveness.

Composite 1, an epoxy matrix re-
inforced with ultra-high molecular
weight (UHMW) PE fabric, formed
the baseline composite for structural
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and radiation shielding requirements.
The nominal composition of this
composite was 68.0% PE and 32.0%
epoxy matrix by weight. Composite
2 consisted of Composite 1 with the
addition of an open cell carbon foam
and plasma-deposited B,C coating to
address thermal management and bal-
listic protection requirements. The
nominal composition for this compos-
ite was 57.2% PE, 22.0% epoxy ma-
trix, 8.5% boron, and 12.3% carbon by
weight.

Figure 1 shows transport calcula-
tion results for the two described com-
posites. Calculation results for alu-
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minum and PE are also included for
comparison. Results presented in Fig-
ure 1 are based on the assumption of
a solar-minimum condition when the
GCR flux is at a maximum. Similar re-
sults were obtained when the 1989 so-
lar maximum environment was used.
These calculations indicate that over
thicknesses ranging from 1 g/cm? to
20 g/cm? the shielding effectiveness of
Composite 1 is only about 1% to 5%
less than that for pure PE. The entire
composite structure, including ther-
mal and ballistic protection, is only
2% to 8% less effective than pure PE
over the same thickness range. Terres-

Z 15 20 25

Figure 1. Dose equivalent as a function of areal density (or material thickness) for PE-
fiber-reinforced epoxy matrix Composites 1 and 2; pure PE and aluminum results are from
calculations using the 1986-87 solar-minimum GCR environment. Similar results were
obtained when the 1989 solar maximum environment was used. Note that the material
thickness can be obtained by dividing the areal density by density of the material.
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Figure 2. (a) A schematic
representation of a plain-weave
pattern showing interlaced warp
and fill fibers,'* (b) a woven
UHMWPE Spectra 1000 fabric
used for the present investigation,
and (c) a typical product form,
Composite 1, after hand lay up of
fabric plies and autoclaving.

trial and LEO requirements mandate
keeping the exposure below 50 cSv/
year for blood forming organs.* Using
this requirement as an example, it can
be seen from Figure 1 that compared
to PE only a marginal increase in
composite areal density (13.86 g/cm?
for Composite 1 and 14.13 g/cm? for
Composite 2 in comparison to 13.18
g/cm? for pure PE) will be required
to achieve the same level of shielding
provided by PE. However, as will be

L |
a 2 mm
b

B4C (1 mm)
c

Figure 3. (a) The microstructure of the
carbon foam used in this investigation
showing an open cell structure and
fiber-like ligaments; (b) VPS deposited
B,C coating on carbon foam, and (c) a
transverse section showing the complete
architecture of Composite 2.
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Table Il. Absolute and Relative (to PE) Values of Radiation Shielding Effectiveness Metrics
for the Composite Samples from the 800 MeV/u 2Si Beam Exposure*

Surviving Avg.Q
Fraction of Absorbed After Dose
the Primaries Dose (nGy) (nSv) Equivalent
Target Abs. Rel. Abs. Rel. Target Abs. Rel.
C# 0.675 1.060 57.6 1.034 12.64 727.9 1.037
C#2 0.683 1.072 57.8 1.038 12.65 7315 1.042
PE 0.637 1.000 55.7 1.000 12.61 702.0 1.000

* All samples were approximately 4.4 gm/cm? thick.; C #1 = Composite 1, C #2 = Composite 2.

illustrated later, this increase in areal
density compared to PE is offset by
gains in the composites’ multifunc-
tional properties.

DEVELOPMENT OF THE
COMPOSITE
ARCHITECTURE

Composite 1: Structure
and Radiation Shielding

The material product form used to
fabricate the composite consisted of
a high-strength fabric that was plain
woven from UHMW PE Spectra 1000
fibers. Individual fibers were 30 um in
diameter with ultimate tensile strength
(UTS) and modulus in the range of
3 GPa and 103 GPa, respectively.’* A
typical plain weave consists of fibers
laid in the 0° warp and 90° fill direction
as schematically shown in Figure 2a. A
single-ply UHMWPE fabric is shown
in Figure 2b. Several such plies were
hand laid using a thermoset resin typi-
cally employed for aerospace applica-
tions. The resin system was selected
based on its long pot life desirable for
hand lay-up operations and its reason-
ably high glass transition temperature
of 90°C. To enhance adhesion between
the PE fabric and resin, the fabric was
gas plasma treated prior to the compos-
ite lay up. For the current application,
the fabric was oxidized during the plas-
ma treatment. Gas plasma treatment
promotes superior adhesion through
surface roughening and increasing the
surface area of the fiber, and by gen-
erating oxygen-containing functional
groups on the fiber surface.!” After lay
up, the composite was autoclaved at
600 kPa for 24 hours during final cur-
ing. The natural exotherm produced
by the resin system during curing was
monitored and kept below 90°C. The
finished composite was in the form of

a plate with desired dimensions for ei-
ther radiation or mechanical testing. A
typical 30.5 cm® x 15.2 cm?3 x 1.27 cm?®
Composite 1 plate is shown in Figure
2c¢. Composite 1 was used for charac-

This composite was
characterized for
radiation shielding
effectiveness,
hypervelocity
ballistic impact
resistance, and
thermal exposure
characteristics.

terization of mechanical and radiation
shielding properties.

Composite 2: Architecture with
Thermal and Ballistic Protection
Multifunctionality

A second composite sample, des-
ignated Composite 2, was fabricated
to further enhance the multifunctional
nature of the composite by addressing
thermal management and ballistic im-
pact resistance properties. A thermal
protection system (TPS) is typically
employed to withstand the space en-
vironment and extremely high heat
flux encountered during re-entry. For
example, the black high-temperature
reusable surface insulation (HRSI)
tiles typically seen on the belly of the
space shuttle are exposed to approxi-
mately 1,300°C during re-entry.®® It is
anticipated that re-entry from a lunar
mission will expose the vehicle to even
higher temperatures. A combination of
an open-cell carbon foam and plasma

deposited B,C coating on the exterior
surface of the carbon foam was used to
address these requirements (see Figure
3a). A coal-based carbon foam was se-
lected primarily because of its low den-
sity (0.268 g/cmd), low thermal conduc-
tivity (0.25-5 W/mK depending on the
cell structure), and ability to withstand
temperatures up to 3,000°C in a non-
oxidizing atmosphere or with suitable
surface protection. Thermal conductiv-
ity of the carbon foam is comparable to
that of the HRSI tiles used on the space
shuttle.

B,C was deposited on the surface of
the carbon foam via vacuum plasma
spraying (VPS). An as-deposited B,C
coating is shown in Figure 3b. The tex-
ture of the B,C coating reflects the tex-
ture of the carbon foam substrate sur-
face. The 1 mm thick coating was de-
posited using a B,C powder feedstock
fed through an argon plasma with H,
assist gas. The VPS technique was used
for this application because it provides
a durable mechanical and metallurgi-
cal bond between the carbon and B,C
without the use of low-temperature ma-
terials or bonding agents. Durability is
essential for high-temperature applica-
tions such as re-entry vehicles. In addi-
tion, the VPS process has the ability to
rapidly produce an adherent deposit on
curved surfaces and for acreage appli-
cations. A 1.25 cm thick carbon foam
brick with the B,C coating was bonded
to the PE composite using the matrix
epoxy. The complete architecture of
Composite 2 is shown in Figure 3c.
This composite was characterized for
radiation shielding effectiveness, hy-
pervelocity ballistic impact resistance,
and thermal exposure characteristics.

HEAVY ION EXPOSURE
OF COMPOSITES

Since it is currently not feasible to
test the radiation-shielding effective-
ness of new materials in the free space
GCR environment, the only realistic
way to experimentally assess the shield-
ing effectiveness of these materials is
to expose them to heavy ion beams
at an accelerator facility. Availability
of beam time and appropriate beam
type for such experiments can be lim-
ited since only two such facilities exist
worldwide: the NASA Space Radiation
Laboratory (NSRL) at the Brookhaven
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National Laboratory, and the Heavy
lon Medical Accelerator (HIMAC) in
Chiba, Japan. An 800 MeV/u #Si (in-
cident LET 45.96 keV/um) beam, a
reasonably good GCR-proxy beam for
shielding effectiveness evaluation,*?
was made available for exposure of the
composite samples at HIMAC. Expo-
sures were carried out with the assis-
tance of personnel at NSRL. During
the exposure several silicon detectors
were placed upstream and downstream
of the sample. Upstream detectors were
used to verify the monochromatic beam
source while the downstream detectors
were used to determine the charges of
the particles emitting from the sample
material. Further details related to de-
tector stacks, data acquisition, and
shielding analysis have been presented
elsewhere.'!

Figure 4 shows the absolute frag-
ment fluence per incident ion as a
function of fragment charge for the
composite samples as well as for PE.
Fragment fluence, one of the metrics
used for measuring radiation-shielding
effectiveness, is defined as the number
of particles with charge Z emerging
from the downstream side of the sam-
ple within a 1 cm? circle centered on the
beam axis. This metric is essentially a
measure of the capability of a mate-
rial to fragment heavy charged particles
into lighter charged particles. On this
basis, Figure 4 clearly illustrates that
both Composites 1 and 2 are capable of
fragmenting the incoming silicon beam
(Z = 14), and their performance is com-
parable to that of the benchmark PE
material. It should be noted that frag-
ments with Z < 6 were not resolved by
the detectors and as such are not shown
in the figure.

It is customary for accelerator expo-
sure measurements not to estimate the
systematic uncertainties (which are
typically of the order of 2% to 5%) for
the sake of time and resource optimiza-
tion. As a result only values that are
relative to a benchmark material, PE in
this case, should be evaluated. Table I1
lists some of these relative metrics to
evaluate the shielding effectiveness of
the two composites. In terms of surviv-
ing fractions (or attenuation) of the pri-
mary silicon beam, the composites are
a maximum of 7.2% inferior to PE. In
addition, the two composites are mar-

Table Ill. Measured Mechanical Properties of Composite 1 in Comparison to Some
Traditional Al Alloys used in Spacecraft Structures

UTS Density
Material Type (MPa) (kg/m?)
Composite 1 447 980
Al 2024/T81 481 2,768
Al 2219/T81 455 2,851
Al 5052/H38 290 2,680

Specific UTS Specific Modulus
(N-m/kg) (N-m/kg)
45x10° 21.5
1.7x10° 25.5
1.5x%x 10° 26.8
1.08 x 10° 25.2

ginally (3.4-4.2%) inferior to PE both
in terms of dose and dose-equivalent. It
is equally important to note from the
data that the measured shielding effec-
tiveness of the composite samples (are-
al density = 4.4 g/cm?) are in agreement
with the transport calculation results

Hence, based on

both experimental
measurements and
transport calculations
it is reasonable to
conclude that the
developed composites
will have shielding
effectiveness
comparable to PE
and definitely much
superior to currently
used aluminum alloys.

presented in Figure 1. Hence, based on
both experimental measurements and
transport calculations it is reasonable to
conclude that the developed composites
will have shielding effectiveness com-
parable to PE and definitely much supe-
rior to currently used aluminum alloys.

COMPOSITE 1:
CHARACTERIZATION OF
MECHANICAL PROPERTIES

Panels of Composite 1 were ma-
chined using a waterjet to obtain dog-
bone tensile testing samples according
to ASTM D 638-03 specifications (see
Figure 5). During testing, titanium tabs
were used to reduce stress concentra-
tion and to prevent grip damage at the
sample ends. Constant displacement
tensile testing was performed using a

load cell of 100 kN. A total of seven
Composite 1 samples were tested. A
representative stress-strain curve for
Composite 1 is shown in Figure 6. Un-
like metallic systems, a typical yield
point is not obvious for such compos-
ites. As expected, the epoxy matrix
failed first, and this is indicated by the
change in slope between 1.5% and
2.4% strain. Beyond this point the load
was completely transferred to the PE
fabric until failure occurred at about
4.4% strain. Figure 6b shows the failure
of the epoxy matrix while the PE fiber
bundles appear to be bound and com-
pact. Even at final fracture of the com-
posite (see Figure 6c¢) there was hardly
any indication of fibrillation at the frac-
tured surface since the presence of ep-
oxy is clearly evident between the fiber
bundles. This desirable behavior of the
composite structure can be attributed to
superior surface adhesion between the
fabric and the epoxy matrix as a result
of the fabric surface treatment using
gas plasma.

The average measured UTS and elas-
tic modulus of Composite 1 along with
properties of aluminum alloys such as
Al 5052, Al 2219, and Al 2024 are list-
ed®20in Table I1I. These alloys are typ-
ically used for space applications such
as the International Space Station mod-
ules and space shuttle fuselage. It is
evident that the PE fabric composite
has UTS and specific modulus values
comparable to the aluminum alloys.
However, their main advantage is high-
lighted in the two density and UTS col-
umns within Table 111. Composite 1 is
about 2.8 times lighter (lower density)
than the aluminum alloys, and conse-
quently its specific strength (strength/
weight ratio) is 2.5 to 4 times greater
than typical aerospace aluminum al-
loys. The preliminary radiation shield-
ing and mechanical testing data pre-
sented in this paper for Composite 1
clearly illustrate that the proposed com-
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posite deserves further attention as a vi-
able multifunctional material for re-
placing traditional aluminum alloys.

BALLISTIC PROPERTIES OF
COMPOSITES 1 AND 2

For any composite architecture to be
considered for a crew vehicle applica-
tion its ballistic properties, for example,
micrometeoroid impact response, have
to be addressed. Terrestrially, the mi-
crometeoroid environment can be sim-
ulated by impacting the test material

0.04

0.03

0.02

0.01

Fragment Fluence per Incident lon

0.00
0 2 4 6 8

Fragment Charge (2)

Figure 5. A schematic 254
showing the dimensions (in
centimeters) of the tensile
test sample as per ASTM
D638-03. Also shown is an
actual test sample that was
machined using a waterjet.

with soda lime glass bead projectiles
0.4 mm in diameter at velocities in the
range of 6—7 km/s. The experimental
system used for such testing is a two-
stage micro-light gas gun (MLGG) as
shown in Figure 7. In the first stage, an
explosion at the breach end moves a
piston forward, which compresses H,
gas behind a diaphragm. Once the dia-
phragm is ruptured, the second stage
initiates where the compressed gas en-
ters the barrel and moves the projectile
at hyper velocities. The projectile fi-

Figure 4. The absolute
fragment fluence per
incidention as a function
of fragment charge from
800 MeV/u 28Si beam
exposure. All samples
had an areal density
of 4.4 gm/cm? The
fragmentation efficiency
of both composites was
comparable to the PE
benchmark material.
10 12 14

Thickness of Tensile Sample: 0.254
25.4

7.62 571

10.16

nally enters the target chamber where it
impacts the target. The low molecular
weight of H, provides the ultra-high-
velocity flows needed to achieve hyper
velocities.

The effectiveness of micrometeor-
oid impact resistance was quantified
by measuring the crater diameter and
the damage diameter of the samples
after ballistic impact testing. The ini-
tial impact of the projectile results in
a straight and narrow track, and its di-
ameter is defined as the crater diameter.
The subsequent shock wave generated
within the target material is absorbed
either through straining of the matrix or
by creating new surfaces. The new sur-
faces are manifested as a damaged area
and can be quantified by a correspond-
ing damage diameter. As can be seen
from Figure 8a, the projectile impact
created a 3.2 mm diameter crater on the
impact surface of Composite 1. In addi-
tion, the extremely high strain rate was
manifested in the form of delamination
and dimpling on the back surface of the
composite. In comparison, the VPS-de-
posited B,C coating only had a compa-
rable crater diameter with no associated
damage area (Figure 8b). There was no
indication of spalling or erosion on the
underlying carbon foam.

To obtain a better insight into the
significant improvement in ballistic
resistance of Composite 2, a numeri-
cal modeling scheme was undertaken.
Relevant properties, such as density,
modulus of elasticity, shear modulus

490 Figure 6. (a) Typical stress-strain and Poisson’s ratio, for both B,C and
420 characteristics of Composite 1. carbon foam were obtained frém the
(b) A scanning electron micro- ! e
g 350 scope image of a typical frac- literature.®> A finite element model
S 280 tl;]fed_ SUfIﬁce POEf f(?bompgsltgl 1 builder was used to mesh the B,C coat-
2 showing e 10er pundles - -

8 210 are still bound and (c) a higher- ing with _162_,500 glements and the glass
“ 140 magnification view of the fiber bead projectile with 2,275 elements. To
bundles at the fractured surface match the experimental conditions, the

70 showing good bonding between . d iactile i loci
0 PE and epoxy matrix. imposed projectile impact ve ocity was
0 05 10 15 20 25 30 35 40 45 50 6 km/s. Based on the material’s proper-
a Strain (%) ties, failure strain (FS) of 0.12 and 0.01
were used for the B,C and projectile,
respectively. As part of the modeling
scheme, a failure strain erosion crite-
rion was used such that the elements
within the B,C coating and glass bead
projectile were eroded once the plastic
strain within those elements exceed
0.12 and 0.01, respectively. Figure 9a
shows an exam[_)le_ 01_‘ the effect of hy-
b 200 pum ¢ 200 um pervelocity ballistic impact as a func-
tion of failure strain. For FS = 0.12, the
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Figure 7. The operational details of a two-stage micro-light gas gun.

a b

Figure 8. (a) The ballistic impact damage on Composite 1. Note the damage area,
delamination, and crater diameter on the front side and dimpling on the back side (insert) of
the composite in comparison to (b) impact response of VPS-deposited B,C on Composite 2
which shows only a crater diameter with no corresponding damage area. No damage was
observed in the underlying carbon foam and PE composite.

Spall

GPa
4.000e+00
3.600e+00
3.200e+00
2.800e+00

b 2.400e+00
2.000e+00

[

Figure 9. Finite element modeling results (a) showing the effect of hypervelocity impact as
a function of material property, namely failure strain and (b) quantifying the magnitude of
compressive stress propagating through the B,C coating, (c) illustrating the reflection of
compressive wave from the carbide-foam interface.

damage is more localized, and plastic
strain is sufficient to cause erosion
(spalling) of elements at the distal side
of the B,C coating. This is exactly what
was observed for Composite 2 (Figure
8b). If, for example, B,C was replaced
by a material with FS = 0.5, no spall-
ing would be observed at the distal
side. However, the damage would no
longer be localized, and would instead
be manifested as bulking or volume
change. The FS value for PE is much
higher than 0.5, and therefore the more
widespread damage observed for Com-
posite 1 (Figure 8a) is not surprising.
The projectile was completely eroded
at the very early stages of impact. The
model predicted that on impact a com-
pressive stress wave of 4 GPa would
be generated in the composite ahead
of the projectile. Figure 9b shows the
propagation of this compressive wave
as a function of time. The effect of this

1,400
1,200

E=}
o
S

B4C Surface Temperature Adjacent
to Plasma Torch(Pyrometer Data)

Temperature (°C)
D
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P
o
o

200
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8:39:50 8:41:17 8:42:43 8:44:10 8:45:36 8:47:02
b Time (h:min.: s)

Figure 10. (a) 12.7 cm thick open cell
carbon foam with VPS-deposited B,C
that was used for thermal testing and
(b) the temperature profile obtained
from B,C surface adjacent to plasma
torch impingement location (pyrometer),
immediately below the B,C surface
(TC1), and at the bottom of the carbon
foam block (TC6). Only the B,C face was
exposed to the plasma. The other sides
of the carbon foam were protected with
a high-temperature alumina paste.
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compressive wave on the underlying
carbon foam needs further analysis.

The impact response of the two-
component system consisting of the
B,C deposit and the underlying car-
bon foam was simulated to investigate
whether the compressive stress wave
would traverse through the carbon
foam. Figure 9c shows the mesh profile
at the interface of the two component
system. The longitudinal and transverse
wave velocity, V_ and V respectively,
in a medium can be expressed as

b
(K1+4G)
\V/ 3

2w
Po
%
v, = (EJ @
Po

where K, is bulk modulus, G is the
shear modulus, and p, is the density.
Since both G and K for carbon foam
are almost three orders of magnitude
less than the values of B,C, V, and
V. in carbon foam are almost 18 times
less than in B,C. The model predicts
that the compressive wave is not trans-
mitted through the carbon foam but is
instead reflected back into the B,C top
layer. This reflection is shown in Fig-
ure 9c at time steps 2.92 x1072 us and
3.92 x 1072 ps. This reflected wave
potentially caused spalling on the dis-
tal side of the B,C layer. Previous ex-
perimental and modeling studies con-
ducted on multilayer composites have
also shown that a low modulus material
such as carbon foam is preferable for
prevention or minimization of longitu-
dinal wave transmission.? The experi-
mental and modeling results presented
here demonstrate that the proposed
composite architecture is capable of
protecting the underlying PE structural
layer from hypervelocity micrometeor-
oid impact.

THERMAL
CHARACTERISTICS
OF COMPOSITE 2

A preliminary assessment of the
thermal characteristics of Composite 2
was performed to determine the ability
of B,C coating and carbon foam to pro-
tect the underlying structural PE com-

posite when subjected to the high tem-
peratures experienced during spacecraft
re-entry in Earth’s atmosphere. Several
pieces of carbon foam were adhered
together using a high-temperature
carbon-based adhesive to fabricate a
10.1 cm®x 10.1 cm® x 12.7 cm?® test
block (Figure 10a). The test block
was dried at room temperature for 4-8
hours, then cured at 130°C for 4 hours
and 260°C for 2 hours to remove ad-
hesive volatiles. Sample thickness was
12.7 cm to closely duplicate the thick-
ness of the HRSI space shuttle tiles.
The top surface of the carbon foam
was coated with a 1 mm thick B,C
layer using the VPS technique as de-

However, this
preliminary testing
demonstrates a path
toward development
of a complementary
thermal protection
system without
significant sacrifice

of the radiation
shielding effectiveness.

scribed earlier. The sides of the carbon
foam were coated with an ALO, paste
to prevent excessive oxidation during
the high-temperature test. Six thermo-
couples located along the centerline of
the test block were used to monitor the
temperature profile through the thick-
ness.

During testing the B,C face of the
test block was exposed to a high-tem-
perature plasma for a duration of 7
minutes to produce the temperature
profile shown in Figure 10b. A maxi-
mum surface temperature of 1,200°C
was measured for the B,C coating us-
ing a two-color pyrometer. However, it
should be emphasized that the pyrome-
ter was placed at an approximate angle
of 45° to the B,C face, and it was aimed
a few centimeters away from the point
of plasma impingement. Therefore, the
temperature at the point of impinge-
ment was greater than 1,200°C. The

distance between the plasma and the
test block was reduced twice to obtain
higher test temperatures. Visible light
glow signifying extreme heating at
the point of plasma impingement was
observed only when the distance was
reduced to 3 cm. The test duration of
7 minutes was reasonably close to the
re-entry time of 8-12 minutes recorded
during the Apollo lunar missions.?
Two thermocouple profiles (TC1 and
TC6) are shown in Figure 10b. TC1
was placed 6.7 mm below the B,C
and the carbon foam interface while
TC6 was positioned 12.1 cm below the
coating interface of the 12.7 cm thick
test block. TC1 recorded a maximum
temperature of about 800°C during the
test. This indicates that the B,C coating
provided significant thermal protection
by dropping the temperature by more
than 400°C over a thickness of 6.7 mm.
More importantly, the temperature pro-
file recorded by TC6 indicates a maxi-
mum temperature of 39°C for the dura-
tion of the test. Therefore, a structural
PE composite placed below the 12.7 cm
thick thermal protection system would
be adequately protected. The thermal
protection capability presented here is
preliminary. Further refinement of the
surface temperature measurement sys-
tem is required to accurately estimate
the high-temperature capabilities of the
proposed system. However, this pre-
liminary testing demonstrates a path
toward development of a complemen-
tary thermal protection system without
significant sacrifice of the radiation
shielding effectiveness.

CONCLUSION

Simulation results indicated that
over thicknesses ranging from 1 g/cm?
to 20 g/cm?, Composite 1 was only
about 1% to 5% less effective than pure
PE, while the entire composite struc-
ture, including thermal and ballistic
protection, was only 2% to 8% less ef-
fective compared to pure PE. However,
transport code analysis indicated that
the composites were much superior
to traditional aluminum aerospace al-
loys. These predictions were validated
by subsequent sample construction
and 800 MeV/u %Si beam testing. The
measured mechanical, ballistic, and
thermal properties indicate that a mul-
tifunctional composite approach can
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significantly compensate for the mar-
ginal increase in areal density required
for the composites to be comparable to
pure PE in terms of radiation shielding
effectiveness. Tensile strength mea-
surement demonstrated that the devel-
oped composites have specific strength
2.5 to 4 times greater than typical alu-
minum aerospace alloys. Numerical
evaluation and experimental valida-
tion demonstrated that selection of an
open cell carbon foam material with
a VPS deposited B,C coating can be
instrumental in providing protection
from micrometeroid impact and re-en-
try temperatures to an underlying PE
structural composite.

During ballistic testing, the B,C
coating was responsible for complete
erosion of the projectile almost on
impact. Extremely low bulk and shear
modulus of the carbon foam prevented
transmission of the compressive stress
wave generated during impact, thereby
protecting the underlying structural
composite material. Also of note is
the versatility of the VPS technique in
depositing a well adhered B,C coat-
ing even on an irregular surface such
as the open cell C foam, circumvent-
ing the problems typically associated
with depositing coatings on curved and
uneven surfaces for high-temperature
use. Thermal testing indicated that on
exposing the B,C layer to temperatures
1,200°C and above, the maximum tem-
perature recorded at the bottom of the
12.7 cm thick carbon foam sample did
not exceed 40°C. This thermal capabil-
ity is comparable to that of the high-
temperature ceramic tiles that are cur-
rently used on the space shuttle.

It should be noted that expected re-
entry temperatures from a lunar mis-
sion will be higher, and hence much
more elaborate and accurate char-
acterization of thermal management
schemes are mandated. Nevertheless,
this paper has demonstrated the valid-

ity and importance of a multifunctional
composite architecture that could po-
tentially circumvent the problem of
paying a penalty in additional weight
to implement passive radiation shield-
ing. Such a multifunctional composite
holds the key for safe long duration
missions beyond LEO. As a first step,
the developed composites were select-
ed by NASA’s Materials International
Space Station Experiment program
for further evaluation. As part of this
evaluation these samples have recently
been attached to the aft side of the In-
ternational Space Station and will be
exposed to the LEO environment for
approximately 6 months.
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Overview

The Mechanical Characterization
of Carbon-Nanotube-Reinforced
Polymer-Matrix Nanocomposites:
An Unfolding Story of Interface

Polymer-Matrix Composites

Yogeeswaran Ganesan and Jun Lou

A polymer nanocomposite is created
by introducing nanoparticulates into a
macroscopic polymer matrix. Polymer
nanocomposites represent a new class
of material alternative to conventional
filled polymers and possess some ex-
tremely interesting properties. The al-
teration/enhancement of the properties
of these materials can partially be at-
tributed to the fact that the properties of
the nanoparticulate fillers are substan-
tially different/better than that of the
micrometer-scale fillers and partially
owing to the fact that when a good dis-
persion is obtained the filler-matrix in-
terfacial area tends to be dramatically
larger when compared to that in tradi-
tional composites. This paper presents
an overview of past work done on the
mechanical characterization of one
such type of polymer matrix nanocom-
posite, the carbon-nanotube-reinforced
polymer-matrix composite. The prima-
ry emphasis is on the properties of the
filler/matrix interface and the methods
used for interfacial charaterization.

INTRODUCTION

Ever since the discovery of carbon
nanotubes (CNTSs) by S. lijima! almost
two decades ago, attempts have been
made to incorporate them into poly-
mer matrices in order to exploit their
superior mechanical properties. Some
theoretical predictions have suggested
that the stiffness of nanotubes could
be as high as that of the basal plane
of graphite crystals (1 TPa) or even
higher.2® Single-wall CNTs can also
exhibit strength and strain-to-failure
values that substantially exceed those
of traditional micrometer-diameter
carbon fibers.* However, the superior

How would you...

...describe the overall significance
of this paper?

This paper presents an overview of
past work done on the mechanical
characterization of carbon-
nanotube (CNT)-reinforced
polymer-matrix nanocomposites
with an emphasis on the filler/
matrix interface. It also discusses
some future directions in the field
with a focus on studies using micro-
electro-mechanical systems.

...describe this work to a
materials science and engineering
professional with no experience in
your technical specialty?

The mechanical performance of
a CNT-reinforced polymer-matrix
composite is strongly dependent
upon the filler/matrix interactions
at the nanoscale. The various
methodologies that have been
employed to study the mechanical
aspects of CNT/polymer matrix
interfaces in different polymer
systems have been reviewed

and the main results from

these investigations have been
summarized in this paper.

...describe this work to a
layperson?

Carbon-nanotube-reinforced
polymer-matrix composites are
promising materials for high
stiffness, toughness, and high-
strength applications. However,
their mechanical properties

are highly dependent upon the
properties of the filler/matrix
interface. Hence, much energy

has been expended and numerous
techniques have been explored

to characterize the interfacial
regions in these composites. This
paper presents an overview of the
interfacial characterization of such
composites and explores some of the
future directions in the field.

mechanical properties of CNTs alone
do not guarantee the nanocomposite’s
superior strength, stiffness, and frac-
ture toughness. The effective utiliza-
tion of nanotubes in composite appli-
cations depends strongly on the ability
to disperse the tubes homogeneously
throughout the matrix without destroy-
ing the integrity of the CNTs.® If the
tubes are poorly dispersed, they tend to
exhibit failure by separation from bun-
dles or aggregates rather than failure
by fracture.® It also critically depends
on the effectiveness of the interfacial
stress transfer which in turn depends on
the nature and strength of the nanotube/
matrix interface. There are three major
modes of interaction between a CNT
and a polymer matrix: chemical bond-
ing, nano-mechanical interlocking, and
non-bond interactions (van der Waals
and electrostatic). A perfect sp? hy-
bridized carbon structure has a limited
ability to form any sort of strong cova-
lent bonds with a surrounding polymer
matrix. This is somewhat dependent
on the type of matrix used since there
is some evidence that a few polymers,
such as polyurethane and poly(methyl
methacrylate), chemically bond with
pristine CNTs.”® A nanotube’s interac-
tion with any given polymer matrix can
be improved via chemical modification
of the tubes with functional groups.
However, a disadvantage with modify-
ing the hollow nanotubes by sidewall
functionalization is that it changes the
surface structure and breaks carbon-
carbon bonds along the graphite side-
wall, and therefore affects the intrinsic
properties of the nanotubes. Fortunate-
ly, non-disruptive chemical modifica-
tions such as wrapping of surfactants or
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DNA around the nanotubes or adsorp-
tion of aromatic structures onto their
sidewalls can often be adopted to im-
prove the level of chemical interaction
at the interfaces.® Nano-mechanical
interlocking could be difficult in nano-
tube composites due to the atomically
smooth surface of a carbon nanotube.
There is some evidence to prove that
nanotubes slide relatively easily from
a surrounding polymer matrix after full
debonding from the matrix.® However,
this might not be the case with nano-
tubes with twisted, uneven surfaces or
mechanically deformed nanotubes with
surface steps formed by gliding of dis-
locations.™ Some form of interlocking
may exist in these systems.

There have been conflicting studies
pertaining to non-bond interactions,
primarily based on theoretical models
or simulations, especially with regard
to their impact on adhesion at the in-
terface. As a result of the filler/matrix
interactions, if there exists a strong
adhesive force between the CNT and
the matrix at the interface, an applied
load (stress) on the composite could al-
most be completely transferred to the
reinforcing nanotube. If the adhesion
is weak, interface failure or de-bond-
ing may occur at small loads, and the
nanotubes could end up behaving as
nanostructured flaws, introducing lo-
cal stress concentrations and reducing
the overall strength of the composite.
While a weak interface between a na-
notube and a matrix can be exploited to

produce useful functionalities such as
high mechanical damping or toughness
(since nanotube slippage could create
significant friction and therefore a large
amount of energy dissipation), it is de-
sirable to have a composite with strong
adhesion forces at the interface.

It is thus important to recognize that
the mechanical performance of a CNT-
reinforced polymer-matrix composite
is strongly dependent upon the filler/
matrix interactions at the nano-scale.
The ability to design and manufacture
nanocomposites with desired proper-
ties is contingent upon the ability to
unveil the fundamental mechanisms
governing filler/matrix interactions at
relevant length scales as well as the
ability to rationalize the consequences
of these interactions on the macroscop-
ic performance of the composite. There
have, therefore, been a considerable
number of studies devoted to this area;
with continuing efforts, the story of the
interface is gradually unfolding.*213

Figure 1. Cisoidal poly(phen-
ylacetylene) (PPA) wraps per-
fectly around a (10,10) sin-
gle-walled carbon nanotube,
whose diameter precisely
matches the accessible inte-
rior void of a PPA helix. The
dotted surface shows acces-
sible surface area of the poly-
mer for the nanotube.'®

Figure 2. A telescopic pull-out of
the outer tube layer of an MWNT
that was subjected to tensile
stress via electron irradiation.
This type of failure, referred to
as the “sword-in-sheath” failure
mode, occurs due to the weak
coupling between the outer and
inner layers of the MWNT and
can dramatically lower the ef-
fectiveness of load transfer in
MWNT/polymer composites.*

MODELING AND
SIMULATION METHODS

The small size of the nanotube and
of the nano-interfacial region presents
difficulties to researchers hoping to
study the interfacial properties of CNT-
reinforced polymer nanocomposites.
Hence, many researchers have had to
rely on atomistic simulations and mul-
ti-scale modeling (combining molecu-
lar dynamics [MD] and quasi-contin-
uum frameworks) for their studies. K.
Liao and S. Li*® used MD simulations
to show that the interfacial strength,
based on non-bond interactions, can
be as high as 100 MPa for a polyethyl-
ene-MWNT system, and 160 MPa for
a polystyrene-MWNT system. These
strengths are one order of magnitude
higher than those associated with most
carbon fiber-polymer systems. The
same techniques were used by V. Lordi
and N. Yao!® to study the binding energy
(non-bond) and sliding friction stresses
between CNTs and a range of polymer
substrates. Interestingly, the authors
concluded that the contribution of non-
bond binding energy and friction forces
to interfacial adhesion was only minor
and that, in the absence of chemical
bonding, helical conformation of poly-
mers around CNTs could facilitate the
creation of a strong interface (see Fig-
ure 1). S.J.V. Frankland et al.,'” using
a shear lag model to estimate the shear
stress from the critical axial stress, also
predicted a very low interfacial strength
(2 MPa) for a CNT-polyethylene sys-
tem if van der Waals forces prevailed
as the weak non-bond interaction. On
the other hand, the authors predicted
that with the introduction of a relatively
low density (<1%) of chemical bonding
between the CNT and the matrix, the
interfacial strength could be increased
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by more than one order of magnitude.
More recently, Frankland and V.M. Ha-
rik?® simulated (using MD) CNT pull-
out from a crystalline polymer matrix
and observed linear trends in the nano-
tube velocity-force relation which they
used to estimate an effective viscos-
ity coefficient for interfacial sliding at
the NT/polymer interface. The authors
used a nanoscale analog of Newton’s
friction law and parameterized the pull-
out force, an effective viscosity, and the
strain rate in order to develop a model
for CNT-polymer interfacial sliding.
Attempts have also been made to uti-
lize the modified continuum mechanics
approach to study CNT/polymer in-
terfaces. One must note that in order
for a continuum mechanics model to
adequately describe such a system, a
number of considerations are required
to be made, since the diameter of a
SWNT is generally about the same size
as that of a polymer chain. H.D. Wag-
ner® modified the classical Kelly—Ty-
son model to account for the tube struc-
ture of SWNTs and showed that very
high interfacial strength is attainable in
SWNT-reinforced composites, inagree-
ment with the results from prior MD
simulations.*>** He, however, excluded
MWNT-reinforced composites from
consideration, worrying about the tele-
scopic inter-wall sliding failure that can
occur in MWNTS at critical stresses as
low as 0.5 MPa (see Figure 2). With the
recent development of a nonlinear co-
hesive law for CNT/polymer interfaces
directly from inter-atomic potentials,®
it might in fact soon be possible for re-
searchers to develop a continuum-based
micromechanics model incorporating

appropriate cohesive laws, which can,
in turn, provide a direct link between
the macroscopic behavior of nanocom-
posites and the quantitatively measured
nanoscale behavior of CNT/matrix in-
terfaces. However, it must be noted that
although these simulations and models
do shed a considerable amount of light
on the CNT/matrix interface, the ques-
tion still remains as to how accurately
they capture the physical essence of the
filler/matrix interface.

MACRO-SCALE TESTING
AND MICROSCOPY
METHODS

Data from standard macro-scale
tests performed on CNT-reinforced
composite specimens can be analyzed
using equations derived from stand-
ard composite theory in order to yield
valuable information on the filler/ma-
trix interface. M.S.P. Shaffer et al.,? for
example, conducted systematic tensile
tests on catalytically grown MWNT-re-
inforced polyvinyl alcohol (PVA) thin
films. The tensile elastic modulus of
the composites was assessed using a
dynamic mechanical thermal analyzer
(DMTA) as a function of nanotube load-
ing and temperature. The stiffnesses of
the composites measured at room tem-
perature were found to be only margin-
ally better than that of the unreinforced
polymer matrix. Based on their analysis
of the test results using the Krenchel’s
expression for short-fiber composites,?
the authors hypothesized that poor
stiffness values were primarily due to
imperfections in the graphitic layers of
the catalytically grown nanotubes used,
poor shear stress transfer between the

Figure 3. ATEM image showing crack
propagation in MWNT/PS thin films
induced by thermal stresses. The
tube labeled B appears to have been
pulled out of the matrix. The tubes
labeled A and D are nanotubes that
broke between the crack faces. The
tube labeled C broke at a defect site,
which in this case is an iron catalyst
nanoparticle.®

shells of MWNTSs under tensile axial
loading, and excessive bending of tubes
after dispersion into the matrix.

M. Cadek et al., on the other hand,
obtained more encouraging results
with their nanoindentation experiments
on arc-grown MWNT-reinforced PVA
and poly(9-vinyl carbazole) (PVK)
composites. The Young’s modulus and
hardness of the composites were both
found to increase by factors as high
as 1.8 and 1.6 with the addition of 1
wt.% MWNTSs in PVA and 2.8 and 2.0
with the addition of 8 wt.% MWNTSs in
PVK. The aforementioned values were
subsequently plugged into the modified
Halpin—Tsai equation for randomly ori-
ented fibers?* in order to compare the
interfacial strengths of the two compos-
ites. The analysis showed that strong
adhesion forces existed at the interfaces
in both composites with the interfacial
bonding in MWNT/PVA composites
being far superior to the one that existed
in MWNT/PVK composites. Wagner et
al.?® conducted tensile tests on MWNT/
polyurethane/diacrylate oligomer thin
films using an Instron apparatus and
observed nanotube  fragmentation
within the composites after failure. By
plugging in the average value for frag-
ment length within the specimens into a
modified Kelly—Tyson model'*? equa-
tion, the authors were able to ascertain
the stress transfer ability of the nano-
tube—polymer interfaces and found it to
be of the order of 500 MPa and up, and
thus, an order of magnitude higher than
the stress transfer ability of some of the
currently used advanced composites.

Both scanning and transmission
electron microscopy can be used to
visualize a CNT within a polymer ma-
trix and qualitatively study factors such
as nanotube dispersion, tensile fracture
mechanisms, and interfacial adhesion.
Qian et al.® performed in-situ transmis-
sion electron microscopy deformation
studies on MWNT/polystyrene (PS)
composites, prepared by a simple so-
lution-evaporation method, in order to
shed some light on the tensile fracture
mechanisms in such composites. The
authors adopted a technique in which
the TEM electron beam was condensed
onto specific regions on a thin film
of the composite, thus inducing local
thermal stresses which in turn initi-
ated cracks in the composite. Cracks
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were found to nucleate at low nanotube
density areas and then propagate along
weak nanotube—PS interfaces or rela-
tively low nanotube density regions.
The presence of nanotubes was found
to be advantageous since they aligned
perpendicular to the direction of crack
propogation and bridged the crack
faces in their wake, thus providing
closure stresses across the crack faces
(see Figure 3). Only when the crack
opening displacement exceeded ~800
nm were the nanotubes found to break
and/or pull out of the matrix. P. Watts
and W. Hsu performed similar experi-
ments on MWNT-reinforced 2-meth-
acryloyloxyethyl  phosphorylcholine
(2-(diethylamino) ethyl methacrylate
diblock copolymer (MPC-DEA) com-
posites.?” Their observations were simi-
lar to the ones made by Qian et al., with
a notable exception being that Watts
and Hsu observed no tube breakage,
possibly owing to the fact that defect-
free arc grown tubes were used in their
experiments as opposed to catalytically
grown tubes. Examination, via high-
resolution microscopy, of nanotubes
on fracture specimen surfaces can shed
some light on the nature and strength
of interfaces. Fragmentation of tubes,
as observed by O. Lourie et al.® on
the surface of SWNT/epoxy compos-
ite tensile fracture specimens, can pro-
vide some insight on the nature of load
transfers at the interfaces. The presence
of a polymer layer on a nanotube af-
ter fiber pullout can indicate a strong
filler-matrix interface. It is possible, by
measuring the contact angles between
the nanotubes and the polymer, to esti-
mate the actual interfacial energy for a
given composite. C. Bower et al.?® ob-
served contact and adherence of poly-
mer to most of the nanotubes examined
on the surface of an MWNT/polyhy-
droxyaminoether composite fracture
specimen. On the other hand, poor wet-
ting and no apparent sheathing of na-
notubes by epoxy was observed from
SEM micrographs of fractured surfaces
of an SWNT/epoxy composite by P.M.
Ajayan et al.,® suggesting the existence
of a weak interface.

SPECTROSCOPY AND
THERMOANALYSIS

A number of spectroscopic tech-
niques have also been used to study the

properties of such nanocomposites at
the interfacial regions. Micro-Raman
spectroscopy can be used to qualita-
tively measure the effectiveness of load
transfer in MWNT-reinforced compos-
ites because the second-order A, (dis-
order-induced) Raman peak position
shifts with applied strain on the tubes.
L.S. Schadler et al.*® conducted macro-
scopic tensile and compression experi-
ments on MWNT/epoxy resin compos-
ite specimens using standard testing
procedures (American Society for Test-
ing and Materials D638 and D695-91
tests) while simultaneously using Ra-
man spectroscopy to monitor the strain
on the tubes (see Figure 4). The authors
found the compression modulus of the
composites to be higher than the ten-
sile modulus and that load transfer to
the nanotubes was much more effective
in compression. The authors attributed
the ineffective load transfer to the tubes
during tension to weak coupling be-
tween the outer and inner layers of the
multi-wall tubes and to poor interfacial
adhesion. The second-order A, mode
has also been found to shift with ap-
plied strain in SWNTs. Ajayan et al.®
performed tensile tests on SWNT bun-
dle reinforced epoxy composites and
observed small shifts in the second or-
der A, band upon loading. The authors
inferred that the individual nanotubes
were not significantly stretched upon
application of axial tension due to slid-
ing of the nanotubes out of the bundles.
Z. Jia et al.” successfully used infrared
(IR) transmission spectroscopy to study
the chemical bonds between nanotubes
and PMMA in an MWNT/PMMA
composite they synthesized by an in
situ  polymerization technique. The
presence of a new peak in the IR spec-
trum of the composite at about 1,665
cm= was considered as evidence for
the existence of C-C bonds between the
nanotubes and PMMA.. Near-IR band
gap fluorescence has also been used to
study load transfer, strain, and interfa-
cial adhesion limits in semiconducting
SWNT-reinforced composites: Spectral
shifts are proportional to strain in the
tubes and marked deviations from lin-
earity of the shifts can be interpreted as
loss of nanotube-polymer adhesion and
reveal slippage of individual nanotubes
within the matrix. T.K. Leeuw et al.*
used this technique recently to estimate
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Figure 4. The shifts in the disorder-
induced second order Ay (2,700 cm™)
Raman peak for MWNTs embedded in
an epoxy matrix, as a function of strain
in the composite. The shifts were larger
when the composite specimens were

under compression than when they were
in tension.*°
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the forces required to overcome adhe-
sion at an SWNT/PMMA interface,
the values for which were found to be
1.5-6 nN.

In amorphous polymer matrices, the
addition of nanotubes can either in-
crease or decrease the mobility of poly-
mer chains at the interface. The change
in the mobility of polymer chains can
be probed by measuring the glass tran-
sition temperature of the composite,
typically by using techniques such
as differential scanning calorimetry
(DSC) or dynamic mechanical analysis
(DMA).* In the case of semi-crystalline
polymers such as PVA and poly(w-
phenylenevinylene-co-2,5-dioctyloxy-
p-phenylenevinylene) (PmPV), the ad-
dition of nanotubes can often lead to an
increase in the degree of crystallinity,
with the nanotubes acting as nucleation
sites for crystallization of the polymer
at the interface. An increase in the de-
gree of crystallinity can improve the
mechanical properties of the composite
because the presence of a shell of crys-
talline polymer around a nanotube can
strongly enhance load transfer at the
interface. Also the amplified crystal-
linity can act as an additional compo-
nent of reinforcement, thus increasing
the modulus above the levels expected
from nanotube addition alone. Again,
thermoanalytical techniques, such as
DSC and thermogravimetric analy-
sis (TGA), can be put to use in order
to quantify the crystallinity induced
within these composites. Cadek et al.,?®
for example, used the DSC technique to
study the melting behavior of a 1 wt.%
MWNT/PVA composite and found
that the crystallinity percentage of the

Vol. 61 No. 1 ¢ JOM

www.tms.org/jom.html

35



a

70 |-

60 -
™ N 0 —r=10-20nm
g 401 g — r=230-40nm
= — r=40-50nm
(B’ 30 - A —r=60-70nm

20 -

101 RV

0 [

I
1 2 3 4 5 6 7 8 9 10

160
140

M — Pristine Nanotube Pullout
— Modified Nanotube Pullout

—_
o N
o o

(o)
o

IFSS, Taverage (MPa)

B O
o o

0 500 1,000 1,500 2,000 2,500
c Embedded Length, L (nm)

Figure 5. (a) An SEM image showing
the configuration of a single nanotube
pullout experiment performed by Barber
et al.** The left part of the image shows
a nanotube having one end attached to
an AFM tip and another end embedded
within a polymer matrix. The right part
of the image shows the nanotube after
pullout from the matrix. (b) The varia-
tion of interfacial fracture energy, G, for
MWNT/polyethylene-butene composites
as a function of the representative stress
transfer parameter (R/r) for nanotubes
with different radii.** (c) The average
interfacial shear strength (IFSS) plotted
against the embedded length for pristine
and chemically modified MWNTSs pulled
out from an epoxy matrix. A shear-lag
model was fitted to the experimental
data for pristine nanotube (black line)
and chemically modified nanotube pull-
out (gray line) in order to ascertain the
shear lag constant, 3.

polymer increased by 13% upon na-
notube addition. Similarly, J.N. Cole-
man et al.*? used TGA oxidation data
to qualitatively assess the increase in
crystallinity of PmPV upon addition of
4 wt.% MWNTSs.

DIRECT LOCALIZED
CHARACTERIZATION
METHODS

It is worth noting that only a few of
the aforementioned techniques pro-
vide any sort of quantitative informa-
tion on the magnitude of the interfacial
strength in such composites. Also, as
all of them are indirect techniques,
they are subject to numerous discrep-
ancies. In 2002, C.A. Cooper et al.®®
developed a direct technique for meas-
uring interfacial strength that involved
drawing out individual MWNTSs and
SWNT ropes bridging across holes in
the matrix using the tip of a scanning
probe microscope, while recording the
forces involved. The lateral force ex-
erted by the SPM tip on the tubes was
resolved into its component parallel to
the relevant direction in order to ascer-
tain the nanotube-polymer interfacial
shear strength. Tests on MWNT-epoxy
composites showed that the interface
strength decreased with an increase in
the embedded length of the nanotubes
and that its values were significantly
higher than those in fiber-polymer in-
terfaces; in some cases the strength
was as high as 376 MPa.

The aforementioned technique was
subsequently modified by A.H. Barber
et al.*®® to perform single fiber pullout
tests to measure the interfacial strengths
of MWNT/polyethylene-butene com-
posites. Individual carbon nanotubes,
attached to the end of an atomic force
microscope (AFM) tip, were pushed
into a molten polymer. Following so-
lidification of the polymer, the nano-
tubes were pulled away, with the force
required for pullout being recorded.
Using an energy balance approach,
the authors were able to ascertain the
interfacial fracture energy, G, for the
composites as a function of the rep-
resentative stress transfer parameter
(R/r, where R is the matrix radial dis-
tance from the fiber axis at which shear
tends to zero and r is the nanotube ra-
dius) for nanotubes with different ra-
dii (see Figure 5b). For pristine nano-

tubes, the interfacial fracture energies
were found to be between 4 J/m? and
70 J/m? and thus comparable to that
of fiber pullout in other engineering
composite systems such as glass-fiber-
reinforced maleic anhydride modified
polypropylene (6-7 J/m?), vinyl es-
ter (13-34 J/m?), polyamide 6 (24-93
J/m?), and polyamide 6.6 (52-61 J/m?).
The authors postulated that the large
interfacial strength values were due to
bonding of the tubes with the polymer
via defects in their structure or due to
the wrapping of polymer chains around
the nanotubes.

The authors performed a set of similar
experiments® within an SEM chamber
(see Figure 5a), comparing the inter-
facial strengths of chemically modi-
fied (carboxyl group functionalized to
induce covalent bonding with epoxide
containing molecules) MWNT/epoxy
composites to that of pristine MWNT/
epoxy composites (see Figure 5a). The
force required to pull each nanotube
out of the polymer was seen to increase
as the embedded length increased, with
chemically modified nanotubes show-
ing correspondingly larger pullout forc-
es when compared with pristine ones.
Also, for both types of nanotubes, at
relatively large embedded lengths, the
stress in the nanotubes was found to be
large enough to break the nanotube in-
stead of pulling it out from the epoxy,
with the modified nanotubes requiring
smaller embedded lengths for nanotube
fracture. Both modified and, to a lesser
extent, pristine nanotubes showed an
increase in the average interfacial shear
strength (IFSS), calculated by dividing
the nanotube pullout force by the lat-
eral area (2mrL, where L is the embed-
ded length), with embedded length de-
crease, a behavior consistent with clas-
sical shear lag theory.* Using the plot
of IFSS vs. nanotube embedded length
(see Figure 5c), the authors determined
the shear lag constant, B, for the com-
posites. B values for pristine and modi-
fied nanotube-based composites (1.05
x 106 m™ and 7.95 x 10°® m™, respec-
tively) were found to be orders of mag-
nitude greater than those calculated for
larger single-fiber composites (1x10*
to 1 x 10° m™),% indicating that stress
transfer might be much more efficient
in nanotube/polymer composites than
in traditional fiber-based composites.
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Figure 6. A schematic for a single carbon nanotube pull-out experiment that can be
performed using a MEMS device. Force to effect the pull-out can be applied by an
actuator (electrostatic, thermal etc.) attached to the movable stage. The device can be
fabricated using standard surface micromachining techniques.

FUTURE DIRECTIONS

While there has been nearly one dec-
ade of research on interfacial strength
and related load-transfer mechanisms
in CNT reinforced polymer nanocom-
posites, the ability to manipulate the
behavior of the CNT/polymer matrix
interface to achieve desired properties
still remains rather limited and largely
empirical. The difficulties can be traced
to two fundamental issues. First, reliable
measurements of the critical interfacial
parameters such as shear strength are
difficult to make, given the small size of
the nanotube and the lack of a robust test-
ing platform at the nanoscale. Second, a
theoretical framework connecting nano-
scale interfacial features to macroscopic
properties is yet to be fully developed.
Any future breakthrough has to be able
to address at least one of these two is-
sues. As discussed, recent developments
in the field of multi-scale modeling
might help solve the second problem.
The authors would like, however, to fo-
cus on the first problem by highlighting
some new trends in the field of quantita-
tive nanomechanical characterization of
CNT/matrix interfaces.

Microelectromechanical-system
(MEMS)-based devices possess the abil-
ity to move in a controlled fashion with
measurable output signals like force and
displacement and owing to their small
size, can be used within an SEM or a
TEM chamber, thus making them ideal
candidates for a wide range of experi-
ments at the micro- and nano-scales.*’*
Using a MEMS-based testing platform
to perform single fiber pullout experi-
ments, quantitative mechanical charac-
terization of the interfacial interaction

between individual CNTs and polymer
matrices has been envisioned (see Fig-
ure 6). Although CNT manipulation and
precise on-chip deposition of matrix
materials can be challenging, the po-
tential of MEMS-based techniques for
localized quantitative interfacial meas-
urements should not be underestimated.

CONCLUSIONS

The nature and strength of the filler/
matrix interface plays an important role
in determining the mechanical proper-
ties of a CNT-reinforced polymer com-
posite. Hence, much energy has been
expended and numerous techniques ex-
plored to characterize the interfacial re-
gions in these composites. While a vast
majority of the aforementioned tech-
niques are indirect and provide informa-
tion that is either qualitative or based
on numerous assumptions, a few direct
techniques can be used to obtain quan-
titative data pertaining to the interface.
However, further advancements, such as
the development of a reliable theoretical
framework based on models and simula-
tions and a robust testing platform for
localized quantitative measurements,
are needed for a better understanding of
the nanotube-polymer interface.
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The Characterization of
High-Density Polyethylene/
Organoclay Nanocomposites

Tathiane Cordeiro Rodrigues, Maria Inés Bruno Tavares, Igor Lopes Soares, and Ana M. Moreira

Polymeric nanocomposites, which
are hybrids of polymers and modified
inorganic clay with organic surfactants,
are extremely attractive in both science
and industry. These materials present
improvements in such polymer proper-
ties as modulus, heat capacity, thermal
stability, flame resistance, and so on.
Research has been conducted in recent
decades to obtain high-quality mate-
rials that can be used in applications
like food packing, car components, and
combustible cells. Polymeric nanocom-
posites present many advantages in re-
lation to composites due to the quantity
of filler added to the polymer and also
to the improved properties. In a com-
posite, the quantity of filler must be as
high as possible (i.e., over 30%). In the
polymeric nanocomposite the quantity
of filler varies from 1% to 5% because
of the nanosize of the particles. These
nanoparticles often have a large sur-
face area that results in improved poly-
mer-matrix properties.

INTRODUCTION

Polyethylene is a commadities poly-
mer with many uses, including food
packaging which is disposed of quickly
in landfills. The environmental impact
is substantial as the polymer products
accumulate in landfills. Research has
been done to improve the polymer
degradation process. Many studies
were carried out to obtain blends with
polysaccharides such as starch, for ex-
ample,*? but little improvement result-
ed. Recently the development of new
polymeric nanocomposites, formed
from polymers and layered silicates,
have gained attention.®>* The high-
density polyethylene (HDPE) lamellar
silicate nanocomposite may improve
the HDPE properties and may induce
better degradation upon disposal.t-®

However, complete knowledge of the
nanomaterial is needed to evaluate its
behavior and potential applications. To
obtain that knowledge, the evaluation
of nanostructure ordination and mo-
lecular dynamics of these materials is
necessary.

Solid-state nuclear magnetic reso-
nance (NMR) spectroscopy was used
for this work because it is an important
tool for the study of both molecular
structure and dynamic behavior.?01
Solid-state techniques aid in the obser-
vation of changes in structural and dy-
namic behavior, focusing on the poly-
mer chains in the nanocomposite ma-
terial.1>** Generally nanocomposites
can be characterized by conventional
techniques such as x-ray diffraction
(XRD), transmission electron micros-
copy (TEM), thermal analysis, and me-
chanical properties.’s8

How would you...

...describe the overall significance
of this paper?

This paper discusses the
methodology for preparation

of the nanocomposite and also

the use of low-field solid-state
nuclear magnetic resonance as a
technique to separate exfoliated

and intercalated organoclay in the
polymeric matrix.

...describe this work to a
materials science and engineering
professional with no experience in
your technical specialty?

The authors describe an interesting
work that involves a new
characterization method to study
polymeric nanocomposites.

...describe this work to a
layperson?
This work presents a useful method

to evaluate nanocomposites through
nuclear magnetic resonance.

The main purpose of this study was
to apply both conventional techniques
and NMR to obtain as much informa-
tion as possible on nanocomposites,
especially those that are polyethylene-
based. Low-field NMR was used to
understand changes in the molecular
mobility of the polymer matrix after
organoclay is incorporated. Thus, in
this work nanocomposites based on an
HDPE matrix and organically modified
clay were prepared by melt process-
ing, using a twin-screw extruder, vary-
ing the shear rate parameter at 60 rpm
and 90 rpm. Nanocomposites obtained
were characterized through XRD, ther-
mal analysis, impact resistance, and
NMR. The XRD was employed to ob-
tain information on crystalline ordina-
tion. Thermal analysis through differ-
ential scanning calorimetry (DSC) and
thermogravimetric analysis (TGA) was
carried out to evaluate changes in the
glass temperature (Tg), melting tem-
perature (Tm), and thermal stability.
The impact resistance was measured
to evaluate its variability. Solid-state
NMR measurements were carried out
through the relaxation time parameter
(T,H), which is able to generate re-
sponse on organoclay dispersion in the
polyethylene matrix, as well as the in-
teractions between both nanocompos-
ite components in the nanostructured
materials. The T H results showed that
the samples present different molecular
domains according to the clay disper-
sion; intercalation and/or exfoliation in
the polymer matrix.

See the sidebar for a description of
materials and methods used.

RESULTS AND
DISCUSSION

Processing parameters such as tem-
perature, melt viscosity of the polymer,
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MATERIALS AND METHODS

Samples

The polyethylene sample used in this study was supplied by Rio-
Pol S/A (Rio de Janeiro, Brazil) and named El (melt flow index:
MFI = 7.0 g/min., 190%2.16 kg). The commercial montmorillonite
organoclay (OMMT) was supplied by Bentec S/A. The nature of
OMMT is bentonite clay, organically modified with a quaternary
alkylammonium compound (C18). Both polymers and organoclay
were used as-received.

Nanocomposite Preparation

The blending was performed using melt processing in a torque
rheometer, Rheocord 9000 (formerly Haake, now Thermo Fisher
Scientific, Waltham, Massachusetts), equipped with a conical coun-
ter-rotating twin screw extruder at a typical high density polyethyl-
ene (HDPE) processing temperature (190°C), operating at 60 rpm
and 90 rpm, as illustrated in Figure A. The nanomaterials obtained
(Figure B) from the extruder were cut into pellets and analyzed
directly using low-field nuclear magnetic resonance (NMR) and
thermal analysis. Films for x-ray characterization were obtained by
pressing the pellets. For the impact resistance, eight measurements
were done for each sample.

Materials Characterization

The extent of clay intercalation and/or exfoliation for HDPE/
organoclay nanocomposites was observed by x-ray diffraction
(XRD) analysis. The films were characterized using an XRD 6000
x-ray diffractometer (Shimadzu, Kyoto, Japan) with nickel-filtered
CuKa: (A = 1.54 A) radiation operated at 40 kV and 30 mA. The
data were recorded at 26 rates of 2° per minute. The basal spacing
of the nanocomposite was calculated using the Bragg’s relation:

| Polymer Matrix |

JL 4— Nanoparticle

| Mixture Polymer and Nanoparticle|

!

| Extrusion Process |

!

| Nanocomposite |

!

| Characterization |

!

| X-ray, Impact Resistance, DSC, TGA NMR |

Figure A. Nanocomposite preparation and characterization. (TGA =
thermogravimetric analysis).

[l Co- =

Polymeric Matrix

Intercalated Clay With Ponmerlc Nanocomposite

Figure B. Nanocomposite formation.

A =2dsin6.

The melting temperature and glass transition were determined
for each sample in a diffferential scanning calorimetry (DSC)
V4.4E (TA Instruments, New Castle, Delaware) under the follow-
ing conditions: nitrogen atmosphere, 30 mL/min.; heating velocity,
10°C/min., and temperature range, 10-250°C. The thermogravi-
metric analyses were carried out on a TGA 7 series (PerkinElmer,
Waltham, Massachusetts), with temperatures ranging from 30°C to
700°C, in nitrogen atmosphere. Impact resistance was measured
in an lzod impact instrument, under conditions specified by the
ASTM D 618. The samples were conditioned for 40 h at 23 + 2°C
with 50 + 5% of relative humidity.

A low-field NMR Maran Ultra 23 spectrometer (Resonance In-
struments, Skokie, Illinois), operating at 23 MHz (for protons), and
equipped with an 18 mm variable temperature probe, was used to
determine relaxation measurements (Figure C). Proton spin-lattice
relaxation times (T1H) were determined directly by the traditional
inversion recovery pulse sequence (180° — T — 90°) and the 90°
pulse of 4.6 us was calibrated automatically by the instrument soft-
ware. The amplitude of the FID was sampled for twenty t data
points, ranging from 0.1 ms to 5,000 ms, with four scans for each
point and 5 s of recycle delay. The relaxation values and relative
intensities were obtained by fitting the exponential data with the
aid of the program WINFIT (Figure D), and the domain distribu-
tion was obtained by the WINDXP software. Both WINFIT and
WINDXP are commercial programs and came with the spectrom-
eter.

Figure C. A low-field NMR spectrometer.

0.8
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Figure D. The do-
main  distribution
curve for the EI/
OMMT processed
at 60 rpm.
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Table I. The Relationship of Nanocomposite Ratio, Rotation Processing, and XRD Data for
OMMT and EI/OMMT Nanocomposites at the Two Shear Rates Evaluated

Material Composition Rotation XRD

Type (A) (EI/OMMT) (rpm) 20 d-spacing

OMMT 0/100 — 32 27.6

EI/OMMT 95/5 60 2.8 315
90 3.1 28.5

mixing time, and screw speed must be
evaluated to produce clay exfoliation.
Also considered was that high mixing
speed may lead to a higher degree of
clay intercalation and/or exfoliation.
During nanocomposite preparation the
clay dispersion was evaluated to gain
an understanding of two mechanisms:
interlamellar clay spacing, which needs
to be increased to facilitate polymer
chains insertion, and the exfoliation
process through the polymer chains in-
tercalation.

The XRD results (Figure 1) showed
that polyethylene chains were interca-
lated into organoclay lamellae. A slight
shift in the (d001) peak was observed
for all HDPE/nanoclay compounds at
lower angles. Table | shows the rela-
tionship of nanocomposites ratio, rota-
tion processing, and XRD data for
montmorillonite organoclay (OMMT)
and EI/OMMT nanocomposites at the
two shear rates evaluated. The presence
of intercalated systems was identified
from the basal spacing of organoclay,
as shown in Table I. Analyzing the data
in the table, when the EI/OMMT was
processed at 90 rpm, it did not present
the same behavior as when it was pro-
cessed at 60 rpm. This behavior could
be explained by the diffusion character-
istic of the polymer matrix. In this case
the diffusion mechanism would be
dominant when compared to the shear
rate effect. Thus, from the XRD dif-
fractogram, no indication of an exfolia-
tion process was observed. It can be
partially concluded that the ratio of the
intercalation/exfoliation process de-
pends on the shear rate as well as the
structural diffusion of HPDE.

The thermal evaluation by DSC mea-
surements and thermogravimetric (TG)
data are listed in Table Il. The DSC
data showed no significant difference
for both HDPE/OMMT nanocompos-
ites when comparing the thermal pa-
rameters such as Tm and Tg with the
polyethylene itself. However, a small

decrease in the TG temperature for both
nanocomposites was detected and it
may suggest some changes in the mo-
lecular organization of these materials
due to the incorporation of the polymer
in the interlamellar clay spacing. These
results reveal that the thermal measure-
ments could not give a response on the
intercalation/exfoliation process be-
cause of their observation scale, which
is about 100 nm.

Comparing the impact resistance of
the HDPE matrix and both nanocom-
posites, a small decrease in the value of
this parameter, from 37 J/m to 31 J/m,
was observed. This can be an indication
that this mechanical property was not
really affected by the nanocomposite
formation.

The experimentation found that the
materials formed should be better eval-

Table Il. DSC and TG Results for El and
Their Nanocomposites with OMMT at
Two Shear Rates (60 and 90 rpm)

TG onset
Sample Tm? Tc® (°C)
El 135 118 478
EI/OMMT 60 133 119 469
EI/OMMT 90 133 119 468

a = melting temperature; b = temperature of
crystallization process

uated using a technique that can ana-
lyze the nanocomposite in more detail.
Thus, the authors have decided to em-
ploy proton NMR relaxation time, as
this measurement is not destructive.
The values were achieved on sample
organization, heterogeneity, and parti-
cle dispersion. The relaxation data were
important to understand the changes in
the molecular structural organization
and molecular dynamics of the nano-
composite formed.

The hydrogen relaxation data for the
samples, measured by low-field NMR,
are shown in Table I1l. The T Hresults
showed that the samples presented dif-
ferent molecular domains. Analyzing
the polyethylene resin, before and after

25,000 [~
20,000 |~
[%2]
g
2 15,000 |-
(%2}
Figure 1. X-ray dif- &
fraction patterns = B
of OMMT and 10,000
EI/OMMT nanocom-
posites  processed 5,000 |
at 60 rpm, and El/
OMMT nanocom-
posites processed at 0
90 rpm. 0

10 15 20 25 30 35 40

20
Ty=12ms
T1=367ms
T4=337ms
Figure 2. A diagram of
T1=174ms " gomain ordination in
Clay Lamellae the formed nanocom-

posite.
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Table Ill. The Low-Field NMR Relaxation Data of El (Resin and after Processing) and EI/
OMMT Nanocomposite with 5% of OMMT at 60 rpm

Sample T,H (ms) Domain Intensity (%) Assignments
El - Resin 26 15 Mobile region
334 85 Rigid region
Processed El 18 18 Mobile region
331 82 Rigid region
EI/OMMT 60 rpm 12 (a) Mobile region
174 (d) Interface region
337 (c) Crystalline region
(near to clay lamellae)
367 (b) Crystalline region

(polymer matrix)

processing, two values for the relax-
ation parameter were found. One of
them was attributed to the mobile re-
gion (low value), which is constituted
by amorphous phase, and the other one
was related to the rigid region (high
value), formed by the constricted amor-
phous and crystalline phase, which is
normally responsible for the control of
the relaxation process. Considering the
polyethylene/clay nanocomposite,
with 5% of organoclay, four values
were detected: (a) the mobile region
(low value—amorphous region); (b) the
interface region, which is formed by
polymer chains around the clay lamel-
lae, which is the evidence of the exfo-
liation because the metal present in the
lamellae decreases the relaxation pa-
rameter; and (c and d) two crystalline
regions. One of the crystalline phases
is derived from the polymer crystallite
near the clay lamellae, confirming the
exfoliation processing. The higher val-
ue of relaxation data is from the poly-
mer crystallite that is distant from the
clay lamellae. The relaxation data sup-

JOM is looking for

port the first intercalation process sug-
gested by x-ray and provide evidence
of the exfoliation process. Figure 2 is a
diagram that suggests the nanostruc-
ture ordination of the molecular do-
mains formed in the HDPE/organoclay
nanocomposites.

CONCLUSIONS

From the results obtained, it can be
concluded that the processing parame-
ters affect the nanocomposite forma-
tion. The structural characteristics of
polymers were able to affect signifi-
cantly the clay exfoliation process. The
share rates were not relevant to the
nanocomposite formation for this sys-
tem. The relaxation data showed dif-
ferent molecular domains for polyeth-
ylene and especially for the nanocom-
posite. The measurement of relaxation
time, using low-field NMR, proved
useful to evaluate changes in the mo-
lecular mobility of nanocomposites
and can infer whether a sample is exfo-
liated and/or intercalated, since lamel-
lar filler is used.
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Hands On Bay Area Project Sows the Seeds to Environmental Well-Being

TMS 2009 Annual Meeting attend-
ees will have a chance to create a lasting
change in the San Francisco Bay Area
prior to the start of the meeting. Like
last year in New Orleans, members and
guests are encouraged to roll up their
sleeves and donate their time to help
less fortunate families live better lives.

TMS will partner with USA Hosts/
Key Events on February 14 to plant a
seasonal organic garden at Alemany
Farm, a section of the Alemany Public
Housing Community. The garden will
serve as a way to improve and expand
sustainable agricultural practices in the
Bay Area. With the help of local edu-
cators and farmers, the organic garden
will be used as a tool to teach the com-
munity about water conservation, com-
posting, permaculture, and other envi-
ronmental topics.

“The area was chosen to help low-
income youth residing in public hous-
ing in the San Francisco area,” said
Molly Walsh, vice president of busi-

Support the Bay Area Community Service Project

Contribute to the TMS Hands On Bay Area Service Project through the TMS Foundation
All contributions to the TMS Foundation are tax deductible in the United States.

Hands On Bay Area Contributions

I Iwould like to contribute $25 to the TMS
Foundation to support the Hands On
Bay Area service project on February 14.

I 'would like to donate the following amount to the
TMS Foundation to support the Hands On
Bay Area service project on February 14:

S

[ Contact me with more information about being
a corporate sponsor for the TMS Hands On
Bay Area service project.

ness development at USA Hosts/Key
Events. “The program brings farmers
and urban youth together—training
the younger generation in sustainable
agriculture and landscaping practices,
organic food growing, and even mar-
keting.”

The Alemany Farm provides healthy,
organic food, “green” jobs, and envi-
ronmental education to the residents
of the Alemany Community. The com-
munity members see the addition of the
organic garden as another way to keep
youth off the streets, instill pride in the
community, and open a door to future
opportunities, according to Walsh.

Volunteers will work together to
build raised garden beds, plant seed-
lings, weed or turn compost bins, and
lay wood chips along the paths, among
other duties. The project is free and
includes transportation to the project
site, an on-site lunch, and an afternoon
reception.

The service project is sponsored

Direct contributions may be mailed using this form.

Send it to TMS Foundation, 184 Thorn Hill Road, Warrendale, PA 15086-7514 or fax: (724) 776-3770
Donate on-line at https://www.tms.org/secure/forms/contribution-form.html

Name

Organization (If corporate contributor)

by the TMS Foundation and provides
funds to cover food and transportation
expenses. The society invites all who
would like to support the Hands On
Bay Area project to consider making a
$25 donation through the TMS Founda-
tion to help offset the costs. Corporate
sponsorships are also available, starting
at $400. Financial contributions can be
made through the TMS 2009 Annual
Meeting registration form or by com-
pleting and returning the pledge form
below. For more information on corpo-
rate sponsorship opportunities, contact
Joe Rostan, TMS exhibit and sponsor-
ship representative, at jrostan@tms
.org.

For more information on the Hands
On Bay Area community service proj-
ect, visit the TMS 2009 Annual Meet-
ing web site at www.tms.org/meetings
/annual-09/HandsOnProject.aspx. For
more information on the TMS Foun-
dation, go to www.tms.org/Foundation
/Foundation.html.
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Polymer-Matrix Composites Research Summary

Characterizing the Strain Rate
Sensitivity of the Tensile Mechanical
Properties of a Thermoplastic

Composite

Kevin A. Brown, Richard Brooks, and Nicholas A. Warrior

Thermoplastic composites (TPCs)
are being given increased consider-
ation for application in vehicle front-
end structural crash components.
However, studies on the high strain-
rate behavior of TPCs have been rela-
tively limited. In this study, the effect of
strain rate on the tensile properties of
a woven fabric commingled E-glass/
polypropylene thermoplastic compos-
ite was investigated over a strain-rate
range of 10#to 70 s%. Quasi-static tests
were conducted in an electromechani-
cal universal test machine. A specially
designed test rig in conjunction with
a falling weight drop tower was used
for high strain-rate characterization.
The experimental results show that the
elastic modulus, ultimate strength, and
strain to failure increase with increas-
ing strain rate.

INTRODUCTION

The application of thermoplastic
composites (TPCs) in the automotive
industry has increased significantly.
Thermoplastic composites are favored
for their high strength-to-weight ratio,
damage tolerance, and energy absorp-
tion capability as well as their corrosion
resistance, good damping properties,
and recyclability. Furthermore, TPCs
offer the potential for low-cost rapid
manufacturing with low cycle times
that allow for medium to high volume
production. The application of TPCs
was initially restricted to semi-struc-
tural components such as front-end
panels, spare wheel wells, underbody
closures, and door panels.! However,
there is now a desire to use continuous
fiber textile thermoplastic composites
for structural components such as bum-

How would you...

...describe the overall significance
of this paper?

There is limited understanding of the
effect of dynamic impact loading on
the mechanical properties and failure
modes of thermoplastic composites.
This paper shows that high-rate
loading has a significant effect on
the tensile stiffness, strength, and
failure modes of thermoplastic
composites. This is attributed to

the time-dependent response of the
material and its woven geometry.

...describe this work to a
materials science and engineering
professional with no experience in
your technical specialty?

The material under investigation

in this study is a thermoplastic
composite that consists of
commingled bundles (yarns) of
glass and polypropylene fibers.
Commingling facilitates rapid
manufacturing with good material
consolidation. Thermoplastic
composites possess high mechanical
properties and are easily shaped
through thermoforming. This work
highlights the changes in the tensile
mechanical properties of the material
observed at different loading rates.

...describe this work to a
layperson?

This paper shows that major
changes occur in the mechanical
behavior of thermoplastic composites
(TPCs) which result in significant
energy absorption under dynamic
loading. These results indicate

that TPCs are potentially suitable
candidate materials for vehicle
crash components. Furthermore,
TPCs present the opportunity to
improve vehicle fuel efficiency

due to their light weight, and also
allow for economic high volume
manufacturability and recyclability.

pers, side impact beams, and front-end
chassis frames.2® These components
are likely to sustain high strain-rate
loading during a crash. Therefore, it is
important to understand loading rate
effects in these materials.

Experimental studies on the high
strain-rate response of composites do
present difficulties. Moreover, most
of the high strain-rate characteriza-
tion studies have focused on thermoset
composites with epoxy and polyester
matrices reinforced mainly with glass
and carbon fibers.*® In contrast, few
attempts have been made to study the
effect of strain rate on the mechanical
properties of TPCs.™-

In the study reported in this paper,
the strain-rate sensitivity of a com-
mingled woven-fabric glass-fiber-re-
inforced polypropylene TPC was in-
vestigated through a series of tensile
tests over a strain-rate range of 10~ to
70 st The effect of strain rate on the
tensile mechanical properties and the
corresponding macro- and micro-scale
failure modes are discussed. See the
sidebar for experimental procedures.

RESULTS AND DISCUSSION

Stress-Strain Behavior

Figure 1 shows the typical tensile
stress-strain response at different strain
rates. Under quasi-static loading the
stress-strain response is approximately
linear elastic up to the maximum stress
point followed by abrupt brittle-like
failure. At a strain rate of 36 s, the ini-
tial stress-strain response leading up to
the peak stress is relatively similar to
the quasi-static results. However, in
contrast, the post-peak stress response
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is very ductile and almost perfectly
plastic with a strain to failure that is
four times higher than at the quasi-stat-
ic rate. Strain to failure is defined here
as the strain at which the material ex-
hibits complete cross-sectional failure.
At higher strain rates, between
50 stand 70 s, the material stress-
strain response is highly non-linear, ex-
hibiting premature yielding followed
by strain hardening and then maximum
peak stress and strain softening. The
strain to failure increased by a factor of
3 at strain rates greater than 50 s.

Strain-Rate Sensitivity

The tensile modulus and strength
properties at different strain rates are
presented in Table I. Figure 2 and Fig-
ure 3 illustrate the effect of strain rate
on the tensile modulus and strength
as a function of strain rate on a loga-
rithmic scale, respectively. The tensile

modulus and strength are relatively in-
sensitive to increases in strain rate up to
36 s*. However, at strain rates greater
than 36 s the tensile strength increases
significantly up to 46% at the highest
strain rate (70 s7*). The tensile modulus
follows a similar trend although not so
pronounced, with an increase of 11%.
The increase in tensile modulus is
generally explained by the viscoelastic
effects of the polymeric matrix.’® The
effect of strain rate on the modulus and
strength may also be attributed to the
woven structure and geometry of the
composite.t” Plain-weave composites
show a higher strain-rate sensitivity than
satin-weave, unidirectional, and multi-
directional composites because of the
higher interaction between the matrix
and fibers.'” Furthermore, the rate sen-
sitivity of the tensile strength can also
be attributed to the rate dependence of
the glass fibers.*® This is supported by
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Figure 2. The effect of strain
rate on tensile modulus. 0
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Figure 3. The effect of strain
rate on tensile strength.
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Table I. Mechanical Properties for
Twintex™ at Quasi-Static and High Strain

Rates

Strain Tensile Tensile
Rate Modulus Strength
(s™) (GPa) (MPa)
10 14.46+0.92 269.03+10.80
36 13.19+0.83 266.75+11.32
50 17.51£1.22 382.40+23.27
70 16.08+3.89 391.88+74.64

the fact that the tensile strength of the
composite laminate is primarily gov-
erned by the fiber strength.

Tensile Failure Modes

Under quasi-static loading, failure
occurred around a localized through-
thickness shear fracture plane at an an-
gle of about 45° to the axis of loading
as shown in Figure 4a. This may be at-
tributed to the woven nature of the
composite which tends to result in
through-thickness shear failure initia-
tion across a longitudinal fiber bundle.*®
The quasi-static macroscopic failure
mechanisms generally included matrix
cracking, localized warp fiber fracture,
weft fiber pull-out, and delamination
along the middle plies. At high strain
rates the main failure surface is not
clearly defined as damage accumulates
along the entire length of the specimen
gauge area (see Figure 4b). As strain
rate increased, significant matrix crack-
ing, fiber fracture, and weft fiber bundle
pull-out was observed. In addition, the
laminate delaminated along all ply in-
terfaces.

Optical micrographs of the failure
regions in the fractured tensile speci-
mens at quasi-static strain rates are
shown in Figure 5. Matrix cracking
was observed in the weft fiber bundles
as depicted in Figure 5a. These cracks
propagate in an opening mode normal
to the in-plane axis due to normal
stresses acting in the direction of the
applied load. Some of these cracks
propagate toward the warp and weft fi-
ber bundle interfaces resulting in inter-
facial debonding and inter-ply delami-
nation as shown in Figure 5b. At dy-
namic strain rates, extensive micro-ma-
trix cracking in the weft fiber bundles
and inter-ply delamination was ob-
served in the failure regions of the
specimens (see Figure 6).
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EXPERIMENTAL PROCEDURE

Material and Specimens

The material system used in this study is a commingled E-glass/
polypropylene woven fabric composite, balanced 1:1 twill weave
with a 60% fiber weight fraction. It is supplied by OCV Reinforce-
ments (formerly Saint Gobain Vetrotex) under the tradename Twin-
tex™. In this textile thermoplastic composite the yarns consist of
the reinforcing glass fibers and a fibrous form of the polypropylene
matrix (see Figure A). This results in a very short flow length be-
tween the fibers and matrix, which leads to good consolidation and
impregnation. All tensile tests were conducted in only the warp
direction due to the balanced, symmetrical nature of the Twintex
woven fabric.

Test specimens were cut from flat plaque laminates (260 mm x
120 mm) with [0/90] fiber orientations. An optimized non-isother-
mal compression molding process was used to manufacture the flat
plaques.*? The manufacturing procedure involved stacking 0.5 mm
thick preconsolidated sheets of Twintex in a 4.5 kW infrared oven.
The stacks were heated to 200°C and then rapidly transferred to a
heated tool (80°C) which was installed in an up-stroking hydraulic
press. The tool was closed and a pressure of 1.6 MPa was applied
for60s.

The quasi-static tensile specimens were straight sided, 250 mm
long x 25 mm wide, with a nominal thickness of 4 mm (Figure Ba).
The high strain rate specimens were also straight sided, 180 mm
long x 25 mm wide, with a nominal thickness of 2.5 mm (Figure
Bb). All tensile specimens had a [0/90] stacking sequence with

Through-Thickness
of Z-Direction

X-Direction
F\(garp Y-Direction
ers Weft (Fill)
Fibers
Glass Fibers
(White Dots) Polypropylene
Filaments
(Black Dots)

Figure A. The Twintex™ commingled E-glass/polypropylene woven
fabric composite material (balanced 1:1 twill weave with a 60% fiber
weight fraction).

— [0/90] Fiber orientation

125 mm

|

....

|
!

Gauge length = 150 mm

250 mm 4 mm

Axial strain gauge

Gauge length = 100 mm |

b 180 mm 2.5 mm

Figure B. A tensile test specimen: (a) quasi-static (b) high strain
rate.

eight plies for quasi-static specimens and five plies for dynamic
specimens. The reduced thickness of the dynamic specimens is
necessary to ensure complete failure during testing.*?

Tensile Test Setup

Quasi-static tensile tests were conducted according to ASTM
standard D3039. The tests were conducted on an electro-mechan-
ical universal test machine at a crosshead speed of 5 mm min=. The
specimen strain response was determined by a 50 mm gauge length
extensometer with a maximum strain capability of 10%.

Dynamic tensile tests were conducted in a modified Rosand™
instrumented falling weight drop tower (see Figure C). The drop
tower uses a free-falling, weighted crosshead with a striker, guided
by two long steel rods, to impart an impact load. A crosshead mass
of 100 kg was used in the dynamic tensile tests. The tests were con-
ducted at speeds of 3 ms, 5 ms=, and 7 ms which corresponded
to strain rates of 36 s, 50 s, and 70 s, respectively. The aver-
age strain rate during the test was derived from the gradient of the
strain-time history data.

A special test fixture,'® in which the specimens were mounted,
was fixed to the floor of the drop tower (see Figure C). The speci-
men is clamped at each end between steel grips. The top grip is
directly bolted through the load cell to a fixed carriage. A moving
carriage is supported by the lower grip and is guided by two steel
rods through two linear bearings on one side and two nylon dowels
on the other side. The drop tower striker imparts a load on the mov-
ing carriage which loads the specimen in tension through the lower
grip as it travels downward.

In high strain rate tests, a piezoelectric load cell was used for
the measurement of force data. Strain was measured with a single
120 Ohm strain gauge bonded centrally on each specimen.

Microscopic Analysis

Optical microscopy was used to investigate the failure mecha-
nisms in the material. Sample sections were cut from the failure
region of the fractured specimens. The samples were cast in poly-
ester resin and polished before being examined using an optical
microscope with a charge-coupled device camera attachment.

Falling
Weight
Drop
Tower

Dynamic
Tensile
Test
Fixture

Charge

Amplifier
Strain Gauge
Wheatstone Bridge
Circuitry Data Logger
Figure C. The modified Rosand™ falling weight drop tower setup
for high-strain tensile experiments. The specimen is placed in the
dynamic tensile fixture.
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b 20 pm

Figure 5. An optical micrograph showing
the typical failure mechanisms at quasi-
static strain rates. (a) Extensive cracks
in the matrix of the weft fiber bundles;
(b) matrix cracks propagate to the fiber
bundle interface resulting in debonding
of the interfaces.

CONCLUSIONS

From this study, some key observa-
tions can be made about the effect of
strain rate on the tensile mechanical
properties of commingled E-glass/
polypropylene thermoplastic compos-
ites over a strain-rate range of 10 to
70 st At high strain rates (above
36 s1), the tensile stiffness, maximum
strength, and strain to failure tend to
significantly increase with increase in
strain rate. The failure mode of the
TPC for different strain rates was char-

Figure 4. The typical
macroscopic failure re-
gions for the tensile
specimens. (a) Quasi-
static; (b) high strain
rate.

I
b 30 um

Figure 6. An optical micrograph showing
the typical failure mechanisms at high
strain rates. (a) Delamination at ply
interfaces; (b) matrix cracks in weft fiber
bundles.

acterized by matrix cracks in the weft
fiber bundles that propagate normal to
the loading direction along with a vary-
ing degree of intra- and inter-ply de-
lamination. Strain-rate effects appear
to be influenced primarily by the ma-
trix viscoelasticity, the woven rein-
forcement architecture, and the time-
dependent nature of damage accumu-
lation. However, further detailed study
is required to elucidate the relationship
between failure mechanisms and the
strain-rate sensitivity of the mechani-
cal properties.
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Materials Informatics Commentary

Informatics and Integrated
Computational Materials Engineering:

Part Il

Krishna Rajan

This issue of

JOM presents the

second in a two-

part series on ma-

terials  informat-

ics. In the previ-

ous issue (March

2008), some of

the basic concepts

of what constitutes informatics were
introduced. In this issue, we continue
that theme with papers that serve to
emphasize the diversity of topics that
encompass the field of informatics.
The timing of the publication of these
JOM topics on materials informatics
coincides with the issuing of a report of
the National Materials Advisory Board
on Integrated Computational Materi-
als Engineering (ICME).! This report
defines that information as including
“curated data sets, structure-property
models, processing-structure relation-
ships, physical properties and thermo-
dynamic, kinetic and structural infor-
mation.” It provides a good summary
of the needs, status, and challenges

the materials engineering community
faces to generate this information. The
report defines ICME as “the integra-
tion of materials information, captured
in computational tools, with engineer-
ing product performance analysis and
manufacturing-process  simulation.”
The report envisions an ICME system
as one that integrates many different
components of information that are
“linked by means of a software integra-
tion tool to a designer knowledge base
containing tools and models from other
engineering disciplines.” At the core
of this integration the report identifies
what it calls “use cases” which serve as
the conduit for information from data-
bases, models, and computational tools
to achieve a knowledge base that can
solve materials engineering problems.
So where does informatics fit into
this framework? | would suggest that
the articles in this and the previous
companion JOM issue serve to empha-
size that informatics can in fact be that
“hub” (Figure 1). Each paper in these
issues links one or more of the compo-

Figure 1. The role
of informatics in the
schematic structure
of an ICME system
that unifies materi-
als information into
a holistic system
(adapted from Ref-
erence 1).

nents identified in the ICME report.

In this issue, C. Suh and K. Rajan
explore ways to discover knowledge
and rules associated with crystal chem-
istry strictly by interrogating databases
using data-dimensionality-reduction
techniques and discover new structure-
chemistry relationships. Hence mate-
rials informatics plays a key role for
ICME, namely, by providing the tools
to achieve that integration.

Having ways to generate information
is usually viewed as an important goal
but B. Ganapathysubramanian address-
es a critical and very practical issue:
we may not always be able to collect
all the information we need. He shows
how one can use stochastic modeling to
deal with uncertainty caused by miss-
ing information. This then permits one
to develop or enhance and refine mate-
rials-based models.

R. Hrubiak and colleagues challenge
the conventional notion of databases
as simple repositories of information.
They provide a good example of how
to organize a database so that it can
be converted to a “knowledge base.”
When providing the right type of web
interface, they show how complex and
integrated information can be made
easily accessible.
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Materials Informatics Overview

Informatics for Chemical
Crystallography

Changwon Suh and Krishna Rajan

A fundamental question in inorganic
crystallography is the relationship be-
tween chemical stoichiometry and
crystal structure. The relationship be-
tween specific compounds and specific
crystal structures is usually developed
heuristically by surveying crystallo-
graphic data of known compounds.
This process of structure—chemistry as-
sociation has laid the historical foun-
dation for identifying crystal structure
prototypes and structural classifica-
tions. This paper demonstrates how in-
formatics can quantitatively accelerate
the discovery of structure—chemistry
relationships but also be used as the
foundation for developing structure—
chemistry—property relationships.

INTRODUCTION

The search for stable compound
structures based on information about
the constituent elements is a classic
crystal chemistry problem. When pre-
dicting new possible materials, tradi-
tionally structure maps have been used
to search for stable phases. Structure
mapping has played an important role
as an a priori guide for finding stable
phases® and serving as a visualization
tool for structure—property relation-
ships in a bivariate way. Physical fac-
tors governing stable crystal structures
serve as the coordinates of structure
maps. After physical factors are care-
fully chosen, each compound can be
spatially identified by its structure type.
From the viewpoint of informatics, a
structure map is a classification tool
whereby, through the choice of appro-
priate coordinates, one can map clus-
tering of crystal-structure-related data.
There is, of course, a long and distin-
guished tradition of such maps includ-
ing Mooser—Pearson plots,? Philips and
van Vechten diagrams,®* Goldschmidt

diagrams,® and Pettifor plots,!® just to
mention a few examples. Each of these
mapping schemes identifies some key
parameters related to electronic or crys-
tal structure information which are
placed on orthogonal axes and the oc-
currence of a given crystal chemistry is
then plotted accordingly. The resulting
diagram maps out the relative position
of structure types from which one tries
to discern qualitatively if there are
strong associations of certain crystal
types to certain bivariate combinations
of parameters. This, however, does not
address the multivariate nature of the
parameters associated with crystal
chemistry and hence provides a strong
motivation to apply data dimensionali-
ty reduction techniques.

STRUCTURE-CHEMISTRY
CLASSIFICATION

C. Suh and K. Rajan’ have demon-
strated a strategy for developing struc-

How would you...

...describe the overall significance
of this paper?

Informatics can provide an
accelerated and robust means of
discovering structure-chemistry-
property relationships.

...describe this work to a
materials science and engineering
professional with no experience in
your technical specialty?

This paper shows how informatics
can be used as a new computational
tool to aid in materials discovery
and design.

...describe this work to a
layperson?

A new computational approach

is proposed for discovering what
parameters govern which crystal
structures are formed for different
chemical compounds.

ture maps without any a priori assump-
tion of which two parameters are to be
selected for developing a structure map.
This is treated as a multivariate analy-
sis problem where we collectively in-
put many of the well-known and ac-
cepted variables that can have an influ-
ence (termed “latent variables” in the
jargon of informatics) on the occur-
rence of a given type of crystal struc-
ture. This approach can be used to
identify the appropriate selection of
variables for use in two-dimensional
structure maps. The first step in this
process is applying data dimensionality
reduction techniques such as principle
component analysis (PCA). The com-
putational details are not described here
but the reader is referred to numerous
standard texts in the field®® as well as
papers that have used this specific mul-
tivariate data analysis method in mate-
rials science applications.’*-*2 The gen-
erated data set includes crystallograph-
ic parameters, informatics-based pre-
diction of bulk moduli, electronic
bonding, and combined parameters and
therefore it contains large amounts of
factors governing crystal structure (Ta-
ble I).

The PCA loading map separates
structural governing factors based on
their correlations and relative impacts
on PCA models. Through the process
of eigenvector decomposition in PCA,
the original data is decomposed by two
matrices: loadings and scores. The
loadings are the weights for each origi-
nal variable, while the scores are the
projection of the sample on a rotated
coordinate system. Thus, PCA loading
plots map the correlation between
physical parameters and score plots
map the correlation between spinel ni-
trides. Interpretations of the loading
plot are twofold:
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e Degree of correlation between
variables: angle between variable-
origin-variable, where the origin
is (0,0) position.

e Relative impact of variables on
PCA model: distance from the or-
igin to variable.

The degree of correlation between
variables is determined by the angles
(cosine) between them. If the angle be-
tween two variables at the origin is 6,
then 6 = 0° for highly positively corre-
lated variables, 6 = 180° for highly in-
versely correlated variables, and 6 =
90° if no correlation exists. Therefore,
a PCA loading plot captures all the
possible correlations within a multi-
variate data set in two-dimensional
spaces. Since PCA reduces the dimen-
sionality of variables with a minimal
loss of information, it should be noted
that correlations on a PCA map depend
on the variance captured by the con-
fined dimensions. This means they
could be different from the bivariate
correlation coefficient (e.g., Pear-
son’s).

On the other hand, the relative im-
pact of each variable can be identified
by measuring the distance from the ori-
gin. Interpretation of the score plot is
the same as the loading plot. The load-
ing plot of PCA separates multiple de-
scriptors by their characteristics, helps
to detect key descriptors, and shows
bond characteristics in terms of struc-
tural and electronic bonding parame-
ters. Overall, the reason to form the
shape of the shell for grouped proper-
ties is their similar impacts on the PCA
model. For instance, all the parameters
related with cell dimensions have simi-
lar effects on the two LV PCA models.
The degree of impact on the PCA mod-
el is based on cell dimension parame-
ters and the degree of bond strength
from the radius of each shell. Thus, one
may rank the relative degree of impact
as: electro-negativity difference, bond
length, and polyhedral volume > pseu-
dopotential radii > bulk modulus > ef-
fective charge > bond order.

Using AB,N, spinel nitrides as a
template, Suh and Rajan have assessed
the statistical interdependency of each
of the descriptors that may influence
chemistry—structure—property relation-
ships. Using PCA, they demonstrated
that classical versions of structure maps

(from the early work of Hill?®) based on
heuristic observations for this class of
crystal chemistry can in fact be repro-
duced via data mining. The informatics
approach also provides an alternative
method for visualizing structure maps

as well as interpreting structure-prop-
erty relationships. Apart from being
able to reproduce earlier versions of
structure maps, an example is also de-
veloped for the case of a new informat-
ics-based structure map for spinel ni-

Table I. Governing Factors for Spinel Nitrides, AB,N,*

Origin of Descriptors Descriptors

Ab-initio derived parameters'

1. a (lattice constant)

2. U (anion parameter)

3.BL,,=A,N

8a ' 32

4.BLy, =B N

16d * 32

5 Q' (effective charge)

6.0
7.0,

8. BOC,y (bond order of crystal)

9.BO,,,
10.BOy,
Pseudopotential orbital radii 11. r: ,
related parameters'™'® 12. rg
13, /AY,

18.Rg ,

19. PR (weighted differences of Zunger’s pseudopotential radii sums)

Crystallographic parameters
(bond lengths and polyhedral
volumes) from aand u

21.A_-A

8a 48t

22 Aaa_Aan n.n.
23.A_-B. ., B

8a —16d’ ~16d —8b’

20.A,-00,, orB

B, B

48f” ~16d — 16d’ 16d 16c’

-A

16d " 8b,48f

orB, -1

_A2ndn.n.
or BWGd A 48f

24.A_-A orA_ -A

8a " 8a

25. (N, N,,,),,

32e 32

26. (N, N,,.),»

32e 32

27. (N, N,y

32e 32

28.A,-N

8b * 32’

29. (AN,

48f 32

30. (AN,

48f 32

31. Dmc'ste'

32.8L,,/BL,,,
33. V(A-Ba)‘e"

Interbond angles from
spinel structure 40. ZN-B-N,

41. #B-N-B,

8a —8b’

42. ZA-N-B, *. ZN-A-N (constant=109.471°)

Derived parameters
(combinations of parameters
or miscellaneous)'

43.0,-Q,
44.0,-Q,

45. AEN (from electronegativity of elements),

46. B, (from prediction of Partial Least Squares)

Note that expressions of variables for bond lengths and polyhedral volumes follows the work of Sickafus et al.,’ A and
B represent tetrahedral (tet) and octahedral (oct) cation sites, respectively, and [J and A represent an octahedral- and
tetrahedral vacancy, respectively. " It is not used for PCA model because it is a constant.
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Figure 1. (a) Hill's map for spinel nitrides: Anion parameter (u) gives the ratio of the octahedral to tetrahedral bond lengths and octahedral bond
length is the same as tetrahedral bond length when u=0.3875. (b) PCA score map of site occupancy based on complex interactions between
bonding and crystal chemistry (governing factors in Table I). Using PCA, it is demonstrated that Hill's map based on heuristic observations for
this class of crystal chemistry in fact is reproduced via data mining techniques since the shape of this map is similar to Hill's map for spinel
nitrides. For clarity, some spinel nitrides are labeled.

trides, showing data clustering associ-
ated with site occupancy.

Structure maps are essentially clas-
sification maps. They show how crystal
chemistry and the associated structure
can be clustered according to the pair
of parameters that define the axes of the
plot. As noted at the beginning of this
paper, historically, there are numerous
such maps that have been proposed
based on different sets of parameters
that reflect bonding and structure.** It is
instructive to compare the multivariate
PCA score plot (Figure 1) which con-
tains all 46 variables simultaneously
with the structure map proposed by Hill
(Figure 1a%) which used just the anion
parameter and lattice constant of the
spinel oxides and sulfides. This strik-
ing similarity serves to highlight that
the principal components (i.e., princi-
pal contributions) are primarily captur-
ing lattice constants and anion param-
eters, which were identified as the most
important parameters in PC1 and PC2,
respectively, in the loading plot. While
the PCA score map effectively serves
as a high dimensional structure map,
Hill’s structure map serves as a valida-
tion of the data-mining analysis.

QSARs FOR STRUCTURE-
PROPERTY RELATIONSHIPS

While a fundamental tenet in materi-
als science is to establish structure-
property relationships, it is the life sci-

ences and organic chemistry commu-
nity that has formally introduced the
concept of quantitative structure activ-
ity (or also termed property) relation-
ships (QSAR or QSPR). Unlike classi-
cal materials-science  approaches,
which relate structure and function

through physically based models (e.g.,
grain size and strength through the
Hall-Petch relationship), QSARs are
derived from a model independent ap-
proach; sometimes referred to as “soft
modeling.”

The orthogonality of the principal
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Figure 2. The original Hill map which was derived for spinel oxides and sulfides. The
new data for spinel nitrides are added for comparison. The spinel nitrides and oxides are
clustered approximately in the same region of the Hill structure map; however, the range of
lattice constants observed for oxides for the same variability in anion parameter is narrower
than it is for the nitride. Note that each equi-line of bond length is drawn for visually clear
separation of oxides, sulfides, and nitrides by setting limiting values of bond length. Note
that black lines of equi-bond length in the figure were calculated from geometric relations of
interatomic distances as a function of aand u in a spinel structure (i.e., BL, = \/§a(u -1/4)

and BL, , =a[2(u—-3/8)? +(5/8 —u)?J*2.
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components eliminates the multidi-
mensional problem, but the problem of
choosing an optimum subset of predic-
tors remains. A possible strategy is to
keep only a few of the first components;
however they are chosen to explain X
rather than Y, and so nothing guaran-
tees that the principal components,
which “explain” X, are relevant for Y.
The next step in examining the data in
PCA space is to see if we can develop
models based on this new data set. In
other words we want to try to set up a
regression model between the scores
and not just the original data.

Partial least squares (PLS) regres-
sion models are based on principal
components of both the independent
data X and the dependent data Y. The
central idea is to calculate the principal
component scores of the X and the Y
data matrix and to set up a regression
model between the scores (and not the
original data). Hence, in contrast to
PCA, PLS regression finds components
from X that are also relevant for Y.
Specifically, PLS regression searches
for a set of components (called latent
vectors) that performs a simultaneous
decomposition of X and Y with the
constraint that these components ex-
plain as much as possible of the covari-
ance between X and Y. This step gener-
alizes PCA. It is followed by a regres-
sion step where the decomposition of X
is used to predict Y.

As noted by R.D. Tobias,? the em-
phasis in PLS is on predicting the re-
sponses and not necessarily on trying
to understand the underlying relation-
ship between the variables. For exam-
ple, PLS is not usually appropriate for
screening out factors that have a negli-
gible effect on the response. However,
when prediction is the goal and there is
no practical need to limit the number of
measured factors, PLS can be a useful
tool. When the number of factors gets
too large (for example, greater than the
number of observations), you are likely
to get a model that fits the sampled data
perfectly but that will fail to predict
new data well. This phenomenon is
called over-fitting. In such cases, al-
though there are many manifest factors,
there may be only a few underlying or
latent factors that account for most of
the variation in the response. The gen-
eral idea of PLS is to try to extract these

latent factors, accounting for as much
of the manifest factor variation as pos-
sible while modeling the responses
well. For this reason, the acronym PLS
has also been taken to mean “projec-
tion to latent structure.”

Hence PLS expresses a dependent
variable (target property) in terms of
linear combinations of the principal
components. While the descriptors
themselves may be interdependent (co-
variant), the PCs so generated are inde-
pendent (orthogonal). The PLS equa-
tion assumes the following form for the
case of ‘n” descriptors to find the cor-
relation factors between X and Y that
have maximum variance:?

Target property =a_+ a,(PC))
+a,(PC) +a,(PC) +...a (PC) (1)

The multidimensional space of X is re-
duced to the A-dimensional hyper
plane. Since the scores are good pre-
dictors of Y, the correlation of Y is
formed on this hyper plane. As in PCA,
the loadings of X represent the orienta-
tion of each of the components of the
hyper plane.

The PLS method can be applied to
rationalize the materials attributes rel-
evant to materials function or property
and this permits one to use PLS meth-
ods to develop explicit quantitative re-
lationships that identify the relative
contributions of different data descrip-
tors, and the resulting relationship be-
tween all these descriptors as a linear

combination, to the final property.

For instance, Suh and Rajan explored
the attributes used in electronic struc-
ture calculations and their influence on
predicting bulk modulus.t® Using PLS,
a QSAR was developed relating bulk
modulus of AB,N, spinels with a vari-
ety of

Bulk modulus = ~1.00096 EN
—0.35682 u - 0.77228BL,
~0.83367 BL,_,+0.03296 Q*

+0.18484 Q*,_0.13503Q%,  (2)

where EN = weighted electronegativity
difference; u = internal anion param-
eter; BL, , = A-N bond length; BL
= B-N bond length; Q* = Mulliken
effective charge for tetrahedral site
ion; Q* . = Mulliken effective charge
for octahedral site ion; and Q*, = Mul-
liken effective charge for N ion.

By systematically exploring the
number and type of variables needed,
they found very strong agreement in
being able to predict properties consis-
tent with ab-initio calculations based
strictly on a data-driven analysis. Based
on our QSAR formulation, the role of
the effective charge (Q*) in enhancing
modulus is particularly notable. This is
consistent with theoretical studies'*#
that show it is the effective charge pa-
rameter which helps to define the de-
gree of charge transfer and the level of
covalency associated with the specific
site occupancy of a given species. Ab-
initio calculations of this effective

340
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Figure 3. An example of a data table and quantum mechanical descriptors used in PLS-
based predictions of bulk modulus as compared to ab-initio calculations.*®
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charge can then be used as a major
screening parameter in identifying
promising crystal chemistries for pro-
moting the modulus. Hence, using PLS
to develop a QSAR formulation com-
bined with an interpretation of the
physics governing these materials can
indeed be valuable. Our predictions fit
well with systems of similar electronic
structure and allow us to clearly iden-
tify outliers based on these quantum
mechanical calculations. Based on
these predictions we can now seriously
and effectively accelerate materials de-
sign by focusing on promising candi-
date chemistries. Those selected can
then be subjected to further analysis via
experimentation and computational
methods to validate crystal-structure-
level properties. The data generated by
these selective experiments and com-
putations also serve to refine the next
generation of “training” data for an-
other iterative round of data mining,
which permits a further refinement of
high-throughput predictions.

See the sidebar for details on ana-
Iytical expressions for crystal chemis-

try.
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anions from the ideal closest-packed
structures. This distortion accounts for
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coordination of anions associated with
different chemistries. Sickafus et al.*® have
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Materials Informatics Overview

Using Data to Account for Lack of
Data: Linking Material Informatics
with Stochastic Analysis

Baskar Ganapathysubramanian

Many material systems of fundamen-
tal as well as industrial importance are
significantly affected by underlying
fluctuations and variations in bound-
ary conditions, initial conditions, ma-
terial property, as well as variabilities
in operating and surrounding condi-
tions. There has been increasing inter-
est in analyzing, quantifying, and con-
trolling the effects of such uncertain
inputs on complex systems. This has re-
sulted in the development of techniques
in stochastic analysis and predictive
modeling. A general application of sto-
chastic techniques to many significant
problems in engineering has been lim-
ited due to the lack of realistic, viable
models of the input variability. Ideas
of material informatics can be used to
utilize available data about the input to
construct a data-driven, computation-
ally viable model of the input variabil-
ity. This promising coupling of material
informatics and stochastic analysis
is investigated and some results are
showcased using a simple example of
analyzing diffusion in heterogeneous
random media. Limited microstructural
data is utilized to construct a realistic
model of the thermal conductivity vari-
ability in a system. This reduced-order
model then serves as the input to the
stochastic partial differential equation
describing thermal diffusion through
random heterogeneous media.

INTRODUCTION

With rapid advances in computation-
al power and easier access to high-per-
formance computing platforms, it has
now become possible to computation-
ally represent and analyze multiphysics
phenomena more precisely than ever
before.

As a direct consequence of this
computational ability, there has been

growing awareness that such systems
are affected to a significant extent by
the inherent (usually unresolvable and
uncontrollable) uncertainties in mate-

How would you...

...describe the overall significance
of this paper?

This article highlights the
applicability of ideas from material
informatics for constructing viable
computational models of input
uncertainties (like material property
distribution). This will allow realistic
analysis of complex material systems
while accounting for uncertainties in
a data-driven framework.

...describe this work to a
materials science and engineering
professional with no experience in
your technical specialty?

Realistic modeling and design of
physical systems has to account

for the inherent uncertainties and
noise in the system. Constructing
accurate data-driven models of the
input parameters (initial conditions,
boundary conditions, property
variations) that explicitly account for
these uncertainties is critical for such
analysis. This article reviews recent
work on data-driven construction of
input models.

...describe this work to a
layperson?

Experimental analysis of physical
systems results in conclusions
specified with error bars—implicitly
accounting for the uncertainty

and noise in the measurement and
system. Deterministic computational
analysis provides no such error
bars. This article reviews recent
work in augmenting computational
analysis of physical systems to
account for uncertainties in initial
and boundary conditions as well

as material property variations.
Data-driven techniques that encode
limited available information into
viable representations of these input
uncertainties are detailed.

rial properties, fluctuations in operat-
ing conditions, and system topology. It
becomes imperative to incorporate the
effects of such stochastic phenomena
in the computational description of the
system. This paradigm shift toward a
computational approach that incorpo-
rates stochastic effects and produces
distributions of solutions (that mimic
the error bars seen in experimental
data) is called predictive modeling.

A good example of how the under-
lying variability affects performance is
in micro-electro mechanical systems
(MEMS). The material properties and
the geometric parameters specifying
MEMS devices play a significant part
in determining the performance of the
MEMS device. Commercial feasibility
requires using low-cost manufacturing
processes to fabricate these MEMS de-
vices. This often results in significant
uncertainties in these parameters which
lead to large variations in the device
performance. To accurately predict and
subsequently design/tailor the perfor-
mance of such systems, it becomes es-
sential for one to include the effects of
these input uncertainties into the sys-
tem and understand how they propa-
gate and alter the final solution.

Another class of problems that il-
lustrates the necessity of incorporating
the effects of uncertainty (in the lower
scales) is in the design and analysis of
components made of polycrystalline,
functionally graded, and other hetero-
geneous materials. Most engineering
devices involve the use of such multi-
component materials which constitute
a major element in structural, transport,
and chemical engineering applications.
They are ubiquitous, entering wherever
there is a need for cheap, resilient, and
strong materials. The thermal and elas-
tic properties of such materials (par-
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ticularly polycrystals) are highly aniso-
tropic and heterogeneous, depending
on the local microstructure. Experi-
mental evidence has shown that micro-
structural variability in polycrystalline
materials can have a significant impact
on the variability of macro-properties
such as strength or stiffness as well as
in the performance of devices made of
random heterogeneous media. Nev-
ertheless, there has been no dedicated
effort in the engineering community
for incorporating the effect of such mi-
crostructural uncertainty in process or
device design even though it is well
known that most performance-related
failures of critical components are di-
rectly related with rare events (tails of
the PDF) of microstructural phenom-
ena.r®

The above two examples clearly un-
derscore the necessity of incorporating
the effects of uncertainty in property
variation and operating conditions dur-
ing the analysis and design of compo-
nents and devices. There are two key
ingredients for constructing a frame-
work to analyze the effects of various
sources of uncertainty in a system.
The first is a mathematically rigorous
framework that can be used to define
the stochastic differential equations
representing the systems. The stochas-
ticity (i.e., inclusion of the effects of
uncertainty) in this set of differential
equations enters as uncertain bound-
ary and initial conditions, variations in
properties, fluctuations, and perturba-
tions or more generally as noise. The
second ingredient is a set of techniques
to construct usable, realistic models of
these input uncertainties. These models
should utilize available experimental
information and/or expert knowledge.
This is a crucial (yet understated) issue
with stochastic modeling. It is neces-
sary to provide meaningful/realistic
models for the input uncertainty to
draw any meaningful conclusions from
the resulting solutions.

The past few years have seen prog-
ress in quantifying and modeling the
effect of input uncertainties in the re-
sponse of partial differential equations
(PDEs) using non-statistical methods.
The presence of uncertainties is in-
corporated by transforming the PDEs
representing the system into a set of
stochastic PDEs (SPDES). The spectral

(and spectral Galerkin) representation
of stochastic space®® resulted in the
development of the generalized poly-
nomial chaos expansion (GPCE) meth-
o0ds.®5 An alternate strategy, particular-
ly suited to solve large-scale problems
involving high-dimensional stochastic
spaces in a non-intrusive manner, re-
sulted from recent efforts to couple the
fast convergence of spectral methods
with the decoupled nature of Monte-
Carlo sampling.t®'” One such approach
has been to construct stochastic solu-
tions using interpolating polynomials
instead of spectral methods.?™® These
techniques are called sparse grid collo-
cation approaches. The sparse grid col-
location strategy provides a seamless

way to scalably incorporate the effects
of multiple sources of uncertainty in an
embarrassingly parallel way.

Even though there has been signifi-
cant progress in our computational abil-
ity to access the effects of uncertainty
in complex systems, most analysis has
been purely academic due to the lack
of realistic stochastic models for the
uncertain inputs. In such analysis, the
property variability is usually assumed
to be an analytically known function.
Physically meaningful/useful solu-
tions can be realized only if property
statistics and data are experimentally
obtained and used. The construction of
viable stochastic input models based
on limited data is a very interesting

Figure 1. The basic idea of using material informatics. A large data set of heterogeneous
microstructural data is available. This could be micrographs or tomographic slices or
reconstructed images. Data-driven model reduction strategies are used to construct a low-
dimensional representation of the possible variability in the microstructure.
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and challenging mathematical problem
that has only recently gained interest.
Recent work has focused on develop-
ing probabilistic models of properties
using maximum likelihood methods,?
using domain decomposition meth-
ods,?! feature extraction methods®® as
well as manifold learning strategies.?
All of these strategies can be classified
into a specific aspect of material infor-
matics: data-driven construction of re-
duced order property models.

MATERIAL INFORMATICS:
DATA-DRIVEN, STOCHASTIC
INPUT MODELS

With significant improvements in
data collection, measurement, charac-
terization, and reconstruction strate-
gies, an enormous amount of material,
microstructure, and property data are

available. The direct use of this enor-
mous amount of input data would pose
a significant strain on available compu-
tational resources. One has to resort to
extracting key features or patterns that
can then be used to succinctly represent
pertinent property variations. It is there-
fore necessary to develop data-driven
model reduction strategies to utilize
experimentally available information
to (dynamically) construct low-order
realistic models of input uncertainties.
These low-dimensional models repre-
senting the variability in the input con-
ditions can then be utilized as the sto-
chastic input for solving the SPDEs.
The field of material informatics
offers a variety of promising avenues
toward constructing such data-driven
models. In References 22 and 23, we
have recently developed techniques

Figure 2. The mean temperature field in the domain. The exact thermal conductivity is
unknown. Only limited data is available to quantify the conductivity variation. (a) Three
temperature iso-contours, (b) the mean temperature contours, and (c) three mean

temperature slices.

to utilize statistical information about
the variability in the property of ran-
dom media and produce viable low-
dimensional descriptors as inputs to
the SPDE describing the evolution of
the dependent variable. The basic idea
involved is the topological transforma-
tion of a high dimensional space into
its low-dimensional parameterization.
This problem of constructing low-di-
mensional stochastic representations of
property variation is analogous to the
problem of manifold learning and para-
metric fitting of hyper-surfaces encoun-
tered in image processing, psychology,
and cognitive sciences. The construc-
tion of the topological transformation
is based on preserving some geometric
characteristic of the input data. Such
geometric features include distances
(isometric mappings), angles (confor-
mal mappings), and tangent bundles
(local tangent mappings). Given only a
finite amount of input data, the meth-
odology constructs an accurate, low-di-
mensional, data-driven representation
of the property variation.

This concept was applied to the anal-
ysis of the effect of limited information
on simulating thermal diffusion in ran-
dom heterogeneous media. The physi-
cal domain consisted of a tungsten-sil-
ver composite filling a cubical region
of 39.7 um x 39.7 um x 39.7 um.
A two-dimensional experimental im-
age of the microstructure is provided
(from S. Umekawa et al.?*). This com-
posite was produced by infiltrating
a porous tungsten solid with molten
silver. The steady-state temperature
profile, when a constant temperature
of 0.5°C is maintained on the left wall
and a constant temperature of —0.5°C is
maintained on the right wall, is evalu-
ated. All the other walls are thermally
insulated.

The thermal conductivity distri-
bution in the domain determines the
thermal distribution. The thermal con-
ductivity distribution is determined by
the microstructural distribution of the
two-phase composite. However, the
exact microstructural distribution is un-
known. The only information available
is statistical functions (like volume
fraction, two point correlation) that can
be extracted from the experimental im-
age. The data-driven model reduction
strategy was applied to construct a re-
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duced-order model (see Figure 1). This
reduced-order model is then used as
an input model to solve the stochastic
differential equation modeling diffu-
sion in random heterogeneous media.
A stochastic multiscale computational
strategy was utilized to solve for the
stochastic temperature.?® Figure 2
shows the mean temperature profile in
the domain.

Utilizing limited data results in a
model that shows large variability
(since many distributions can satisfy
limited data). This variability decreas-
es as the amount of information being
incorporated increases. In the limiting
case of availability of complete infor-
mation, the stochastic model collapses
to a deterministic model representing a
single microstructure. This sequential
improvement via data assimilation is
showcased in Figure 3, which depicts
the temperature distribution (standard
deviation and probability distribution)
using input models that were construct-
ed by incorporating different amounts
of data. The first model (upper figure)
was constructed by utilizing only the
first-order statistics (volume fraction)
while in the second case (lower figure),
both first-order as well as second-order
constraints (volume fraction and two-
point correlation) are used. Notice the
reduction in the range of variability of
the temperature due to the incorpora-
tion of second-order statistics. When
only first-order statistics are imposed,
the range of variability of the tempera-
ture is [-0.5, 0.45] (i.e., almost 98% of
the whole range of applied tempera-
tures [-0.5, 0.5]). When second-order
statistics are also imposed, this range
is reduced to about 65% of the ap-
plied temperature range. Increasing the
amount of data reduces the epistemic
uncertainty, thus reducing the variabil-
ity in the unknown variable.

The use of ideas from material infor-
matics (feature extraction, data mining,
and model reduction) provides a seam-
less way of incorporating heteroge-
neous data into viable stochastic input
models. This represents an exciting area
of research and application with several
open problems. These include develop-
ing mathematical, computational, and
statistical insights and tools into the
choice of topological transformation
for constructing reduced order mod-

els; leveraging developments in pattern
selection and unsupervised learning
toward accelerated feature/property
selection and data assimilation; math-
ematical analysis of the choice of the
geometric characteristics on the regu-
larity of the low-dimensional model;
the use of graph-theoretic concepts
in estimating geometric properties of
high-dimensional manifolds; develop-
ing sequential data incorporation strat-
egies for constructing reduced order
models; and developing computation-
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ally efficient (parallel and distributed)
algorithms for data assimilation.

CONCLUSIONS

Ideas from material informatics can
be applied to the construction of viable
reduced-order models utilized in sto-
chastic analysis. This coupling of mate-
rial informatics and stochastic analysis
seems very promising, particularly be-
cause the utility of stochastic analysis
in realistic applications is hindered by
the lack of rigorous methodologies of

Figure 3. Higher-order statistics of the temperature for two input models generated using
increasing amounts of information. (a) The probability distribution function of temperature
at two points in the domain, (b) istheiso-surface standard deviation of temperature, (c)

slices of temperature standard deviation.
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constructing realistic data-driven input
models. Several open questions have
been posed in the hope that this will
stimulate research and development in
this promising field.
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Materials Informatics Overview

A Materials Database for Exploring
Material Properties

R. Hrubiak, Lyci George, Surendra K. Saxena, and Krishna Rajan

A materials database that includes
more than 2,500 solids with thermo-
chemical and physical properties has
been constructed to study the effect of
chemical composition, structure, and
constituent element properties on the
solids. The correlation between com-
pound entropy and the sum of constitu-
ent element entropy is clearly estab-
lished and even better linear relations
are possible when the solids are sepa-
rated according to their crystal struc-
ture or compositional types such as
carbide or oxide. A number of hydrides
have been examined with this approach
and many more studies involving other
classes of compounds are possible.

INTRODUCTION

After several years of development,
the Center for the Study of Matter at
Extreme Conditions (CeSMEC) Data-
base project is ready to be unveiled to
the world. This report outlines and ex-
plains several stages of development,
as well as goals of the project. The
CeSMEC database project consists of
three parts: a structured query language
(SQL) database which contains all data
acquired by students working at CeS-
MEC over several years, a newly devel-
oped web front end for data retrieval,
and a Windows application for data
mining and element analysis calcula-
tions.

ELEMENT AND COMPOUND
DATABASES

Element and compound data tables
of experimentally measured empirical
data have been compiled by students
over several years through acquiring
data by examining published academic
literature and integrating that data with
already existing databases. The element
table contains all elements commonly

found in nature together with 56 differ-
ent properties associated with those el-
ements such as basic physical proper-
ties, thermodynamic properties, me-
chanical properties, crystal structure
properties, and others.

The table also contains a list of
roughly 4,000 solid inorganic com-
pounds, compositionally classified as
hydrides, carbides, oxides, etc. This
compound table lists 39 different prop-
erties commonly associated with those
inorganic compounds. The compound

How would you...

...describe the overall significance
of this paper?

A database of some thousand
compounds with thermodynamic
and physical property data has
been compiled and is ready to
explore mutual relationships among
the properties of compounds and
the properties of their constituent
elements.

...describe this work to a
materials science and engineering
professional with no experience in
your technical specialty?

Element and compound data

tables of experimentally measured
empirical data have been compiled.
This report outlines and explains
several stages of development, as
well as goals of the project. Several
results are presented to show the
possible data mining capabilities.

...describe this work to a layperson?

Element and compound data

tables of experimentally measured
empirical data have been compiled
by the team over several years.

Data was acquired by examining
published academic literature as well
as integrating that data with already
existing databases. These datasets
are used to look for meaningful
relationships between the underlying
elemental properties and the
compound properties.

database has complete data on thermo-
dynamic properties of each compound
such as enthalpy of formation, entropy,
etc. However, other fields in the com-
pound table are nowhere as complete as
they are in the element table because no
compound listed in the database can
have all or even most of its properties
tabulated partially because compounds
have not been fully investigated.

Currently, the main focus of the data-
base is on the properties of materials at
room temperature and pressure condi-
tions, but the inherent design of the da-
tabase envisions storage of properties
of materials under different tempera-
ture and pressure conditions.

The materials properties included in
the database can be classified into the
following categories: element proper-
ties: electron affinity, electro-negativi-
ty, ionization potential, and atomization
potential; and compound properties,
which can be broken down into the fol-
lowing:

e Electrical properties—dielectric
constant, electrical resistivity, en-
ergy gap, super conduction tem-
perature

e General properties—weight, den-
sity, boiling point, melting point,
heat of sublimation, critical point
temperature, triple point tempera-
ture, solubility

e Magnetic  properties—magnetic
susceptibility
e Mechanical properties—Brinell

hardness, Poisson’s ratio, rigidity
modulus, velocity of sound, Vick-
ers hardness, Young’s modulus,
bulk modulus, compressibility,
elastic constants for crystals, hard-
ness-micro hardness

 Optical properties—index of re-
fraction

« Structure properties—symmetry
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Figure 1. The relation of the sum of element entropy and that of the compound.
Along the solid line the compound entropy is 10% of the sum. The solid entropy may
not be less than that of the sum unless there is some peculiarity in the structure.
The figure shows several solids (all solids currently in the database with entropy
less than the element sum).
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Figure 2. A plot of entropy of carbides versus element sum entropy.
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Figure 3. The relationship of the compound volume and element molar volume.

group, unit cell parameters
e Thermodynamic properties—De-
bye temperature, Gibbs energy,
enthalpy, heat capacity, thermal
conductivity, thermal expansion,
lattice energies, vapor pressure
An interdisciplinary team of com-
puter and materials scientists was em-
ployed to develop and maintain the
database. The relationships between
different material properties in the da-
tabase are not arbitrary. The database
has been built from the ground up with
the fact in mind that data to be stored
need to be physically consistent. For
example, a strict relationship between
measured empirical data about a certain
thermodynamic phase of a given mate-
rial needs to be consistent with the struc-
ture, among other things, related to that
phase. Triggers and specialized stored
procedures are being implemented to
delegate these and other constraints.
The database will soon be accessed
from anywhere using a web browser
running on any popular operating sys-
tem. A user interface has been created
that allows searching the entire record,
retrieving necessary data based on
search criteria such as but not limited
to compound formula, Chemical Ab-
stracts Service Identification (CAS-1D),
structure, composition, underlying ele-
mental properties, and any other physi-
cal property listed in the database. The
web version of the database interface
is undergoing final internal testing and
will be published for general viewing
after the testing is completed. Several
internal versions of database interface
applications that allow the develop-
ment team to use and insert new data
were developed and used during the de-
sign process. These include standalone
Windows applications that include all
of the functionality that will be avail-
able in the online version of the user
interface but also include the capability
of adding new data.

APPLICATION EXAMPLES

Having all this information avail-
able, a separate data-retrieval applica-
tion was created as a side project which
allowed large datasets to be retrieved
from the database and element-proper-
ty-based calculations to be performed.
The idea is to find meaningful relation-
ships between how the underlying el-
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emental properties influence the com-
pound properties. A large enough data-
set could enable the prediction of new
materials with whatever properties are
needed.

How can we use a database for novel
material prediction? Using even very
crude analysis techniques such as sim-
ple summation of individual elemental
properties, some interesting patterns
can already be seen. If we have some in-
dication that the combination of certain
types of elements leads to compounds
with only certain given sets of proper-
ties we can simplify the “ingredient se-
lection” when trying to synthesize new
materials. For example, Figure 1 con-
tains a scatter plot where each dot rep-
resents a certain compound that exists
in the database. The solid entropy of
each compound (Gibbs/mol) has been
plotted against the sum of entropies of
constituting elements. The resulting
figure, although not very clear, may in-
dicate that entropy of a solid cannot be
less than 10% of the total element sum.
The question to now ask is what is the
significance of this trend?

On the other hand if we single out
only carbides a somewhat clearer pic-
ture results. Figure 2 plots all of the
carbides in the database. As in the pre-
vious plot, the entropies of compounds
are plotted against element sum entro-
pies. The result is a more linear pattern.
If we take a hypothetical new carbide
which hasn’t been created yet, and cal-
culate or measure its entropy, will the
result fit with this existing picture?

Other properties may be similarly
examined. An example for volume of
carbides is shown in Figure 3. Again,
each dot in the scatter plot represents a
certain carbide found in the database. If
we plot molar volume of each carbide
against the sum of its individual ele-
ments’ molar volumes, very few com-
pounds have molar volume greater than
the sum of its elements’ volumes. Also,
it appears that there is a linear relation-
ship between the two variables.

These findings require detailed inves-
tigation of data and as yet the data has
not been classified according to various
other criteria such as the crystal struc-
ture. Crystal structure considerations
and other properties, once included in
this approach, should yield much better
understanding and predictions.
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The patterns presented here do not
yet pave the way to determination of a
phase with novel properties. We must
still ask what the significance of these
trends is as well as try to use other
methods available for material design
such as the first-principles approach as
well as experiments to confirm them.
But the database is beginning to offer
insight into material properties which
were not evident otherwise.

Hydrides are safe and efficient
sources of hydrogen energy that can
be tailored for onboard use. A detailed
hydride research database is required
for proper retrieval of information al-
ready available. The database gener-
ated at CeSMEC is an efficient tool
to disseminate the material properties
for hydrogen storage technology. The
aim is to design new, better hydrides by
combining or interpreting the database.
The hydride database has enabled the
study of inter-relationships of hydride
material properties such as entropy,
molar volume, density, unit cell vol-
ume, etc. with those of corresponding
metal/metal alloys. Some such plots are

shown in Figures 4 to 6. Molar volume
of a hydride can be represented as V,
=V, +V,+ A, where V,, is the molar
volume of metal/alloy, V,, is the molar
volume of hydrogen as a metal (~1.7
cm®mol), and A is molar volume due to
charge transfer between metal and hy-
drogen atoms. There may be an effect
of crystal structure on the value of A
and hence molar volume of hydride.!

Both positive and negative devia-
tion from linearity (1:1 metal versus
hydride) can be deduced, attributable
to the structural phase transition during
hydrogen absorption. It appears that
most of the hydrides are substitutional
solid solutions with an ordered hydro-
gen sublattice.® There is an interrela-
tionship between crystal chemistry and
hydrogen sorption properties. Hydrides
having similar symmetry may show a
relation among their properties which
may vary from one symmetry to anoth-
er. The unavailability of proper data for
most of the hydrides implies the need
of further analysis of these materials so
as to easily design better hydrogen stor-
age materials.
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Phase Transformations Commentary

Phase Stability, Phase
Transformations, and Reactive Phase

Formation

Sinn-wen Chen

This special top-
ic in JOM, Phase
Stability,  Phase
Transformations,
and Reactive
Phase Formation,
is sponsored by
the Alloy Phases
Committee  and

presents five articles.

In the first paper, K. Suganuma and
coworkers, from Osaka University, Ja-
pan, give a comprehensive overview of
high-temperature lead-free solders in-
cluding their properties and phase for-
mation. High-temperature, lead-free
soldering is a key technology for elec-
tronics components and assemblies,
and requires a high level of process
control. The interconnections must
withstand temperatures beyond 250°C
for a short period and offer high reli-
ability against thermal cycling as well
as good heat dissipation. Therefore, a
robust design concept is needed based
on materials science in order to obtain
the new technology.

Y.-C. Wu et al., from National Tsing
Hua University, Taiwan, study phase
ordering transformation of L1, ordered
FePt film by controlling stress and dif-
fusion. The ordering process of a dis-
ordered FePt is controlled by a kinetic
process. The paper proposes several
ways to accelerate phase transforma-
tion at low temperature. An extra driv-
ing force for diffusion was provided by
ion irradiation or dynamic stress; the
diffusion length was diminished by us-
ing atomic-scale multilayer deposition.
In addition, the novel sputtering
scheme, atomic-scale multilayer depo-
sition, can effectively promote the
(001) texture of L1, FePt grown on
amorphous substrates without any un-
derlayer

J.P. Chu from National Taiwan Uni-
versity of Science and Technology,
Taiwan, reports an interesting phase
transformation phenomenon, anneal-
ing-induced amorphization in a cop-
per-based (Cu,,Zr,,Al,Ti,) glass-form-
ing thin film. Chu found that upon an-
nealing in the supercooled liquid re-
gion, a fully amorphous structure is
developed and this leads to a softening

These five articles
clearly indicate that
“phases’ are
important for all kinds
of materials including
structural materials,
magnetic materials,
glasses, and electronic
materials.

in hardness and an abrupt increase (~25
times) in a decreasing trend of electri-
cal resistivity.

V.I. Dybkov, from the Institute of
Problems of Materials Science,
Ukraine, studies the fundamentals of
the reactive phase formation in solder
joints. In the course of soldering, inter-
metallic layers usually occur at the
solid metal-liquid solder interface,
while the solid simultaneously dis-
solves in the solder melt. The intercon-
nection of these two processes is con-
sidered in this paper.

I. Calliari et al., from the University
of Pad ova, Italy, investigates the phase
transformation during continuous cool-
ing and isothermal treatments of com-
mercial duplex stainless steels. Stain-
less steels, especially the grade used in

this study, suffer from lower toughness
caused by secondary phase precipita-
tion especially when these steels un-
dergo thermal treatments. In this study
the influence of thermal treatment pa-
rameters on the precipitation of these
secondary phases was investigated.

A phase is a homogeneous region of
matter and is the building block of ma-
terials. Different spatial arrangements
of molecules lead to different phases
and result in different materials proper-
ties. These five articles clearly indicate
that “phases” are important for all
kinds of materials including structural
materials, magnetic materials, glasses,
and electronic materials. It can be no-
ticed as well that the contributors are
from different regions of the world. As
one of the oldest committees in TMS,
the Alloy Phases Committee clearly in-
dicates the very early awareness of the
importance of “phase” in material stud-
ies by the TMS members.

The Alloy Phases Committee has
also sponsored a Phase Stability, Phase
Transformations, and Reactive Phase
Formation in Electronic Materials
symposium at the TMS Annual Meet-
ing for eight consecutive years. In the
foreword of the January 2009 Journal
of Electronic Materials special issue, it
is mentioned that the internationalized
“phase” (tH, & 3, das3a, fase, faza) is
the key word. The same globalized
spirit should be shared. Although it
might not necessarily get hotter and
more crowded, the world of materials
science has undoubtedly become more
flattened, and global cooperation will
be the key for the future.

Sinn-wen Chen is with the Department of Chemical
Engineering, National Tsing Hua University,
Hsin-chu, Taiwan and is the advisor to JOM from
the Alloy Phases Committee of the Electronic,
Magnetic, & Photonic Materials Division of TMS.
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Phase Transformations Overview

High-Temperature Lead-Free Solders:
Properties and Possibilities

Katsuaki Suganuma, Seong-Jun Kim, and Keun-Soo Kim

Several candidate alloys have been
proposed as alternative solders to high-
temperature high-lead solders. None
of them, however, can fulfill all the re-
quirements to replace the current high-
lead solders. One should understand
the properties of the candidate alloys
and must carefully apply these solders
for high-temperature applications step
by step in order to accomplish total
lead-free assembly. Three major candi-
date alloys can be considered as high-
temperature solders: Zn-Sn, Au-Sn,
and bismuth-based alloys. Each has its
own superior characteristics as well as
some drawbacks, but all are believed
to cover most of the high-temperature
applications. There have been other
choices appearing as high-temperature
interconnections, such as materials
based on conductive adhesive technol-
ogy. In addition, epoxy adhesives filled
with metallic solders or nanoparticles
with or without silver flakes exhibit
excellent stability and can maintain
stable interconnection after reflow heat
treatment. This paper reviews the latest
work on high-temperature lead-free al-
ternative interconnection technologies.

INTRODUCTION

Despite numerous studies on lead-
free solders in recent years,'? there are
only a limited number of reports on the
research and development for high-
temperature lead-free alternative sol-
ders. High lead-bearing solders are still
in use and hinder the recycling of con-
sumer electronic products even though
those circuit boards are assembled
with middle-temperature-range lead-
free solders such as Sn-Ag-Cu. Thus,
the establishment of high-temperature
lead-free solders or other interconnec-
tion technologies has been an urgent
priority in the electronics industry.

How would you...

...describe the overall significance
of this paper?

High-temperature lead-free solders
are needed for both the electronics
and automobile industries.
Unfortunately, limited choices

are available as high-temperature
solders. Therefore, a robust design
concept is needed based on materials
science in order to obtain the new
technology. This paper summarizes
the current status on the R&D

of high-temperature solders and
demonstrates three possible choices.

...describe this work to a
materials science and engineering
professional with no experience in
your technical specialty?

High-temperature solders have been
widely used in various applications
not only as die-attachment solders
but also, for example, as materials
for assembling optical components,
automobile circuit boards, and
circuit modules for step soldering.
To comply with environmental
regulations restricting lead use, new
lead-free interconnection materials
have been intensively investigated.
The interconnections must withstand
a temperature range beyond 250°C
for a short period and offer high
reliability against thermal cycling
as well as good heat dissipation.
Intensive scientific and engineering
work is required to understand the
potential of these alloys and the
reacted interfaces with various
substrates.

...describe this work to a layperson?

High-temperature lead-free
soldering is a key technology

for electronics components and
assemblies, and requires a high
level of process control. This
technology can provide value-added
characteristics to the products,
including excellent heat conductivity
and high reliability. To benefit

from the new high-temperature
interconnection technologies,

the potential methods should be
implemented in individual products
at the earliest opportunity.

High-temperature solders have been
widely used in various types of appli-
cations not only as die-attach solders
but also for assembling optical com-
ponents, automobile circuit boards,
circuit modules for step soldering, etc.
Table | summarizes some of the typical
high-temperature solder applications
with their major requirements. Since
each application has its own specific
requirement, a single high-lead solder
cannot cover some of the applications.
For instance, much of the internal join-
ing of passive/active components such
as die attachments, flip chip joints,
high-lead solders, and resisters/capaci-
tors has used 90-95 wt.% lead. For
optical uses, gold-based alloys become
the main solder because those devices
require flux-free. For high-temperature
solder, typical requirements are:

e Melting temperature in the range
of 260°C to 400°C

e Softness to maintain a joint struc-
ture by relaxation of thermal
stress

e Small volume expansion at reflow
treatment that does not break a
package

o Sufficient workability to be thin
wires or sheets

e Good electric conductivity

e Good thermal conductivity

e Good mechanical properties, espe-
cially fatigue resistance

e Air tightness not to break vacuum
package

o Fluxless

e No alpha ray emission

Thus the current choices have been
Pb-Sn, Pb-Ag, Sn-Sb, Au-Sn, Au-Si,
and some other alloy systems. Table
Il summarizes the current choices as
high-temperature  solders including
some lead-free solders with their melt-
ing temperatures. Table 111 summarizes
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Table 1. Applications of Current High-Temperature Solders and Their Requirements

Applications

Die-attachment of power semiconductors

and ASIC
Flip-chip packages
Internal connection of

passive components
Optical packages and modules

including LEDs and laser devices

Quartz device
Heat-resistant vehicle packages

Module packages step soldering
Heat-sink joining

Major Solders Major Requirements
High Pb alloys Reflow resistance
Au alloys High thermal/electric conductivity
Thermal fatigue resistance
High Pb alloys Reflow resistance
Au alloys Low o ray emission
High Pb alloys Reflow resistance
Au alloys Fluxless
Reflow resistance
High thermal conductivity
High Pb alloys Reflow resistance
Air-tightness
High Pb alloys Thermal fatigue resistance
Heat exposure resistance
High Pb alloys Reflow resistance
Au alloys Thermal fatigue resistance

Leading pin joining

High thermal conductivity
Airtightness

typical physical and mechanical prop-
erties of selected alloys. For lead-free
solders, unfortunately, a limited num-
ber of alloying systems are available.
They are Sn-Sb, gold alloys, bismuth
alloys, Sn-Cu alloy or composites, and
zinc alloys.

Sn-Shb alloy, of which antimony
content should be less than 5 wt.% to
maintain good properties, has excel-

or for structural purposes.®” The Zn-Al
binary alloy has a eutectic temperature
of 380°C at 6 wt.% aluminum and
this alloy does not form intermetallic
compounds. This alloy exhibits a fine
dendrite structure which makesthe alloy
very hard and brittle. It is interesting to
note that the alloy is somewhat brittle

while it becomes super plastic in a
specific alloy microstructure with the
composition. Zn-Al, Zn-Al-Cu, or Zn-
Al-Mg alloys possess desirable melting
temperatures.®-'t By adding a third el-
ement such as copper, magnesium, or
germanium, the melting temperature
decreases below 350°C. The problem
for these alloys is hardness and brittle-
ness because the addition of a third ele-
ment increases the formation of mas-
sive intermetallic compounds.

The authors have compared several
alloy candidates (i.e., Zn-Sn, bismuth
alloys, and Au-Sn eutectic alloy) by
using modeling, microstructural obser-
vation, and practical die-attach joining,
which is one of the typical applications
suffering from harsh environments for
high-temperature solders. The indis-
pensable requirement for the high-tem-
perature solder selection was set to be
little or no intermetallic formation for
the softness and ductility of the alloy.
Through experiments, however, Au-Sn
eutectic alloy, which contains much in-
termetallic compound, has been proven
to be a reliable high-temperature sol-
der.

Table Il. Typical High-Temperature Solders*

lent mechanical properties without Solidus Liquidus
any intermetallic compound,®* but Composition Temperature Temperature
the liquidus temperature is too low,  Alloys (wt.%) (°C) (°C)
around 240°C. Too much antimony High-Pb Alloy System
makes the alloy hard and brittle by Pb-Sn Sn-65Pb 183 248
forming an intermetallic compound.® Sn-70Pb 183 258
The Sn-25Ag-10Sb alloy was designed Sn-80Pb 183 279
as lead-free high-temperature solder. Sn-90Pb 268 301
Nevertheless, too much silver and an- Sn-95Pb 300 314
timony forms massive intermetallic Sn-98Pb 316 322
compounds resulting in degradation of Po-Ag PbI?:J?ASI-\?s ggg ggg
mechanical properties.® In contrast, the Sn-Sb Alloy System SAgen
t!n—l:_)ased alloy can achieve the needeq Sn-Sh Sn-55b 235 240
liquidus temperature, beyond 260°C, if Sn-25Ag-10Sb (J-alloy) 228 395
transition metals such as copper, nick- Au Alloy System
el, and cobalt are added. Au-Sn Au-20Sn 280 (eutectic)

For instance, Sn-4wt.%Cu binary Au-Si Au-3.15Si 363 (eutectic)
alloy has a liquidus temperature about Au-Ge Au-12Ge 356 (eutectic)
300°C. This alloy forms many of Bi Alloy System
the intermetallic compounds but the Bi-Ag Bi-2.5Ag 263 (eutectic)
liquid fraction is too high at reflow Bi-11Ag 263 360
temperature. Massive intermetallic Cu Alloy System
formation degrades the mechanical Cu-Sn Sn{i-4Cu 221 ~400

) L o Sn-Cu particles composites ~230

propert_les _of the joints. Ir_1 addition, too Zn Alloy System
much liquid at reflow will destroy the Zn-Al Zn-(4-6)AI(-Ga, Ge, Mg, Cu) 300~340
package by large-volume expansion. Zn-Sn Zn-(10-30)Sn 199 360
Zn-Al has long been used_as a high- *Courtesy of Senju Metals, Co., Ltd.
temperature solder for aluminum alloys
Vol. 61 No. 1 ¢ JOM www.tms.org/jom.html 65



Table Ill. Comparison of Selected Properties of High-Temperature Solders

Thermal
Thermal Expansion
Conductivity Coefficient
Alloys (W/m-K) (ppm)
Au-20Sn 57 16
Au-12Ge 44 13
Au-3Si 27 12
Sn-5Sb 48 23
Pb-5Sn 23 30
Zn-(10~30)Sn 100~110 30
Bi-11Ag ~9 -

0.2% Proof Stress
(MPa)

23°C 100°C 150°C
275 217 165
185 177 170
220 207 195
~40 — _

14 10 5
43 — _
-33 _ _

DESIGN OF LIQUID
FRACTION FOR REFLOW
RESISTANCE

When alloyed, zinc is known to be a
good choice as a high-temperature sol-
der. Zinc itself has a melting tempera-
ture of 419.5°C. By alloying such ma-
terials as aluminum and tin, the melt-
ing temperature of zinc can be lowered
to a suitable range of 300°C to 400°C.
The Zn-Sn alloy has a simple binary
eutectic phase diagram without any
intermetallic compound in the whole
range of composition and is believed to
be one of the best choices. However,
one of the concerns for this alloy as a
high-temperature solder is the liquid
formation at its eutectic temperature of
199°C, which is the reason eutectic Sn-
Zn has been used as a low-temperature
solder. A simple idea is to avoid the
destructive expansion of the alloy due
to liquid formation at reflow
temperature around 250°C.*2 When the
solid fraction is less than a certain lim-
it even beyond solidus temperature of
an alloy, the alloy solid can maintain
its shape. This liquid volume limit is
believed to be around 30%. One can
easily calculate the volume fraction of
liquid at a given temperature. Figure 1
shows the solid fraction of Zn-Sn and
Zn-In alloys as a function of tempera-
ture. It is found that the volume frac-
tion of
Zn-Sn liquid can be less than 30%
when tin content is less than 30%.

Differential scanning calorimetry
(DSC) analysis was carried out to con-
firm the fundamental melting/solidifi-
cation reactions of the alloys. Figure
2a and b shows the typical DSC curves
of Zn-Sn and Zn-In alloys on heating
and cooling, respectively. These hyper-
eutectic alloys show two endothermic

peaks; one appears approximately at
200°C for Zn-Sn alloys and at 145°C
for Zn-In alloys and the other varies
from 365°C to 383°C. Each endother-
mic peak corresponds well to the melt-
ing properties of hypereutectic alloys.
The lower and higher temperature
peaks indicate the eutectic and melting
temperature, respectively. None of the

Zn-Sn and Zn-In alloys shows any oth-
er significant reaction peak. The results
of DSC coincide well with the binary
phase diagram of alloys.

The typical microstructures of zinc-
based alloys are shown in Figure 3. In
the case of Zn-Sn alloys, the dark and
bright color phases are the primary o-
Zn and eutectic B-Sn/a-Zn phases, re-
spectively. The primary o-Zn phases
were surrounded with eutectic B-Sn
/o-Zn phases, in which fine eutectic o-
Zn platelets disperse in a -Sn matrix.
A fraction of the primary o-Zn phase
of the Zn-Sn alloys increased while B-
Sn/a-Zn eutectic phase decreased with
decreasing tin content. This is expected
from the phase diagram, in which the
eutectic composition is Sn-8.8wt.%Zn.
After several tests, Zn-Sn solders were
found to be more stable as high-tem-
perature solder than Zn-In alloy.

400
380 |
360
340
320
300
280
260

240 )
o Zn-508n —

e
_— o

\

200 (=4

Temperature (C)

180 Zn-40Sn
160 Zn-30Sn

140 Zn-30In

120

Figure 1. A fraction of solid
during the solidification of zinc
alloys calculated from Scheil's
model.*?
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Figure 2. The DSC curves 145°C
of zinc alloys on (a) heating
and (b) cooling.* b . . . . .
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Figure 3. The microstructure of as-received alloys at a cooling rate of 3°C/min.; (a) and (d) Zn-20Sn, (b) and (e) Zn-30Sn, and (c) and (f)

Zn-40Sn.**

TENSILE PROPERTIES AND
THERMAL CONDUCTIVITY
OF Zn-Sn ALLOYS

Since the Zn-Sn alloy system does
not form any intermetallic compound,
the ductility of the alloys becomes a
great advantage. Figure 4 shows the
tensile properties of Zn-Sn alloys as a
function of tin content. With increasing
tin content, the ultimate tensile strength
(UTS) and 0.2% proof stress slightly
decrease while the elongation increases,
which can be attributed to the increase
of soft tin volume fraction. It is appar-
ent that Zn-Sn alloys possess excellent
ductility at room temperature. Figure 4
also shows the Zn-30Sn sheet formed
by cold-rolling the alloy ingot.

Figure 5 compares tensile properties
of the Zn-Sn alloys and Bi-Ag alloys.
Bi-Ag alloys are high-temperature
lead-free solder candidates. The UTS
and 0.2% proof stress of the Zn-Sn al-
loys are relatively higher as compared
with those of Bi-Ag alloys. On the oth-
er hand, the Bi-Ag alloys exhibit quite
small elongation, which is one of the
fatal drawbacks of the bismuth-based
alloys.

The conductivity of Zn-Sn alloys
was compared with the other high-
temperature solders, which is shown in

Figure 6 and Table IV. The thermal con-
ductivity of the Zn-Sn alloys exceeds
100 W/m-K, while that of Pb-5Sn and
Au-20Sn is 36 W/m-K and 59 W/m-K,
respectively. Bismuth-based alloys are
known to have the worst thermal con-
ductivity below 10 W/m-K. Thus, the
Zn-Sn alloys have a great advantage as
die-attachment solder that must pos-
sess excellent mechanical and thermal
properties.314

Si DIE ATTACHMENT

Figure 7 shows one of the examples
of silicon die attachment on a direct
bonded copper (DBC) substrate. The

80 80
U.TS.

60 60

g | 0.2% proof stress
- 9
é 40 : 40
v
w2
5]
=
920 I )
Elongation
0 ! | | 0

10 20 30 40 50
Sn Content (Wt%)

a

Elongation (%)

face of the silicon die was coated with
Au/Ag/Ni thin layers. Figure 8 shows
the microstructure of the joint region
of the silicon die attachment. On both
sides, intermetallic compound layers
are clearly observed. They were identi-
fied as CuZn, and Cu,Zn, on the cop-
per substrate side and AgAuZn, on the
silicon die side. The thickness of the
intermetallic compound layers can be
controlled by adjusting soldering con-
ditions such as temperature and time.
It was found that soldering temperature
at 360°C to 380°C and a time of 60 s
to 300 s are the best conditions for this
system. Under these conditions, the

b

Figure 4. (a) The tensile properties of Zn-Sn alloys at room temperature and (b) the
appearance of cold-rolled Zn-30Sn sheet showing excellent ductility.*
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shear strength of the die exceeded that
of Pb-5Sn solder.

In addition, the optimization of the
metallization of both faces (i.e., a sili-
con die and a DBC substrate) can in-
crease the integrity of the joint struc-
ture. In order to suppress the formation
of a thick intermetallic interlayer, the
authors employed a ceramic coating of
TiN, which is known to be a protective
barrier layer for metals.’® In addition
ceramics such as TiN and TiC are
known to possess good bonding nature
with metals and electric conductivity
depending on their stoichiometry.
Figure 9 shows the microstructure of
the soldered Si/Zn-30Sn interface with
an x-ray transmission image of the sili-
condie attachment. Even though several
voids are found in the solder layer,
these are equivalent to the conventional

100

high-lead solders. Excellent wetting
and intimate contact can be achieved.

STABILITY OF Zn-Sn

One of the concerns regarding the use
of Zn-Sn in high-temperature solders is
its stability during reflow treatment for
board assembly with Sn-Ag-Cu. The
temperature can reach 260°C and the
die-attached components can be kept
at this temperature for more than 10
min., especially for multiple reflows.
To check the stability of Zn-Sn solders,
the in-situ observation of the die-at-
tached silicon on a copper substrate on
multiple reflow treatment was conduct-
ed and no movement of the dies was
confirmed. Figure 10 shows the shear
strength of the die-attached silicon as a
function of tin content with or without
three reflow treatments at 260°C. The

100

90

©
(=]
T
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Figure 5. A comparison of tensile properties of selected high-temperature lead-free sol-
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ders.*#
150
é = Zn-Sn
3 ——
100
z
o
45 —
T Au-20Sn__|
3 sor
=
g i Pb-5Sn
=
l5al
0 ] | 1
10 20 30 40 50

Sn Content (wt%)

Figure 6. The thermal conductivity of Zn-Sn

alloys as a function of tin content.*®

Figure 7. A silicon die-attachment structure
with Zn-30Sn on AIN ceramic substrate.’

silicon die did not move at all and no
significant strength drop was found.
Figure 10 also shows the transmission
X-ray images comparing the silicon die
and the void location and size before
and after three reflows. As clearly seen
from the x-ray transmission images,
the silicon die is stable and no change
of void size or location is confirmed.

From the Scheil’s estimation shown
in Figure 1, the liquid fraction at 260°C
is less than 25 vol.%. No movement of
liquid in the semisolid Zn-Sn alloy is
expected and the solid part, 75% of the
solder layer, can sustain the die-attach-
ment structure in the multiple reflow
treatment.

The second concern with the Zn-Sn
alloy system is oxidation resistance in
moisture. It is well known that the Sn-
Zn eutectic alloy can be easily corrod-
ed in high humidity to form ZnO along
grain boundaries of matrix.X¥ Zn-Sn
alloys were exposed to 85°C/85%RH
for up to 1,000 h. Figure 11 shows the
cross-section image of the Zn-Sn alloy
near the free surface after exposure. An
oxidized layer a few micrometers thick
is observed from the free surface. Thus,
Zn-Sn proved to be stable even in se-
vere humidity.

Fatigue resistance in thermal cycling
is one of the key factors for the die
attachment structure, especially for
power semiconductors. In the present
work, the only silicon die attachment
joints with Zn-30Sn, Au-20Sn, and
Pb-5Sn solders were tested in the
temperature range of —40°C to 125°C
up to 2,000 cycles, which are harsh
conditions for electronics equipment.
Without any barrier coating, the joint
with Au-20Sn maintained 90% of
the initial shear strength up to 2,000
cycles. In contrast, the other two
joints degraded after 500 cycles. The
degradation mechanisms of the two
joints are, however, quite different
from each other. The joint with Pb-
5Sn lost its strength due to severe
cracking inside the solder layer while
that with Zn-30Sn formed cracking
inside the intermetallic layer on the
copper substrate side. This difference
indicates that the thermal cycle sta-
bility of Zn-Sn solder joints can be
improved by inserting a suitable barrier
layer while the Pb-5Sn solder joint
cannot. Figure 12 shows the results of
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Figure 8. (a) The interface microstructure of a silicon die attachment on a copper substrate with Zn-30Sn soldered at 360°C for 60 s. (b) The

silicon side and (c) the copper side.*”

shear tests for the three joints with Zn-
30Sn, Au-20Sn, and Pb-5Sn solders
with TiN barrier layers for both sides
of the solder layer. The joint strength of
Pb-5Sn solder decreased as expected.
No improvement was obtained with
the barrier coating for this solder.
In contrast, the joint with Zn-30Sn
solder maintained good strength up
to 2,000 cycles. Figure 13 shows the
joint microstructure after 2,000 cycles.
Severe cracking in the Pb-5Sn layer
was found. On the other hand, the
joints with Zn-30Sn and with Au-20Sn
exhibit neither cracking nor void and
grain growth is not apparent. Thus, Au-
20Sn alloy is one of the best choices
as high-temperature solder without any
barrier coating on the substrate. With a
suitable barrier coating suchas TiN, Zn-
Sn becomes the best selection because
of its stability and affordability.

IMPROVING Bi ALLOYS BY
ADDING Sn AND Cu

Though bismuth alloys have some
drawbacks such as low electric/thermal
conductivity and brittleness, they seem
to be useful because of their desirable
melting temperature and low cost
as high-temperature  solders.®520:21
As shown in Figure 14, pure bis-
muth can exhibit some elongation at
room temperature when it deforms at
slow speeds. Bismuth and its alloys
become brittle only at fast deformation
speeds.® One of the key properties to be
improved is the poor wetting of bismuth
on substrates such as copper.® It has
been reported that alloying tin with bis-
muth can improve wetting properties.*

Figure 14 shows the spreading ratio
change as a function of tin content of a
bismuth alloy at 290°C. With increasing
tin content, up to 3 wt.%, the spreading

gradually increases and, beyond this
content, saturates. This improvement of
wetting can be attributed to the reaction
between tin and the copper substrate.

Figure 9. The interface microstructure of a silicon die attachment with TiN barrier coating
on the silicon die with Zn-30Sn soldered at 390°C for 60 s.*” (a) An SIM image of the
interface and (b) x-ray transmission image.
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Figure 10. Shear strength as a function of tin
content and x-ray transmission images of a
silicon die attachment before and after three

reflows at 260°C.%"

Figure 11. An SEM image of the
microstructure of Zn-20Sn near the free
surface after exposure at 85°C/85%RH
for 1,000 h.**
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Figure 15 shows the x-ray transmission
image of Bi-2Sn-3Cu balls on an FR4
circuit board with metallization of
AU/Ni plating. Spherical balls were
obtained with good wetting on the
metallization even though several voids
were found inside the balls. When cop-
perisadded, tin can be trapped after heat
treatment at 290°C. It was confirmed
by DSC analysis that there is no liquid
phase formation at around 139°C, the
Bi-Sn binary eutectic temperature.

Figure 13. The microstructure of the joint
layer of a silicon die attachment on a DBC
substrate with three high-temperature
solders soldered with TiN barrier coating
after 2,000 cycles between —40°C and
1258C?

The addition of copper to bismuth also
improves the embrittlement of a cop-
per substrate caused by grain boundary
erosion.

On the other hand, bismuth reacts
with a nickel substrate to form thick
intermetallic compound layers of NiBi,
and NiBi.?® Excess reaction induces
microcracking inside the reaction layer
resulting in the degradation of interface
strength. Therefore, one needs to em-
ploy a suitable reaction barrier layer for
this die-attaching system.

CONDUCTIVE ADHESIVE
TECHNOLOGY

Conductive adhesives such as epoxy
with silver flake filling are another
route to high-temperature lead-free
conversion.?>2 The latest R&D activity
has been focused on how to secure the
metallic connection among metal fillers
and the interface between a substrate
and fillers. The simple combination of
tin-based alloy and epoxy also forms a
reflow-resistant interconnection. Figure
16 shows a chip resistor mounted on an
FR4 circuit board with Sn-59Bi
particle-filled epoxy conductive adhe-
sive.? Even though the melting tem-
perature of Sn-59Bi is as low as 139°C,
this joint structure can be maintained
through several reflow treatments. In
addition, this joint structure possesses
excellent thermal cycle fatigue re-
sistance. The initial high joint strength
can be maintained during thermal
cycling between —40°C and 125°C even
after 1,000 cycles.

The other approaches such as
incorporating so-called transient liquid
phase particles or nanoparticles into the
epoxy matrixalso have potential as high-
temperature solder alternatives.*®

CONCLUSION

The selection of high-temperature
lead-free solder remains a challenge.
Through a phase diagram survey of all
possible alloying systems, no drop-in
replacement can be found. Thus, one
should modify the traditional guide-
line for high-temperature solders and
develop a new concept with scientific
support. In this work, the simple design
concept of a high-temperature lead-free
solder alloy without any intermetallic
compound was first demonstrated and,
based on the designing, the potentials
of Zn-xSn (x = 40 wt.%, 30 wt.%, and
20 wt.%) alloys were evaluated as new
high-temperature lead-free solders from
various aspects as compared with other
candidates. The research found that the
Zn-Sn, Au-Sn, and bismuth alloys are
the three best choices. Of the three,
Zn-Sn alloys exhibit excellent me-
chanical properties such as high ten-
sile strength and superior elongation
with superior thermal conductivity and
excellent stability in various environ-
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Figure 14. The change in spreading
ratio of bismuth on a copper substrate
at 290°C for 30 s as a function of tin
content.®

Figure 15. An x-ray transmission image
of Bi-2Sn-3Cu balls on an FR4 circuit
board with Au/Ni metallization reflowed
at 290°C for 30 s.*°
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ments.

It is somewhat surprising that Au-
20Sn alloy exhibited superior thermal
fatigue resistance even though this
alloy consists of massive intermetallic
compounds. Further examination is
needed, such as an investigation of
how large an area can be soldered with
this alloy without serious degradation
caused by the hardness of the solder.
Intensive work has been reported on
the interface microstructures of this
alloy with various substrates.?-%°

In addition, conductive adhesive
technology has stepped into a new stage
by forming metallic interconnections
among metallic particle fillers inside
epoxy matrix and interfaces. Further
work is required to evaluate the reli-
ability of these alloys and adhesives
in the form of practical commercial
products.
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Phase Transformations Research Summary

Annealing-Induced Amorphization in

a Glass-Forming Thin Film

J.P. Chu

Previous studies of the glass-forming
zirconium- and iron-based multicompo-
nent films reported direct experimental
evidence of the annealing-induced solid-
state amorphization (SSA) in the super-
cooled liquid region (AT). In this study,
a copper-based (Cu,Zr,AlTi) film
shows similar SSA and thus variations
in electrical resistivity and hardness.
Based on transmission electron micros-
copy results, the as-deposited film con-
sists of the amorphous matrix dispersed
with nanocrystallites. Upon annealing
within AT, extensive amorphization of
the film occurs. The full amorphization
in AT leads to a significant increase in
electrical resistivity when compared
with the as-deposited condition. It is
thus confirmed that annealing induces
formation of various nano-scale and
amorphous structures with amorphiza-
tion taking place within AT.

INTRODUCTION

In the solid state, amorphization
could be achieved mainly by mechani-
cal alloying,' solid-state reaction or
amorphization (SSA),? high pressure,®
and shock loading* techniques. In all of
these solid-state techniques except for
SSA, considerable energy is generally
required for ultimate amorphization.
While the thermal annealing results in
crystallization of the amorphous films
prepared by evaporation or sputtering,>®
the formation of the amorphous phase in
the SSA takes place through annealing-
induced diffusive reactions in certain
multilayer combinations of crystalline
elemental metals, as first demonstrated
by R.B. Schwarz and W.L. Johnson.?
However, the extent of amorphization
in this case is confined to the reacted
interfacial thickness, typically a few
nanometers.2’ Prior studies reported the
extensive amorphization up to several or

How would you...

...describe the overall significance
of this paper?

This work presents experimental
evidence that the controllable
amorphization and
nanocrystallization could serve as
a precursor for exciting new nano-
materials. Upon annealing in the
supercooled liquid region, a fully
amorphous structure is developed
and this leads to a softening in
hardness and an abrupt increase
(~25 times) in a decreasing trend of
the electrical resistivity. The novel
finding is that one can tailor-make
film properties by modulating the
annealing-induced amorphization.

...describe this work to a
materials science and engineering
professional with no experience in
your technical specialty?

While thermal annealing results in
crystallization of the amorphous
films prepared by evaporation

or sputtering, the glass-forming
film in this study becomes fully
amorphous when annealed at

a certain temperature range in

the supercooled liquid region.
Annealing of sputtered metastable
glass-forming film is found to cause
the formation of various nano-scale
and amorphous structures, thus
resulting in changes of electrical
and mechanical properties.

...describe this work to a
layperson?

In the solid state, amorphization
could be achieved mainly by
mechanical alloying, solid-state
reaction or amorphization (SSA),
high pressure, and shock loading
techniques. In all of these solid-
state techniques except SSA,
considerable energy is generally
required for ultimate amorphization.
In this study, the large-scale
amorphization throughout the film
offers advantages for easy property/
microstructure characterizations.

few tens of micrometers during anneal-
ing of the sputtered glass-forming mul-
ticomponent films for the first time.3°
The large-scale amorphization through-
out the film offers advantages for easy
property/microstructure  characteriza-
tions for potential applications. In this
study, annealing of sputtered metastable
glass-forming film is found to cause the
formation of various nano-scale and
amorphous structures, thus resulting in
changes of electrical and mechanical
properties. A copper-based quarternary
amorphous alloy is chosen for this study
because it is one of the principal ma-
terials with good glass-forming ability
among a number of alloy components
investigated for bulk metallic glasses
(BMG).>1% Groups of BMG with low
critical cooling rates and relatively high
thermal stability have attracted atten-
tion due to their many excellent proper-
ties.>1% The recent development of BMG
also makes the thin film processing and
application possible because the thin
film was not readily achieved in the past
when metallic glasses were often avail-
able only in powder and ribbon forms.
For example, the applications of thin
glass-forming films as conical spring
linear and micro-lens actuators in mi-
croelectromechanical systems (MEMS)
have been demonstrated.*? Furthermore,
a sub-micrometer thick zirconium-based
glass-forming coating has been found to
improve the fatigue life by at least 30
times on a stainless-steel substrate.*®

See the sidebar for experimental pro-
cedures.

RESULTS

The composition (in atomic percent,
at.%) of the thin film studied is deter-
mined to be 51.3+0.1 for Cu, 41.5+0.2
for Zr, 4.3£0.1 for Al, and 2.9+0.3 for
Ti. The film is hereby designated as
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Table I. Thermal Analysis Results of the Cu, Zr Al Ti, Thin Film Prepared in this Study and

Bulk Metallic Glass®

Cu5ozr42.5AI5Ti2.5
Alloy System T,(K)
Cu Zr, ALTi, thin film 725
Cu,Zr,, ALTi,. BMG® 700

507425 5 25

T (K) AT (K) AH (Jlg)
775 50 58
764 64 55

Cu,,Zr,,Al,Ti, Table I shows differen-
tial scanning calorimeter (DSC) ther-
mal analysis result of the Cu,,Zr, Al Ti,
thin film, along with that of the
Cu,,Zr,, AlL.Ti, BMG?® for comparison.
The glass transition temperature (Tg) in-
creases from 700 K for BMG to 725 K
for the thin film. In addition, the crys-
tallization temperature (T ) increases
from 764 K for the BMG to 775 K for
the thin film. Therefore, the supercooled
liquid region (SCLR, AT), defined as the
difference between T and T, changes
from 64 K to 50 K. Discrepancies in the
thermal properties may be attributed to
the differences in composition and sam-
ple preparation method. The exothermic
heats during crystallization in the thin
film and BMG were about the same, 55
J/g for the BMG and 58 J/g for the thin
film.

To evaluate thermal behavior, the film
was annealed in rapid-thermal anneal-
ing (RTA) at various temperatures up
to 923 K. The annealing temperatures
were selected based on DSC results.
Figure 1 shows x-ray diffractometry
(XRD) patterns obtained from the film
in as-deposited and annealed condi-
tions. The patterns indicate that the film
in the as-deposited condition is likely
of either amorphous structure or nano-
structures. The nanostructures are also
possible because they are beyond the
detection limit of XRD. The films re-
main amorphous or nanocrystals with
no detectable crystalline peaks up to
740 K. When annealing temperature
reaches 755 K, a crystalline peak at
~42° of 20 is found, which is identified
as orthorhombic Cu, Zr,. Yet, this peak
disappears at 775 K. The disappearance
of the crystalline peak at 775 K indicates
the possible amorphization. Annealing
at 800 K and above yields full crystal-
lization of film. Crystalline Bragg peaks
evolve at 800 K and become evident as
the annealing temperature increases.
Further transmission electron microsco-
py (TEM) confirmations are required in
order to understand the structure evolu-
tion during the annealing process.

Figure 2 shows DSC thermal scan
and electrical resistivity of the film in
as-deposited and annealed conditions.
Based on the DSC scan data in Figure
23, the film exhibits a distinct glass tran-
sition, followed by a broad AT and exo-
thermic reaction due to crystallization.
The T, T,, and AT of the film are thus
marked. In Figure 2b, the annealing in
the AT region causes dramatically dif-
ferent behavior. Abrupt increases in film
resistivity were noted to a maximum
~4,628 nQ-cm at 775 K. When the an-
nealing temperature reached 800 K, the
resistivity then decreased to ~177 Q-
cm. Although the changes were not as
extensive as in the present study, similar
resistivity changes in AT have also been
reported in zirconium- and iron-based
glass-forming films.®® The significant
increase (~25 times) of resistivity in this
study is considered to have potential for
applications such as switches and safety
breakers where quick electrical resistiv-
ity change with temperature is required.

In the hardness vs. annealing tem-
perature result in Figure 3, annealing
of the film at low temperatures yields
the release in the residual stress present
in the as-deposited condition and thus
causes decreases in hardness. When the

Intensity (a.u.)

Figure 1. The XRD patterns
of film in as-deposited and
annealed conditions at vari-
ous temperatures. |

films are annealed at temperatures be-
low the glass transition, the film hard-
ness gradually increases with the an-
nealing temperature, reaching ~HK848
at 700 K and a maximum of ~HK893
at 740 K from ~HK?720 at 600 K. This
beneficial strengthening effect is dis-
tinct from those of annealing-induced
softening in conventional films, and is
presumably attributed to the nanocrys-
tallite/amorphous composite structure
(or called nanophase composite) as
proposed in zirconium- and iron-based
films.2® The film hardness increases to
a maximum at 740 K, followed by a no-
ticeable decrease to ~HK725 at 775 K
for the annealing temperatures within
the supercooled liquid region. Such a
hardness drop is presumably to the sin-
gle amorphous phase as a result of full
amorphization. The higher strength in
the composite structure than the mono-
lithicamorphous phase is consistent with
those reported earlier.2® The hardness
decreases at high temperatures above
850 K are caused by crystallization and
extensive grain growth in the film. Both
electrical resistivity and hardness prop-
erties thus show unusual changes at 775
K. This agrees with the fact that there is
a distinct structure change in AT.
Figures 4 and 5 show TEM bright-
field images and corresponding diffrac-
tion patterns, respectively, of film in
as-deposited and annealed conditions.
From as-deposited to 800 K, the film
shows the structure of amorphous/or-
thorhombic Cu, Zr, (as-deposited) —

Orthorhombic CuyoZr;

875K

850 K

800 K
775K

755K
740K
725K

700K

600 K
As-Deposited

50 60 70 80 90
2 Theta (Degree)
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EXPERIMENTAL PROCEDURE

The film was deposited onto glass substrates using an r.f. magnetron sputtering system
with 3 mTorr working pressure. The film composition was confirmed by electron probe
microanalyzer. The film was ex-situ annealed by rapid thermal annealing in a mixture
gas atmosphere (95% N, + 5% H,). The annealing was performed at a heating rate of
100 K/min. with a holding time of 60 s at temperatures ranging from 600 K to 923 K. A
differential scanning calorimeter was used for thermal analysis to determine temperatures
in-situ for any transition and crystallization temperatures of film at the heating rate of 100
K/min. X-ray diffractometry and transmission electron microscopy were used to identify
the crystal structure of the film. Electrical resistivity and ultramicrohardness were carried
out using the four-point probe method and Knoop hardness tester, respectively.

composite structure of amorphous/or-
thorhombic Cu, Zr, (755 K) — fully
amorphous (775 K) — stable crystal-
line of orthorhombic Cu, Zr, (800 K).
The as-deposited film exhibits nano-
crystallites dispersed in an amorphous
matrix. According to measured d-spac-
ings and JCPD file data, the crystalline
phases in the films at as-deposited and
755 K are likely orthorhombic Cu, Zr..
After annealing at 800 K, above T , the
crystalline phase is identified to be or-
thorhombic Cu, Zr.. The sizes of nano-
crystalline phases range from 5 nm to
15 nm. From Figure 5a, the d-spacings
of as-deposited diffraction rings are
measured to be 2.41, 2.10, 1.86, 1.77,
1.70, 1.49, and 1.26 A. More crystalline
spots in the diffraction pattern of Figure
5b indicate that the phase is better crys-
tallized at 755 K. The nanocrystalline
sizes are in the range of 20 nm to 35 nm.
These are evidenced in the TEM image
(Figure 4b) and in well-defined spotty
rings in diffraction pattern (Figure 5b).
Based on Figure 5b, the d-spacing of
diffraction rings are 2.41, 2.10, 1.86,
1.79, 1.70, 1.49, and 1.26 A. Annealing
at 775 K in the AT region produces a
fully amorphous structure without any
observable crystalline phases, as evi-
denced by the TEM image of Figure 4c
and by the typical broad diffused dif-
fraction rings characteristic of a glass in
Figure 5¢. Neither obvious crystals nor
splitting of the halo peak observed in
the bright-field TEM image and diffrac-
tion pattern are in agreement with the
XRD result (Figure 1). This phenome-
non may be because the nanocrystalline
phases dissolve in the amorphous ma-
trix and lose their crystallinity.2® With
25 K increase in annealing temperature
to 800 K, well above the crystallization
transition, the film reveals more crys-
talline structures with less amorphous
phase. The crystalline phases are likely

to be orthorhombic Cu, Zr.. The TEM
results shown in the present study are
consistent with those reported in earlier
studies of zirconium® and iron-based
glass-forming films.®

DISCUSSION

When considering the mechanism
by which the partly amorphous as-de-
posited film dispersed with crystallites
is transformed to the fully glassy state
during annealing at 775 K, the authors
ruled out the amorphization induced by
impurities such as hydrogen and oxy-
gen because of the short duration and
reduced pressure of these gases during
annealing.8® Thermodynamically, the
large negative heat of mixing and hence
the low free energy for the amorphous
phase in the glass-forming film sys-
tem are used to explain the solid-state
amorphization.® The as-deposited film,
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resistivity results of film in as-deposited
and annealed conditions. The approxi-
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consisting of the amorphous matrix
dispersed with nanocrystalline phases,
is metastable. Upon annealing in the
AT, the as-deposited metastable phases
transform to the relatively stable amor-
phous phase as an intermediate phase
because the as-deposited phases have
a relatively higher free energy than the
amorphous phase. The intermediate
amorphous phase eventually turns into
the even stable crystallized phases at
high temperatures above AT.

In addition to the thermodynamic
factor, sufficient thermal energy and
high interfacial energies between amor-
phous and nanocrystalline phases are
needed for the amorphization to take
place. Similarly, these are prerequisite
for the SSA to occur.’® The results of
this study thus demonstrate, as was
qualitatively hypothesized, thermal en-
ergy and interfacial energy between the
nanocrystalline and glassy matrix might
have strong influences on the amor-
phization and crystallization of film
during annealing. Upon annealing at
below the supercooled liquid region, the
interfacial energy appears to be pre-
dominant because of the presence of
nanocrystallites and the growth of nano-
crystalline phases is favorable. In addi-
tion, the viscosity of the glass matrix
decreases with the annealing tempera-
ture, reaching a minimum in AT, analo-

Scanning Temperature (K) in DSC

25 500 600 700 800 900 1,000
77 [ [N [

(a)

Heat Flow (Arb. Unit)

Exothermic —

1000 )

800

Knoop Ultramicrohardness (HK

600 szl | I: :I |

T 500 600 700 800 900 1,000
As-Deposited Annealing Temperature (K)

Figure 3. The (a) DSC and (b) Knoop
ultramicrohardness results of film in as-
deposited and annealed conditions. The
approximate location of SCLR is marked
by dashed lines.
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gous to that required for the superplas-
ticity!® and “erasing”’ properties in
metallic glasses. The glassy matrix with
sufficiently low viscosity in AT thus al-
lows the nanocrystalline phases to move
around in the matrix. For the full amor-
phization at 775 K, nanocrystallites are

thermally annihilated and liquefied into
the glassy matrix, on account of the
combined effects of sufficient thermal
energy and excessive interfacial ener-
gies. Contrary to the planar interfacial
area in SSA multilayer films, the irregu-
lar and plentiful nanocrystallite/glass

Figure 4. Transmission electron micrographs of the film in (a) as-deposited and an-
nealed conditions at (b) 755 K, (c) 775 K, and (d) 800 K.

Figure 5. Transmission electron diffraction patterns of the film in (a) as-deposited and
annealed conditions at (b) 755 K, (c) 775 K, and (d) 800 K.

interfaces that are present throughout
the film are considered to yield much
higher interfacial energies. Thus, large-
scale amorphization could take place in
the film.

CONCLUSIONS

The glass-forming Cu, Zr,,Al Ti,
film showed the phenomenon of anneal-
ing-induced nanocrystalization and
amorphization. The full amorphization
at 775 K is attributed to high thermal
and interfacial energies between nano-
crystallites and the glassy matrix. The
amorphization results in the variations
in the film electrical and mechanical
properties within the supercooled liquid
region. The most significant alteration
is the increase of ~25 times in electrical
resistivity when the film becomes fully
amorphous.
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Phase Transformations Research Summary

The Growth Kinetics of Intermetallic
Layers at the Interface of a Solid

Metal and a Liquid Solder

V.1. Dybkov

During soldering, intermetallic
layers can occur at the interface of a
solid metal and the saturated or under-
saturated solder melt. In systems with
a considerable solubility in the liquid
state, dissolution causes a manifold
drop in layer thickness. Mathemati-
cal equations are proposed to evaluate
the thickness of any intermetallic layer
formed under conditions of simultane-
ous dissolution in the undersaturated
solder melt. The main features of reac-
tive phase formation at the solid metal-
liquid solder interface are illustrated
using the Co-Sn couple with the grow-
ing CoSn, (250°C) and CoSn, (350°C
and 450°C) layers as examples.

INTRODUCTION

In light of worldwide legislation for
the gradual reduction and subsequent
removal of lead, mercury, cadmium,
and other heavy metals from new equip-
ment and products, there is an urgent
need for lead-free solders and research
on metal-solder joint behavior under
various performance conditions. Since
lead falls into the range of toxic metals,
conventional Sn-Pb solders are being
replaced mainly with tin-based solder-
ing alloys containing additions of other
low-melting-point metals. Therefore, it
is not surprising that the interfacial in-
teraction of lead-free solders with solid
metals and alloys is receiving consider-
able attention in scientific and techni-
cal communities.*8

During the soldering of solid met-
als with molten solders, two physico-
chemical processes, namely, dissolu-
tion of the solid in the liquid phase and
formation of intermetallic-compound
layers at their interface, take place si-
multaneously after wetting the solid
metal surface with the solder melt.
On one hand, the occurrence of inter-

metallic layers provides evidence for
reliable metallurgical bonding of dis-
similar materials. On the other hand,
however, too-thick intermetallic layers
considerably deteriorate the mechani-
cal strength of the joint. Therefore, a
reasonable compromise value of the
layer thickness must be determined or
evaluated in each particular case.
Conventionally, the intermetallic-
layer growth kinetics are treated with
the use of parabolic equations.’®2!

How would you...

...describe the overall significance
of this paper?

With couples of considerable solid-
in-liquid solubility, the effect of
dissolution on the intermetallic
layer-growth kinetics during
soldering must be taken into
account. This paper demonstrates
the magnitude of this effect using
the Co-Sn couple as an example
and describes it in general
analytical form.

...describe this work to a
materials science and engineering
professional with no experience in
your technical specialty?

In the course of soldering,
intermetallic layers usually

occur at the solid metal-liquid
solder interface, while the solid
simultaneously dissolves in the
solder melt. The interconnection of
these two processes is considered in
this paper.

...describe this work to a
layperson?

In view of the growing application
of lead-free tin-based solders,
research on their interfacial
interaction with solid metals

and alloys is badly needed. This
paper analyzes physico-chemical
aspects of the solid metal-liquid
solder interaction and provides
an analytical description of
intermetallic layer-growth kinetics
at the metal-solder interface.

However, if the solubility of a solid
metal in a liquid soldering alloy is not
zero, as is practically always the case,
then the growth rate constant found ex-
perimentally proves time-dependent.
As a result, the parabolic equations do
not provide an adequate description of
the Kinetics of the intermetallic-layer
growth process for most binary and
multicomponent systems with a notice-
able solubility in the liquid state, espe-
cially if the liquid agitation is strong.

A more general three-term mathe-
matical equation describing the growth
kinetics of any intermetallic layer un-
der conditions of its simultaneous dis-
solution in a molten soldering alloy was
derived in the framework of a physico-
chemical analysis of the reaction-diffu-
sion process in solid-liquid systems.?
Using this equation, the effect of disso-
lution in the undersaturated solder melt
on the intermetallic layer growth rate
can be readily evaluated.

If a solid metal is, for example, co-
balt and the main component of a sol-
der is tin, intermetallic layers based on
the Co-Sn compounds may be expected
to form at the cobalt-solder interface in
the course of soldering. According to
the phase diagram, four intermetallic
compounds, Co,Sn,, CoSn, CoSn,, and
CoSn,, exist in the Co-Sn binary sys-
tem.?2 Also, formation of the CoSn,
layer was observed in the solid state at
the corners of the Co-Sn couples.® It is
yet unclear whether the CoSn, phase is
stable or metastable.

Though diffusional considerations
assume the simultaneous parabolic
growth for the layers of all intermetal-
lics available on an appropriate binary
phase diagram,? this does not appear to
be the case. More often, layer formation
is sequential, with at most two com-
pound layers growing simultaneously
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under conditions of diffusion control.?
If diffusion of one and the same com-
ponent prevails in all the compounds,
only one compound layer will grow.

To visualize the effect of dissolution
on the process of intermetallic com-
pound-layer formation at the interface
between solid cobalt and liquid sol-
ders of composition 87.5Sn-7.5Bi-3In-
1Zn-1Sb and 80Sn-15Bi-3In-1Zn-1Sh
(wt.%), two sets of experiments were
carried out at 250°C, 350°C, and 450°C
and dipping times of 300-1,800 s. In
the first set, the solder melt previously
saturated with cobalt was employed.
Therefore, dissolution of solid cobalt
in the liquid solder did not occur. In the
second, the solder melt initially con-
tained no cobalt. Hence, when brought
into contact with each other, the solid
started to dissolve in the liquid phase.

See the sidebar for experimental pro-
cedures.

RESULTS AND DISCUSSION
Layer Phase Identity and
Composition

Backscattered electron images of the
cobalt-solder transition zone at 250°C

and 450°C are shown in Figure 1. With
both solders, a single-phase layer of the
CoSn, intermetallic compound was
found to form from both saturated and
undersaturated melts at 250°C and dip-
ping times up to 1,800 s. The layer of
CoSn, occurs at 350°C and 450°C. The
content of other elements in both layers
was rather low (0.40-1.10% Bi, 0.30—
0.60% In, 0.01-0.05% Zn, and 0.03-
0.50% Sh).

As seen in Figure 1, the thickness of
intermetallic layers is much less in the
case of the undersaturated solder melt
compared to the case of the saturated
melt, other conditions being identical.
Thus, the effect of dissolution on the
layer growth kinetics at the cobalt-sol-
der interface is very appreciable.

Mechanism of Intermetallic
Layer Formation

Generally, growth of any intermetal-
lic layer A B at the interface between a
solid metal A and a liquid solder B sat-
urated with A at a given temperature is
a result of counter-diffusion of compo-
nents A and B across its bulk followed
by partial chemical reactions between
diffusing atoms of one component and
surface atoms of another component

(see Equations 1 and 2 in the Equations
table).?

These reactions yield the increases,
dx,, and dx,,, in layer thickness during
a small period of time, dt, as shown in
Figure 2. The layer growth rate is given
as Equation 3, where k .. and k .. are

X 0B1 0A2
chemical constants and k... and k

are diffusional constants (rleB;:lction—dli/?E
fusion coefficients). With the saturated
solder melt, the layer-growth kinetics
are thus initially linear (at x up
to 500-600 nm) and then parabolic

(x>~1 um).

The Effect of Dissolution
on the Layer Growth Rate

As seen in Figure 2, in the case of
the undersaturated solder melt the net
rate of layer formation is the difference
between the sum of the rates of its
growth at interfaces 1 and 2 and the
rate of dissolution at interface 2. The
dissolution rate is given as Equation 4,
where b, = ck/pe, a = kslv, c_is the
saturation concentration (solubility) of
A in B at a given temperature, Kk is the
dissolution rate constant, p is the den-
sity of the AB, compound, ¢ is the
content of A in A B_in mass fractions,
s is the surface area of the solid in con-

Temperature 250°C

a

450°C

b

Figure 1. A backscattered electron image of the transition zone formed between solid
cobalt and a liquid 80Sn-15Bi-3In-1Zn-1Sb soldering alloy at a dipping time of 1,800 s. (a)
Solder melts saturated with cobalt at a given temperature; (b) pure solder melts (initially,

no cobalt).
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tact with the liquid, and v is the volume
of the liquid.

A mathematical equation describing
the AB, growth Kinetics at the A-B in-
terface under conditions of dissolution
in the liquid phase is shown in Equa-
tion 5. It is clear that generally the layer
growth is non-parabolic. Moreover, if
Equation 6 is satisfied, the AB, layer
must be missing from the A-B couple.
It means that the sum of the rates of
chemical reactions at the interfaces
(and also the rate of direct reaction be-
tween A and B) is less than the initial
rate of dissolution.

As seen from Equation 4, the disso-
lution rate decreases exponentially
from b, to b in the 0 — t time range.
Hence, in the case where Equation 7 is
satisfied, the A B, layer occurs at the
A-B interface aﬁer some delay. At large
t, b, = 0, and the layer-growth Kinetics
become close to parabolic.

Equation 5 cannot be solved precise-
ly. However, its simpler forms can
readily be employed in practice.

Evaluation of Layer Thickness

If the A B_layer grows under condi-

tions of diffusion control (K, >> K,/

Table I. Calculated (x . and x ) and
Experimental (x, ) Thicknesses of the
CoSn, Intermetallic Layer Grown from

Undersaturated 80Sn-15Bi-3In-1Zn-1Sb

Solder Melts*

Time X pnder X, X er
s) (x10%m) (x10°m) (x10%m)
300 0.80 0.8+£0.1 0.87
600 0.94 1.0+0.2 1.16
1,200 1.00 15+0.2 1.68
1,800 1.20 1.8+0.2 243

*450°C; disc rotational speed of 24.0 rad s™'

Figure 2. A schematic
diagram to illustrate the
process of formation of
the A B intermetallic lay-
er under conditions of its
simultaneous dissolution
in the solder melt. Chang-
es in layer thickness are
measured relative to an
inert marker (@) located
in its bulk. Not to scale.

X, Kyap >> K 4 ,/X), While the dissolution
rate is constant and equal to b, Equa-
tion 5 reduces to Equation 8, where
only one diffusional (parabolic) con-
stant, k,, is retained for simplicity. In
such a case, the layer thickness tends
with passing time to a limiting value
shown in Equation 9, defined from the
condition k /x —b, = 0.

Equation 9 is suitable for estimating
the thickness of any intermetallic layer
growing under conditions of its simul-
taneous dissolution in the liquid phase.
Calculations are carried out twice for
each point, t, by putting in the denomi-
nator of Equation 9 first equal to (b, +
b)/2 and then b,. Thus, two sets of the
layer thickness are obtained. The first
set produces the underestimated values,

X, TNE second yields the overesti-
mated ones, X .. Clearly, experimental
values, X, should lie somewhere in
between.

In the case of the saturated 80Sn-
15Bi-3In-1Zn-1Sb solder melt, the ex-
perimental value of the CoSn, layer
thickness was found to be 33.0 x 10°m
at 450°C and a dipping time of 1,800 s
(see Figure 1). Hence, k, = x?/2t=3.0 x
108 m? 571, Other quantities necessary
for calculations are k =6.2 x 10°m s
at a disc rotational speed of 24.0 rad s,
¢, = 10.74 kg m= (0.15% cobalt in the
soldering alloy), p,, = 8.91 x 10° kg
m=32 ¢ = 0.1989 (19.89% cobalt in
CoSn,), s=1.0cm? v=10.0cm? b =
3.76 x 107" ms™

Final results are presented in Table I.
The agreement of calculated and ex-
perimental values appears to be quite
sufficient for practical purposes to esti-
mate the intermetallic-layer thickness
at the solid metal-liquid solder inter-
face. It is worth noting that the range in
which the layer thickness varies is rath-
er narrow, even though the time inter-
val of 300-1,800 s is relatively wide.
Since the time of soldering rarely ex-
ceeds a few minutes, the difference be-
tween x ..and x_is seen to be within
the experimental accuracy of measur-
ing the layer thickness.

EXPERIMENTAL PROCEDURE AND METHODS

The process of dissolution of cobalt in liquid solders and that of growth of intermetallic
layers under conditions of simultaneous dissolution in the solder melt were studied by
the rotating disc technique at an angular rotational speed of 24.0 rad s. Pure metals
(99.91-99.999%) were used for the investigation. A flux was employed both to pre-heat
the solid specimen to the experimental temperature and to protect the melt from oxidation
by atmospheric air. Before the experiment, the solid cobalt specimen, 11.28+0.02 mm in
diameter (1 cm? area) and 5-6 mm high, was pressed into a graphite tube to protect its
lateral surface from the solder melt. At the end of the run the cobalt specimen was rapidly
cooled down in a water bath. Its mass loss during dissolution in the melt was determined
by weighing. Co-Sn-Bi-In-Zn-Sb alloys obtained after the runs were analyzed chemically
to determine their cobalt content. Cobalt content was also found by electron probe
microanalysis. The three values were then averaged and used in further calculations.

To investigate the growth process of intermetallic layers from saturated melts,
experiments were carried out in a steel thermostat. Polished cobalt plates, 14x5x3 mm?,
were mounted into graphite crucibles. The crucibles were placed in the thermostat at
a required temperature. These were then filled with the flux from a moveable electric-
resistance furnace and kept at the same temperature. After the temperature in the
thermostat had equilibrated, the crucibles were filled with the metallic melt, previously
saturated with cobalt, from another moveable electric-resistance furnace, also kept at the
required temperature. Cobalt was allowed to react with the melt during a predetermined
period of time in the 300-1,800 s range. Then, the graphite crucibles with their contents
were withdrawn from the thermostat and rapidly cooled down in water. Bimetallic
specimens obtained were cut into two parts, normal to the long side of a cobalt plate. The
cobalt-solder cross sections were prepared and examined with the use of metallography,
x-ray diffraction, and electron probe microanalysis.
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Measuring Secondary Phases

in Duplex Stainless Steels

|. Calliari, K. Brunelli, M. Dabala, and E. Ramous

The use of duplex stainless steels
is limited by their susceptibility to the
formation of dangerous intermetal-
lic phases resulting in detrimental
effects on impact toughness and cor-
rosion resistance. This precipitation
and the quantitative determinations of
the phases have received considerable
attention and different precipitation
sequences (o phase, y phase, and car-
bides) have been suggested. This study
investigates the phase transformation
during continuous cooling and isother-
mal treatments in commercial duplex
stainless steel grades and the effects
on alloy properties, and compares the
most common techniques of analysis.

INTRODUCTION

A favorable combination of mechan-
ical and corrosion properties character-
izes duplex stainless steels (DSS), as
they consist of almost equal parts of
austenite and ferrite.»2 Duplex steels are
more susceptible to precipitation of in-
termetallic phases than austenitic steels
due to their high chromium and mo-
lybdenum contents and high diffusion
rates in the ferrite phase. These steels
are prone to form secondary phases
after exposure to temperatures ranging
from 450°C to 1,000°C.% The G phase is
a hard, brittle non-magnetic intermetal-
lic phase, with high chromium and mo-
lybdenum contents, affecting both hot
and room temperature ductility. Some
authors report that x phase precipitates
for shorter times than ¢* and at slightly
lower temperatures, but it has not been
well investigated.

These precipitates cause a dramatic
deterioration in toughness and corro-
sion resistance.>® It has been demon-
strated that over a certain amount (be-
tween 5% and 10%) of a phase like ¢
phase, the toughness of duplex steels is

reduced to values too low for practical
applications, but some features of the
early stages of precipitation are not yet
well understood.

A very low cooling rate may deter-
mine different microstructures from
surface to core, especially in large-sized
bars, with a surface free of secondary
phases and a core with a significant
amount of them. Therefore the critical

How would you...

...describe the overall significance
of this paper?

The paper improves the knowledge
on the precipitation kinetics of
dangerous intermetallic phases
which have a detrimental effect on
the toughness of duplex stainless
steel. Furthermore, a comparison
between different measuring
techniques of analysis was
performed.

...describe this work to a
materials science and engineering
professional with no experience in
your technical specialty?

This work investigated the effect

of aging temperature, time of
treatments, and cooling rates on
the microstructure (austenite/ferrite
ratio) and the amount of secondary
phase precipitation on two duplex
stainless steels. This work was done
to find the thermal conditions to
avoid toughness depletion, which
can cause premature failure of these
steels.

...describe this work to a
layperson?

Stainless steels, especially the grade
used in this study, suffer from lower
toughness caused by secondary
phase precipitation especially

when these steels undergo thermal
treatments. In this study the influence
of thermal treatment parameters on
the precipitation of these secondary
phases was investigated.

cooling rate should be determined in
order to avoid or to limit precipitation
at the core. As a consequence of these
characteristics, the correct procedure’®
for measuring low contents of c-related
phases is needed, as the requirement
for manufacturing or welding DSS to
be “free of intermetallic phases” may
be too strict. Starting from these data, it
is evident that the metallographic tech-
niques used for secondary phase iden-
tification play a fundamental role in
phase identification. Efforts have been
made to determine the volume fraction
of o phases in austenitic® stainless steel
and in duplex grades. Several electro-
chemical procedures®® and metallo-
graphic etchants! have been tested and
discussed for light microscopy,? but it
is quite difficult to identify separately
x and o and to accurately quantify low
amounts of such phases.

In this paper, the results concerning
the formation of secondary phases in
commercial DSS SAF 2205 and SAF
2507 are presented. The precipitation
has been examined during continuous
cooling (SAF 2205) and isothermal
treatments (SAF 2205 and SAF 2507).
The goal of this study was to investigate
the sequence of precipitation in differ-
ent thermal conditions and to compare
the different techniques of precipitation
analysis.

See the sidebar for experimental pro-
cedures.

RESULTS AND DISCUSSION

Solution-Treated Sample

The solution-treated materials have
banded structure with elongated gam-
ma islands in the longitudinal sections,
while the transverse sections have fer-
rite and austenite grains with isotropic
structure. The values of volume frac-
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tions of ferrite and austenite, measured
with image analysis on an optical mi-
croscope (OM), are, respectively, aus-
tenite = 1+4% and ferrite = 49+4% in
SAF 2205, and austenite 45+3% and
ferrite 55+3% in SAF 2507. These are
typical values for solution-annealed
samples. No secondary phases were
detected with scanning electron mi-
croscopy-backscattered electron mi-
croscopy (SEM-BSE).

Heat-Treated Samples

Murakami and Groesbeck

At first, the capabilities of Murakami
and Groesbeck reagents were tested on
a group of SAF 2205 samples. In Fig-
ures 1 and 2 the OM and SEM-BSE
micrographs, taken at 1,000x of the
sample treated at 850°C for 25 min., are
shown. In Figure 1, the effectiveness of
Groesbeck and Murakami reagents are
difficult to determine. When the sec-
ondary phases are at micrometric scale
the corrosion products overestimate
them. On the contrary the SEM-BSE
(Figure 2) micrograph shows all the
phases, and the ferrite appears darker
than austenite, while the secondary
phases are lighter. An SEM-BSE im-

L1

10 um

Figure 1. An OM micrograph of a sample

treated at 850°C, 25 min., after etching
with Groesbeck.

L1
10 um

Figure 2. An SEM-BSE micrograph of a
sample treated at 850°, 25 min.

age at higher magnification is shown in
Figure 3, in which ferrite, austenite, y,
and o are marked. The particles of y
are brighter than ¢ as their molybde-
num content is higher.

It may be concluded that the tested
chemical etchants are not suitable to
identify, or to accurately quantify sec-
ondary phases.

Electrochemical Etching

The use of NaOH for 6 s, 8 s, and 10
s results in a strong etching of the grain
boundaries. The presence of secondary
phases is revealed with 8 s of applica-
tion but the phases are not easily dis-
tinguishable from the grain boundaries,
without differences between y and o.
The influence of immersion time is evi-
dent, with remarkable differences from
6 s (no secondary phases) to 8 s and 10
s. It can be concluded that NaOH is not

suitable for secondary phases measure-
ment, as it is too affected by the immer-
sion time. On the contrary, the immer-
sion in modified Nital 10 results in a
good detection of secondary phases,
but the grain boundaries are outlined,
so it is quite difficult to identify the
phases with IA. Nital 10 gives a good
contrast between matrix and precipitat-
ed phases: austenite is light blue, ferrite
is white and all precipitated phases are
dark, without any differences between
6 and y. On the contrary in the SEM-
BSE micrograph (Figure 2) x and ¢ are
well identified.

The immersion in NH, results in a
strong etching of secondary phases,
without any attack of grain boundaries
and alloy matrix (Figure 4b). This con-
firms that the precipitation is mainly
at grain boundaries, but no difference

between y and ¢ was seen. On the con-

EXPERIMENTAL PROCEDURES

The as-received materials were wrought SAF 2205 and SAF 2507 rods (30 mm) in the
solution-annealed condition, with compositions reported in Table A.

Isothermal aging treatments of annealed specimens were carried out at temperatures
of 780-1,000°C for times in the range of 5-120 min. Relatively short aging times were
chosen so low amounts of secondary phases could be measured to investigate their pre-
cipitation kinetics. Continuous cooling tests were performed in a Setaram “Labsys TG”
machine, in argon atmosphere. Samples (diameter 6 mm, length 8 mm) were solution
treated for 5 min. at temperatures of 1,020°C and 1,050°C. The samples were then cooled
in argon at various cooling rates in the range of 0.02-0.4°C/s. The volume fractions
of ferrite and austenite in solution-treated samples were measured by image analysis
on light micrographs at 200x, after etching with the Beraha reagent (room temperature
[R.T.], 10 s).

Different phases were identified by scanning electron microscope (SEM) examina-
tion of unetched samples, using the backscattered electron (BSE) signal, on the basis of
atomic number contrast effect: the ferrite appears slightly darker than austenite, while
the secondary phases are lighter. The amounts of secondary phases were determined
using image analysis software on SEM-BSE micrographs (10 fields, 1,000x) and the
contribution of each phase to total volume fractions was determined. The SEM operated
at 25kV; the BSE detector was set to maximize the atomic number contrast, allowing
ferrite, austenite, and secondary phases’ identification. Scanning electron microscopy-
electron dispersive spectroscopy determined the chemical composition of the phases on
unetched samples. The secondary phases were also quantified with image analysis on
optical micrographs after etching with different reagents. An investigation on the capa-
bilities of the reagents named Murakami (aqueous solution of 10% K Fe (CN)  and 10%
KOH) and Groesbeck (aqueous solution of 4% KMnO,+ 4% NaOH), and an electrolytic
etching (Nital and concentrated solution of NH,, 3.5 V, R.T.) was performed by etching
different samples with the same reagent and the same sample with different reagents.

Instrumented Charpy-V impact specimens, after isothermal treating, were prepared in
the standard form of 10x10x55 mm?. Impact testing was done at room temperature.

Table A. Chemical Composition (wt.%) of SAF 2205 and SAF 2507.
C Si Mn Cr Ni Mo P S N Cu W Fe

2205 0.03 056 146 2275 504 319 0.025 0002 0.160 — — bal
2507 0.03 043 054 2448 636 4.0 0.020 0.008 0263 0.67 0.72 bal
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trary the phases are well discriminated
in SEM-BSE image Figure 4a.

Thus, electrochemical etching with
NH, can be considered the best method
to detect secondary phases with OM,
but without any distinction between
and G.

The capabilities of OM and SEM-

N

]
1um

Figure 3. An SEM-BSE, high magnifica-
tion image of the sample in Figure 2, with
X, o, ferrite, and austenite.

L
a 10 um

L
b 10 pm

Figure 4. (a) An SEM-BSE micrograph
(900°C, 40 min.); (b) optical micrograph
(900°C, 40 min.).

L8]

=
f=)

Sec. Phase (vol. %)

(== S = )

w
“wT

25 35 45
Time (min.)
Figure 5. A match between vol. % of
secondary phases measured on SEM
and OM (NH,) micrographs (heat
treatment 900°C).

BSE can be appreciated in Figure
5, where the amounts of secondary
phases in the SAF 2205 as a function
of holding time (temperature 900°C) is
reported. In samples with a low con-
tent of secondary phases, the corrosion
products enhance the boundary effect
and the immersion time affects the
detection of phases. The result is that
at the lowest phase’s contents (<1%),
the OM data differ from SEM data by
about 50-100%.

Pores and inclusions that may have
the same gray-scale appearance as in-
termetallic phases may be another po-
tential source of errors in OM images.
Moreover in SEM-BSE the pores and
inclusions are dark while the secondary
phases are bright. They are identified as
the result of the spatial distribution of
elements; the uncertainty is only re-
lated to the beam resolution. The influ-
ence of secondary phases on toughness
was studied through Charpy impact
tests (at room temperature) (Figure 6).
An attempt has been made to correlate
the toughness to volume fraction of in-
termetallic phases since impact tough-
ness depends on the amount and types
of intermetallic phases.

In the OM data obtained on samples
etched with NH,, the discrepancy is
evident, suggesting that SEM-BSE is
more accurate than OM in detecting
and measuring the amount of second-
ary phases with image analysis. The
solubilized material has average impact
energy of 250 J, but only 0.5% of the
secondary phases, measured on SEM
micrographs, reduce it to about 100 J.
A further drop occurs at 1%, when the

impact energy is about 50 J, and the
final severe deterioration of toughness
is induced by higher values (fractions
> 1.5-2%). This statement agrees with
the generally accepted specification for
the DSS: a phase content of less than
1% or lower to maintain the toughness
value of 40-50 J.

A critical discussion of this dete-
rioration and fracture mechanism is
reported in another paper.’® Starting
from the discussed method capabili-
ties and from the effects of secondary
phase on toughness, the amounts of
secondary phases have been measured
in SAF 2205 and SAF 2507. A short
summary'*1s of the data is published
elsewhere.

ISOTHERMAL TREATMENT
OF SAF 2205 AND SAF 2507

Precipitation in SAF 2205

After aging at 780°C, the first precip-
itates were identified as y at high mag-
nification (2,000-4,000x) after 1,800 s
aging and become more evident after
2,400 s. The quantitative determination
is not possible.

After aging at 850°C, the y phase
appears after about 600 s, while the ¢
phase appears after about 20 min. After
30 min. the i phase and the ¢ phase are
both present: the y phase is always at
the ferrite/austenite and ferrite/ferrite
boundaries. The o phase penetrates
the ferrite or grows along the ferrite/
austenite boundary.

After aging at 900°C, as at 850°C,
the first phase present is the ¢ phase at
the grain boundaries. By increasing the

250 1 —
_ 225 T4 ®SEM ‘
= 200 1 . oM |
g 175 —"'-I“ J
D 150 do ' s
SREEE I
2100 8" 4
g o 4
= 754 NN Figure 6. The impact
) * toughness versus % vol. of
50 o 3.
@ eiae . a secondary phases meas-
25 t L. Twmemg. gl ° ured on optical and SEM
0 - @ O o4 images.
0 1 2 3 4 5 6 7 9 10 11

Sec. Phase (vol. %)
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Figure 7. An SEM-BSE micrograph of the
sample treated at 900°C for 2,400 s.

(]

3um

Figure 8. An SEM-BSE micrograph of the
sample treated at 950°C for 4,800 s.

time, the amount of y phase increases
and the o phase also appears in the
form of coarser precipitates at the y/o
boundary, but growing into the ferrite.
Although o particles are, at the begin-
ning, less numerous than the x-phase
particles, they are coarser and grow
more rapidly, quickly reaching almost
the same volume fraction. By increas-
ing the holding time, the ¢ phase grows
to large particles, moving from the
boundaries into the ferrite, embedding
some small ¢ particles. This seems to
show the progressive transformation of
X phase to ¢ phase.

Precipitation in SAF 2507

After aging at 800°C, no precipitation
was detected. When aging at 850°C, the
first ¢ precipitates appear after 900 s
aging and become more evident after
1,200 s at boundaries and sometimes
inside the ferrite grains. No ¢ phase has
been detected. The small size and very
low amount of the particle do not allow
measurement of the volume fractions,
which can be reasonably estimated to
be less than 0.1%.

After aging at 900°C, the x phase ap-

pears after about 300 s at grain bounda-
ries, with some isolated c-phase parti-
cles. A few small dark precipitates were
detected at grain boundaries, identified
as Cr,N on the basis of N peaks. After
2,400 sy, ©, and nitrides are present: x
phase is always at the ferrite/austenite
and ferrite/ferrite boundaries (Figure
7). At this temperature the formation
kinetic of ¢ phase is favored.

After aging at 950°C, the first precip-
itates of x appear after 180 s, while ¢
appears after 300 s. The percentage of
o phase increases with time, while the
percentage of  phase decreases after
1,800 s. Although o particles are, at the
beginning, less numerous than x-phase
particles, they are coarser and grow
more rapidly, quickly arriving almost
to the same volume fraction. The pro-
gressive transformation of y to o, oc-
curring mainly after 80 min., has been
noted (Figure 8). The ferrite transfor-
mation is not complete.

After aging at 1,000°C for 5 min.,
x and ¢ have been detected mainly at
grain boundaries, with a few inside
the ferrite grains. The amount of each
phase is about 0.5%. By increasing the
time, the amount of y slowly decreas-
es while the amount of ¢ increases to
its maximum value after 15 minutes.
Heating times longer than 20 min. can
be compared to a non-complete solu-
bilization, with a partial dissolution
of the phases, and chromium, molyb-
denum, and tungsten in solid solution.
These data confirm that the 2507 grade
must be solubilized at T>1,050° if the
secondary phase free structure is man-
datory.

Continuous Cooling of SAF 2205

The morphology of the phases after
continuous cooling is very similar to
that observed in the isothermal aging
tests (the precipitation occurs at the o'y
grain boundaries and especially at the
triple points), while the formation se-
quence of secondary phases seems to
be quite different. The total amount of
secondary phases is lower for the high-
est solubilization temperature, in agree-
ment with Reference 16, and strongly
depends both on the cooling rates and

on the solubilization temperature. The
critical cooling rate for o-phase forma-
tion is 0.35°C/s, when a ¢ content of
0.2% is obtained. When the cooling
rate decreases the ¢ content gradually
increases and, at about 0.1-0.15°C/s,
small y-phase particles appear. There-
fore, the % phase forms at lower cool-
ing rates than the ¢ phase and 0.3°C/s is
the minimum cooling rate to satisfy the
generally accepted toughness require-
ments.

CONCLUSION

In order to study the kinetics of phase
formation and their effect on fracture
mechanisms the right technique to de-
tect secondary phases in duplex stain-
less steels is not always the traditional
one, especially when low contents of
intermetallic phases are desired.
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Phase Transformations Research Summary

Controlling Stress and Diffusion for
the Low-Temperature-Ordering of
L1, Ordered FePt Films

Yun-Chung Wu, Liang-Wei Wang, C.C. Chiang, Cheng-Han Yang, and Chih-Huang Lai

Low-temperature-ordering of L1 or-
dered FePt films have been extensively
studied in recent years due to its poten-
tial for future application on magnetic
perpendicular media. The predominant
issue of the ordering process is the dif-
fusion of iron and platinum atoms from
a disordered to an ordered phase. The
diffusion can be enhanced by adjusting
diffusivity, providing extra energy, or
reducing energy barriers. In addition
to reducing the ordering temperature
of FePt, (001)-oriented granular films
require perpendicular media because
the magnetic easy axis of the ordered
phase is [001]. Atomic-scale multi-
layer deposition is proposed to achieve
designed film structures.

INTRODUCTION

L1, ordered (001) FePt has been pro-
posed to be a promising candidate as an
ultrahigh-density perpendicular record-
ing medium due to its high magneto-
crystalline anisotropy (K )." However,
FePt films deposited at room tempera-
ture typically require high-temperature
annealing (>500°C) to obtain the L1
phase. Although the L1 phase of FePt
is a thermodynamically stable phase at
room temperature, a meta-stable dis-
ordered phase is commonly obtained
while films are deposited at room tem-
perature. This is due to the kinetic-lim-
ited process in which the energy barrier
of diffusion is too high at low tempera-
ture to form the L1, FePt phase.

In the current magnetic recording
media industry, it is quite important to
control the manufacture at low temper-
ature. Namely, a reduced ordering tem-
perature of FePt is demanded. Since
diffusion is the key in the ordering
process of FePt, therefore, numerous
studies focus on how to accelerate the
diffusion. One way to improve the dif-

fusivity of iron and platinum atoms is
by adding third elements.?> Although
the ordering temperature of FePt can
be effectively reduced to 300°C, the

How would you...

...describe the overall significance
of this paper?

Ordered (001) FePt is a promising
candidate as perpendicular
recording medium. A high processing
temperature is generally required

to fabricate L1g ordered (001)

FePt, which is not feasible for
manufacturing in industry. This paper
proposes several ways to effectively
reduce the processing temperature

of FePt. It demonstrates that the L1,
ordered (001) FePt-SiO, granular
films can be fabricated not only at a
temperature as low as 350°C but also
without an underlayer.

...describe this work to a
materials science and engineering
professional with no experience in
your technical specialty?

The ordering process of a disordered
FePt is controlled by a kinetic
process. In this paper, we propose
several ways to accelerate the phase
transformation at low temperature.
An extra driving force for diffusion
was provided by ion irradiation or
dynamic stress; the diffusion length
was diminished by using atomic-scale
multilayer deposition. In addition, the
novel sputtering scheme, atomic-scale
multilayer deposition, can effectively
promote the (001) texture of L1, FePt
grown on amorphous substrates
without any underlayer.

...describe this work to a layperson?

To further extend the capacity of hard
drives to fit future applications, a new
medium material, L1 ordered FePt,
has been proposed. One of the key
challenges to fabricate L1, ordered
FePt is to lower the processing
temperature. This paper proposes
several effective ways to reduce the
processing temperature so that this
material can become feasible for
high-density recording media.

addition of third elements leads to a
reduced K. In previous studies, the au-
thors tried not only to provide an extra
driving force by ion irradiation® and
dynamic stress’1 to accelerate the dif-
fusion, but also to diminish the diffu-
sion length by atomic-scale deposition
to reduce the diffusion barrier.!*-*2

Besides an adequate manufacturing
temperature, magnetic perpendicular
anisotropy is required. The perpendicu-
lar anisotropy of FePt films is strongly
associated with the crystalline orienta-
tion. Because the easy axis of L1, phase
is along the [001] direction, formation
of the (001)-oriented L1, phase is es-
sential. To increase signal-to-noise ra-
tios, a granular microstructure of FePt
is preferred. The additions of amor-
phous B,O,, SiO,, ALO,, or MgO into
FePt films are insoluble so a granular
structure is formed after annealing.'+®
However, the fabrication temperature
of FePt granular microstructure is typi-
cally higher than 500°C.

This study demonstrates various
ways, including ion irradiation, dy-
namic stress, PtMn underlayers, and
atomic-scale multilayer deposition
to reduce the ordering temperature of
FePt, and reports that (001) granular
L1, FePt films can be obtained at a low
ordering temperature of 350°C by in-
serting ultra-thin SiO, layers in atomic-
scale Fe/Pt multilayers (MLs) grown
on glass or SiO,//Si substrates.

The experimental study focused on
ion irradiation, dynamic stress, PtMn
underlayers, and atomic-scale multi-
layer deposition. The results shown
here for the first three methods are for
FePt with in-plane anisotropy but they
can be also applied to the perpendicular
FePt films as long as suitable substrates
or underlayers are used. The atomic-
scale multilayer deposition can achieve
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(001)-oriented FePt films without un-
derlayers.

ION IRRADIATION

The advantages of ion irradiation
are to introduce an appropriate amount
of atomic species and desired energy
into the films, which may create de-
fects or lattice distortion and thus may
promote phase transformation. This
study found that the ordering of FePt
L1, phase can be directly induced by 2
MeV He-ion irradiation. Unlike other
reports of the irradiation on magnetic
films,® in which the irradiation was
performed at the beam current density
of the order of nA/cm? or on the water-
cooled sample stage to avoid sample
heating, the beam current in this study
was purposely adjusted to pA/cm?
scale to study the beam heating effects
and the energy transfer in FePt films.
FePt films of 50 nm were deposited on
SiO,/Si substrates at room temperature
by using co-sputtering from elementary
targets. The composition of FePt films
is Fe,Pt,, measured by Rutherford
backscattering spectrometry (RBS).

The in-plane hysteresis loop, mea-
sured by vibrating sample magnetom-
eter (VSM), of the FePt film irradiated
at the beam current of 1.25 pA/cm?
with an ion dose of 2.4x10' ions /cm?
is shown in Figure 1. The in-plane co-
ercivity (H, ) of the irradiated sample
is as high as 5,700 Oe. The tempera-
ture on the surface of the irradiated
FePt film during irradiation was about
230°C due to direct beam heating. As
shown in Figure 2, x-ray diffraction
(XRD) scans reveal the evolution of
the structural ordering in the irradiated
FePt film. The (001) superlattice peak

was observed after irradiation. Also,
the (111) fundamental peak of the ir-
radiated FePt film shifted toward the
higher angle side, which indicates that
the face-centered cubic (fcc) disordered
phase has been partially transformed
into the L1 ordered phase. For com-
parison, an unirradiated sample was
annealed using a conventional vacuum
furnace at 230°C for 10 h. Ordering of
FePt after conventional furnace anneal-
ing is unapparent, as shown in Figure
2, leading to a low H_, of 1,200 Oe (as
shown in Figure 1).

Based on the previous results, the
conventional postannealing at 230°C
was apparently not sufficient to provide
enough energy for the ordering of FePt
films. Instead, by using the ion-irradia-
tion heating process, the energy transfer
from helium ions to FePt films as well
as point defects and lattice distortion
induced by irradiation lead to direct
ordering. The conventional annealing
only provides atoms with extra ther-

mal energy to overcome the activation
energy of a phase transformation. In
contrast, the ion irradiation with a high
beam-current density not only provides
beam heating but energy transfer from
incident ions. The atoms in the irradi-
ated FePt films, therefore, have been
relaxed from the original lattice points
due to a succession of particle colli-
sions and interaction. A combination of
the relaxation of the ion-disturbed FePt
atoms by energy transfer with the beam
heating to 230°C, the mobility of the
FePt atoms has been enhanced consid-
erably. On the other hand, excess point
defects such as vacancies and intersti-
tials under the irradiation are formed
with a much higher concentration than
that created by conventional annealing.
The excess point defects can greatly
increase the diffusivity of the iron and
platinum atoms. Consequently, the ir-
radiation-enhanced diffusion promotes
the ordering of irradiated FePt films.

DYNAMIC STRESS

The previous studies strongly sug-
gest that the tensile stress on the FePt
films originating from lattice misfit be-
tween underlayers and FePt films may
significantly reduce the ordering tem-
perature of FePt. This study has shown
that a low-temperature ordering of FePt
can be achieved by introducing dynam-
ic stress instead of static stress from the
lattice misfit. Films with the structure
of substrate/Cu (100 nm)/Co,Fe, (60
nm)/Pt (10 nm)/FePt (50 nm) were de-
posited by using a sputtering system on
two kinds of substrates: Si (001)/ SiO,
(200 nm) and HF-cleaned Si (001). The

Si(002)

FePt(001)

counts (a.u.)

§ — FePt(111)

FePt(200)

(b) furnace-annealed

(a) as-deposited

(c) irradiated

Figure 2. X-ray 6-20
scans of (a) the as-de-
posited FePt film, (b) the
unirradiated FePt film
annealed in the vacuum
furnace at 230°C for 10 h,
(c) the FePt film irradiated
at the beam current of
1.25 pAlcm? with a dose
of 2.4x10% ions/cm?. (The
dashed line indicates
peak shift).

20 25 30 35 40 45
29 (degree)

50 55 60
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latter substrate is hydrogen-terminated.
The CoyFe,, layer was utilized to sup-
press the diffusion of copper into FePt
due to the immiscibility of cobalt and
copper at 300°C. The platinum layer
was inserted to separate direct coupling
between FePt and Co,Fe, .

The dependence of in-plane coer-
civity on annealing temperature for 30
min. is shown in Figure 3. The ordering
temperature of FePt deposited on HF-
cleaned Si (001) substrate was greatly
reduced to 275°C. In addition, an H_,
as high as 7,000 Oe can be obtained
after post-annealing at 300°C for 30
min., much greater than that of FePt de-
posited on Si/SiO,. This result is even
much better than that obtained by the
addition of copper into the FePt.2 X-ray
diffraction 6-26 scans of annealed FePt
films deposited on HF-cleaned Si (001)
revealed that not only the (200) peak of
copper disappeared but the extra peak
of copper silicide Cu,Si was formed af-
ter annealing.?# On the other hand, the
XRD spectra of annealed FePt samples
at 300°C deposited on SiO,/Si did not
show significant difference from that
of the as-deposited one. Furthermore,
(111) peak of the annealed FePt on HF-
cleaned silicon shifted toward the high-
angle side, indicating that the ordered
L1, phase of FePt was significantly
enhanced on HF-cleaned Si (001) sub-
strates. The in-plane coercivity of FePt
films on HF-cleaned Si (001) substrates
annealed at 275°C increased with an-
nealing time and reached 6,200 Oe af-
ter 4 h annealing, shown in the inset of
Figure 3, accompanying increased peak
intensity of Cu,Si in XRD spectra. This
result is quite remarkable for the FePt

films annealed at such a low tempera-
ture.

Based on these results, the large
in-plane coercivity of FePt films an-
nealed at low temperature seems to
be strongly related to the formation of
the Cu,Si phase, which may induce a
favorable stress state in the FePt film
to greatly reduce its ordering tempera-
ture. To investigate the effect of stress
induced by the formation of Cu,Si on
the phase transformation of FePt, the
in-situ stress measurement for the sam-
ple with the structure of HF-cleaned Si
(001)/Cu (100 nm) was performed at
a temperature ramp rate of 15°C /min.
up to 300°C. As shown in Figure 4, the
curvature decreased and changed to a
negative value with increasing anneal-
ing temperature up to 250°C due to the
development of thermal stress origi-
nating from the difference in thermal
expansion coefficient between the cop-
per film and the silicon substrate. With
the annealing temperature higher than
250°C, the curvature abruptly decreases
to a more negative value, that is, more
convex, and the subsequent relaxation
of the curvature followed. It has been
reported that a metal-rich Cu,Si phase
would be the very first stage to form in
the reaction of the copper film with the
silicon substrate.?* This reaction gener-
ally results in an increase in lattice vol-
ume which agrees with the observed
negative curvature.?? When the reaction
starts, the sample displays a more con-
vex curvature associated with the ex-
panded volume due to the formation of
Cu,Si. This expanded volume induces
an in-plane tensile stress and a contract-
ed d-spacing of FePt (111) plane along
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Figure 3. The depen-
dence of in-plane co-
ercivity of FePt on an-

nealing temperature.
The annealing time
is 30 min. Variations
of in-plane coercivity
with annealing time at
275°C for FePt films
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shown in the inset.
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Figure 4. The in-situ stress measure-
ment of curvature (1/R) vs. annealing
temperature for the sample with the
structure of HF-cleaned Si (001)/Cu
(100 nm). The measurement was per-
formed at a temperature ramp rate of
15°C/min. up to 300°C.
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Figure 5. The in-plane coercivity
dependence of annealing temperature
for samples Si//SiO,/Fe 1/Pt 9/PtMn 50/
FePt 50 (nm) and Si//SiO,/FePt 50 (nm).

the out-of-plane direction, accelerating
the ordering process of the FePt film.
The stress is significantly relaxed after
the formation of Cu,Si is completed,
which might be related to the motion of
copper and silicon atoms to reduce the
stored strain energy. Unlike the static
misfit stress originating from the lattice
mismatch between FePt films and sub-
strates (or underlayers),?®-?® the stress
induced by the Cu_Si phase is dynamic
and varies with the evolution of Cu_Si
formation.

PtMn UNDERLAYER EFFECT

The ordered phase of antiferromag-
netic (AFM) PtMn is also L1, phase.
The typical annealing temperature to
achieve the ordered phase of PtMn
(250°C)%* is much lower than the or-
dering temperature of FePt (500°C),
and the c/a ratio of PtMn is 0.92 which
is lower than the ratio of FePt (0.96).%"
The a-axis lattice constants of the or-
dered PtMn and FePt are 0.40 nm and
0.387 nm, respectively. The larger lat-
tice constants and lattice deformation
during phase transformation of PtMn
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may promote the ordering of FePt at re-
duced temperature. Moreover, because
of the lower L1, ordering temperature
of PtMn, PtMn is expected to be an
ideal underlayer to induce ordering of
the L1 FePt phase at low temperature,
as reported in the AuCu/FePt case.®
FePt films were co-sputtered from
elemental targets at room temperature
with a structure of Si//SiO,/Fe (1 nm)/
Pt (9 nm)/PtMn (50 nm)/FePt (10-50
nm). The iron and platinum underlay-
ers were used to enhance the PtMn and
FePt (111) textures. Highly oriented
(111) textures of PtMn and FePt films
were obtained in the as-deposited state.
The dependence of in-plane coerciv-
ity on the annealing temperature for
50 nm FePt with or without PtMn un-
derlayers is shown in Figure 5. Field-
annealed (in-plane field of 3,000 Oe)
FePt films grown on PtMn underlayers
show much higher in-plane coercivity
than FePt films alone. Notice that H_,
can reach 1,800 Oe just after 250°C
annealing and be increased to 5,000
Oe after 275°C annealing. The H_, of
50 nm FePt on a PtMn underlayer an-
nealed at 325°C is as high as 9,700 Oe.
The PtMn underlayers clearly show
enhanced in-plane coercivity at low-
temperature annealing. Figure 6 shows
the XRD results of the as-deposited
and annealed FePt (50 nm) films with
or without PtMn underlayers. Samples
were annealed in vacuum at 300°C for
two hours. For single-layer FePt, there
is no major change before and after
annealing, indicating a low degree of
ordering. On the contrary, for the FePt
films grown on PtMn underlayers, both
of the (111) peaks of FePt and PtMn
shift to higher angles after annealing,

indicating that phase transformation of
FePt and PtMn occur during annealing.
This result suggests that the ordering
of PtMn at a low temperature accel-
erates the ordering of FePt. When the
annealing temperature reaches the or-
dering temperature of PtMn, the a-axis
of PtMn is expanded and the c-axis is
compressed. These lattice changes of
the PtMn layer may induce the cor-
responding changes of the disordered
FePt lattice, which promotes the order-
ing of FePt at reduced temperatures.

ATOMIC-SCALE
MULTILAYER DEPOSITION

In previous sections, this paper pro-
posed several ways to reduce the order-
ing temperature of FePt. However, since
specific underlayers were not used to
promote (001) texture, the FePt films
show a large coercivity in the in-plane
direction. To achieve ultra-high-den-
sity perpendicular recording media, a
granular FePt film with (001)-preferred
orientation is needed. This section pro-
poses a way to reduce the ordering tem-
perature as well as promote the (001)-
preferred orientation. In the L1 phase,
the atomic arrangement of iron and
platinum along [001] direction is like
atomic-scale Fe/Pt multilayers (MLs).
Since the perpendicular anisotropy of
FePt films is strongly associated with
the formation of the (001)-oriented L1,
phase, the fabrication of FePt films by
annealing atomic-scale Fe/Pt MLs may
not only effectively reduce the ordering
temperature of FePt, but promote the
perpendicular anisotropy.

Sequential planetary sputtering of
atomic-scale [Fe/Pt],, (sample “A”)
and [Fe/Pt/SiO,],, (sample “B”) MLs

Figure 6. The XRD results
of the as-deposited and an-
nealed FePt (50 nm) films
with or without PtMn under-

layers. Samples are annealed
at 300°C for 2 h. The lines
were used to show the peak
shift.
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Figure 7. X-ray diffraction (6-26 scans)
of (a) sample A annealed at 400°C
(b) sample B annealed at 350°C and
(c) sample A annealed at 350°C. The
annealing time is 60 s. The film structures
of sample A and sample B are [Fe/Pt]
and [Fe/Pt/SiO.], ., respectively.

2] 18’

were performed on glass or SiO, (200
nm)//Si substrates at ambient tempera-
ture. The thickness of each iron and
platinum layer in MLs was kept at 0.16
nm and 0.18 nm, similar to the thick-
ness of a single atomic layer. The thick-
ness of each SiO, layer was 0.56 nm.
The nominal thickness of Fe_Pt,. (ex-
cluding the thickness of SiO,) in each
sample was fixed at 6.1 nm.

Sample “A” was annealed at 400°C
for 60 s. The x-ray 6-20 scan, shown
in Figure 7a, reveals two clear ordered
peaks of L1, FePt (001) and (002),
which implies that alternate deposi-
tions of atomic-scale iron and platinum
MLs can effectively induce the growth
of (001)-oriented ordered FePt phase
without underlayers at relatively low
temperature. The sample exhibited
a large out-of-plane coercivity (H,)
of 8,400 Oe. The annealing tempera-
ture of 400°C is quite low for 6.1 nm
FePt films because thinner FePt films
typically require higher annealing tem-
peratures to achieve the L1, phase.
It has been reported that a relatively
high annealing temperature of 550°C
is needed for [Fe/Pt] multilayers of
6 nm.?® Compared to the previous re-
port, the thickness of each iron and
platinum layer is thinner in the MLs;
therefore, the diffusion length in this
case can be significantly reduced, de-
creasing the ordering temperature.

To achieve a granular structure of
FePt, samples with the structure of [Fe/
Pt/SiO, (0.56 nm)],, (sample “B”) were
deposited. After annealing the sample
at 350°C for 60 s., the XRD spectrum,
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shown in Figure 7b, shows a distinct
enhanced intensity of ordered FePt
(001). For comparison, the spectrum of
sample A annealed at 350°C for 60 s is
also shown in Figure 7c. A substantial
reduction of ordered peak was revealed.
These results clearly indicate that the
insertion of ultra-thin SiO, layer in
atomic-scale Fe/Pt MLs can further
reduce the ordering temperature. The
hysteresis loop of samples A and B an-
nealed at 350°C for 60 s were shown
in Figure 8. Sample B exhibits high
perpendicular anisotropy, compared to
sample A, which is consistent with the
results of x-ray 0-26 scans, shown in
Figure 7.

The plane-view bright-field TEM
image of sample B demonstrates a clear
granular structure. The average grain
size of FePt is 5.14 + 0.75 nm. During
the annealing process, the insolubility
between SiO, and FePt induced SiO,
segregation at grain boundaries, lead-

Applied field (kOe)

ing to the formation of the granular
structure. Moreover, the surface energy
of amorphous SiO, (=300 ergs/cm?)*
is much smaller than that of crystalline
FePt (~2,100 ergs/cm?).%® The differ-
ence of surface energy between SiO,
and FePt further provides adriving force
for SiO, to diffuse into grain boundar-
ies to reduce the interfacial energy.
The results of this study reveal that not
only was the granular microstructure
achieved by the insertion of SiO, lay-
ers, but the ordering temperature was
further reduced to 350°C. It is plausible
that the diffusion of SiO, from grains to
grain boundaries (or free surface) may
significantly accelerate the diffusion of
iron and platinum atoms; therefore, the
ordering process of FePt can take place
at low temperature.
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TMS Technical Support Services Department, 184 Thorn Hill Road, Warrendale, PA 15086; (724) 776-9000, ext. 212; fax (724) 776-3770.

TMS 2009 Annual Meeting

February 15-19, 2009
San Francisco, California

The 138th TMS Annual Meeting & Exhibi-
tion will bring together more than 3,800
business leaders, engineers, scientists, and
other professionals in the materials field for
an outstanding exchange of technical knowl-
edge leading to solutions in the workplace
and in society. TMS 2009 will also include
the International Peirce-Smith Converting
Centennial Symposium. Commemorating
the invention of the cylindrical converter,
this symposium will address process issues
in converting copper and nickel and include
plenary speakers and a panel discussion.
Other symposiatopicsinclude: three-dimen-
sional materials science, aluminum tech-
nologies (primary), biomaterials, computa-
tional materials engineering, extractive
metallurgy, magnesium technologies, nano-
materials, titanium technologies, and many
more. Contact: TMS Meeting Services, 184
Thorn Hill Road, Warrendale, PA 15086;
(724) 776-9000, ext. 243; e-mail: mtgserv
@tms.org; www.tms.org/Meetings/Annual-
09/AnnMtg09Home.html.

5th International Materials
Symposium — MATERIAIS 2009

April 5-8, 2009
Lisbon, Portugal

The conference will address all classes of
materials, focusing on the latest advances in
theory, modeling, simulation, characteriza-
tion, processing, and industrial applications.
The following topics are planned: effects
only present at the nanoscale; molecularly
engineered materials; crystallography, de-
fects associated with crystal structures and
their relation to physical properties; high
temperature materials; materials for civil
engineering applications; non-crystalline
materials, including oxide, non-oxide, and

metallic glasses; integration of materials into
biological systems; structural integrity: cor-
rosion, damage, fatigue, and wear; evaluation
of performance in condition simulating ap-
plications; advances in surface science and
analysis methods; and others. Full-length
papers received before March 1, 2009 will
be published in a proceedings CD, which
will be distributed to all participants. Select
papers will be considered for publication in
Materials Science Forum. Contact: Carlos
Anjinho; Instituto Superior Tecnico; Depart-
ment of Materials Engineering, av. Rovisco
Pais, Lisbon 1049-001, Portugal; +351-218-
418-135; e-mail: materiais2009@ist.utl.pt;
www.demat.ist.utl.pt/materiais2009.

2009 Offshore Technology
Conference—OTC.09

May 4-7, 2009
Houston, Texas

The 2009 Offshore Technology Conference
(OTC.09) is the premier offshore industry
event for professionals, service industries,
and suppliers to gather and discuss com-
mon issues of ocean resource development.
Technological innovations and forums on
economic, social, and political aspects of
resource development and environmental
protection have been the mainstay of this
worldwide conference. This year'stechnical
program will include such topics as: alter-
native energy, decommissioning, drilling
technology, facilities and production opera-
tions, flow assurance, harsh environments,
materials technology, ocean engineering re-
sources, and many others. The Distinguished
Achievement Awards will also be given to
recognize individuals and companies that
have made outstanding contributions to the
offshore industry. These accomplishments
represent breakthroughs, innovation, and
technology enhancements, including the
design, development, and construction of
tools, equipment, technical services, vessels,
instrumentation, and/or outstanding humani-

tarianand leadership service or contributions
to environmental efforts. Contact: Meeting
Services, Offshore Technology Conference,
222 Palisades Creek Drive, Richardson, TX
75083; (972) 952-9494; e-mail: services
@otcnet.org; www.otcnet.org/2009/.

International Deep Drawing
Research Group Conference
—IDDRG 2009

June 1-3, 2009
Golden, Colorado

IDDRG conferences bring together produc-
tion specialists, researchers, and academics
from all over the world for presentations on
relevant and challenging technical topics
in sheet metal forming. The conference is
designed to provide ample opportunity for
interactions and discussions. The special
theme for the IDDRG 2009 Conference is
Material Property Data for More Effective
Numerical Analysis, with such topics as:
test methods to determine properties for
all aspects of constitutive equations; fitting
experimental data to constitutive equations;
new constitutive equations supported by
experimental data; failure criteria supported
by experimental evidence; nature of and
failure of sheared edges; and testing of die
materials including coatings with respect
to friction and die wear. Conference topics
include all aspects of sheet metal forming and
related material properties normally covered
at IDDRG conferences and may include:
forming characteristics of new materials;
innovative or improved forming processes;
numerical modeling, simulation and opti-
mum design; robust stamping processes; and
rapid prototyping. Attendees will tour the
ball can making plant, which demonstrates
a high-speed, multi-stage, complex forming
process for sheet metal forming. Copies of
the proceedings in book and CD format
will be available at the start of the confer-
ence. Contact: Chester Van Tyne; Colorado
School of Mines; Department of Metallurgy
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& Materials Engineering, Golden, CO 80401,
(303) 273-3793; e-mail: iddrg2009@mines
.edu; iddrg2009.mines.edul/.

Electronic Materials Conference
2009—EMC 2009

June 24-26, 2009
University Park, Pennsylvania

Electronic materials are defined as relating
to, produced, or operated by the controlled
flow of electrons through a semiconductor,
gas, or free space along with those relating
to devices, systems, or circuits that employ
componentssuch as vacuum tubes, integrated
circuits, or transistors in their design. The
TMS Electronic Materials Conference is
the premier annual forum on the prepara-
tion and characterization of electronic
materials. Attendees include individuals
actively engaged or interested in electronic
materials R&D. This conference presents
both invited and contributed oral presenta-
tions, an exhibition, and related activities.
Contact: TMS Meeting Services, 184
Thorn Hill Road, Warrendale, PA 15086;
(724) 776-9000, ext. 243; e-mail: mtgserv
@tms.org; www.tms.org/Meetings/Specialty
/emc09/home.html.

European Metallurgical
Conference 2009

June 28-July 1, 2009
Innsbruck, Austria

The European Metallurgical Conference
2009 is a platform for the exchange of new
ideas between the European and Overseas
Metallurgical Communities, as well as a
recognized source for mutual professional
information. The conference focuses on new
achievements fromresearch, the implemen-
tation of innovative processes, and trends
in production in the field of extractive non-
ferrous metallurgy. This year’s conference
highlights concepts for energy savings and
improved overall process efficiencies. The
topics of this conference will be of particular
interest to metal producers, engineering
companies, equipment manufacturers,
academic communities, and the consult-
ing business. The following topics will be
presented: resources availability, utilization,
and conservation; advances in the winning
and refining of non-ferrous base-, light-,
precious-, and minor metals; downstream
manufacturing and novel applications;
energy constraints, savings, and alternative
energies; consolidation in the non-ferrous

metal industry structures forimproved com-
petitiveness; sustainability considerations:
economic, ecological, and political aspects;
and others. One-day pre-conference field
trips to recycling facilities and high-tech
factories in Austria are planned along with
several comprehensive post-conference
tours to base- and light metals operations in
Austriaand Germany. Contact: Conference
Organizer; GDMB Gesellschaft fur Bergbau,
Metallurgie, Rohstoff- und Umwelttechnik;
P.O.Box 1054, 38668 Clausthal-Zellerfeld,
Germany; +49-5323-93790; e-mail: emc
@gdmb.de; www.emc.gdmb.de/.

Engineering Solutions for
Sustainability: Materials and
Resources, An International

Workshop

July 22-24, 2009
Lausanne, Switzerland

With impending and burgeoning societal is-
sues affecting both developed and emerging
nations such as India and China, the global
engineering community has a responsibility
and an opportunity to truly make a differ-
ence and contribute. This workshop will
focus on what materials and resources are
integral to meeting basic societal needs in
critical areas such as: energy, transporta-
tion, housing, food and water, recycling,
and health. Presentations will focus on
the engineering answers for cost-effective,
sustainable pathways, the strategies for ef-
fective use of engineering solutions, and the
role of the global engineering community.
The Workshop Objectives include: share
perspectives on the major engineering chal-
lenges that face our world today; identify,
discuss, and prioritize engineering solution
needs in each area; and establish how these
fitinto developing global-demand pressures
for materials and human resources. Contact:
Michele Gottwald, AIME, P.O. Box 270728,
8307 Shaffer Parkway, Littleton, CO 80127,
(303) 948-4256; e-mail: gottwald@aimehq
.0rg; www.spe.org/events/aime.

14th International Conference on
Environmental Degradation in
Nuclear Power Systems

August 23-27, 2009
Virginia Beach, Virginia

The safe and efficient operation of nuclear
plants is a necessity for long-term power
production without increased global carbon
burden. Materials technology is a key foun-

dation upon which the nuclear technology
of today prospers and the technology of
tomorrow will succeed. Environmentally-
induced materials degradation represents a
significant fraction of materials related
problems in today’s nuclear power plant
operation. Under extended lifetimes of 60,
80, or more years, understanding materials
degradation will be even more important as
these issues are of concern for both eco-
nomic and safety considerations. Under-
standing today’s materials problems is also
critical for the future in advanced light
water reactors as well as fusion reactors.
The purpose of this conference is to foster
an exchange of ideas about such problems
and their remedies in nuclear power plants
with water coolants of today and the future.
Contact: Todd Allen; University of Wis-
consin; 1500 Engineering Drive, Madison,
W1 53706; (608) 265-4063; e-mail: allen
@engr.wisc.edu; www.ans.org/meetings/in-
dex.cgi?c=t#envdeg09.

Conference of Metallurgists
(COM 2009) Nickel-Cobalt 2009

August 23-26, 2009
Sudbury, Ontario, Canada

This conference promises to be a major
international event. Key topics include
hydrometallurgical processing; mineral
processing; pyrometallurgical processing;
economics and markets; electrowinning and
electrorefining; environment, health and
safety; and managementand human resource
issues. Also planned is an excellent selec-
tion of short courses, industrial courses, and
social activities. Contact: Nathan Stubina;
Barrick Gold Corporation, Suite 3700, 161
Bay Street, Toronto, Ontario, Canada M5J
2S1; (416) 307-7455; e-mail: nstubina
@barrick.com; www.metsoc.org/com2009.

Thermec’2009: Sixth International
Conference on Advanced Materials
and Processes

August 25-29, 2009
Berlin, Germany

Thermec’2009 will cover all aspects of
advanced materials processing, fabrica-
tion, structure/property relationships, and
engineering applications of both ferrousand
non-ferrous materials including advanced
materials for biomedical applications,
automotive vehicle materials, nanostruc-
tured materials, aerospace materials, and
other advanced materials. Topics to be
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covered include: alloys of Al, Mg, Ti, Fe-
C and FeCNi; nanostructured materials;
composites; intermetallics; bulk metallic
amorphous materials; high-temperature/su-
peralloys; intelligent/smart materials; and
powder metallurgy/particulate materials.
Special sessions will be devoted to fuel
cells/hydrogen technologies, severe plastic
deformation, surface engineering/coatings,
modelling and simulation, texture, residual
stresses, welding and joining, and thin films.
Contact: Prof. Tara Chandra; University
of Wollongong, Faculty of Engineering,
Wollongong 2522, Australia; +61-242-213-
008; e-mail: tara@uow.edu.au; thermec
.uow.edu.au/.

Defect Recognition Image
Processing (DRIP) X111

September 13-17, 2009
Wheeling, West Virginia

For more than 20 years, DRIP conferences
have focused on all aspects of defects in
semiconductorsincluding point, line, planar,
and volume defects studied by a variety of
techniques. This comprehensive approach
has allowed for a discussion of the multi-
faceted effects of growth, processing, and
device fabrication and their interrelation-
ships. As the semiconductor technology
has matured, so have the techniques for
detection, identification, and imaging of
defects. Decreasing feature size, increasing
wafer size and purity level, reduction of layer
thickness, and introduction of new materials
have presented new challenges at every stage
of semiconductor technology development.
This evolution of the field continues today,
and the new challenges will be the focus of
DRIP XIII. Abstracts are due March 15,
2009. Contact: TMS Meeting Services, 184
Thorn Hill Road, Warrendale, PA 15086;
(724) 776-9000, ext. 243; e-mail: mtgserv
@tms.org; www.tms.org/meetings/specialty
/drip09/home.html.

2009 International Symposium
on Liquid Metal Processing
and Casting

September 20-23, 2009
Santa Fe, New Mexico

The objective of this symposium is to bring
together academic and industrial research-
ers in the area of liquid metal processing
and casting and provide an international
forum for presenting and discussing the
latest advances and research in these areas.

The scope of the symposium covers the
following topic areas: primary and second-
ary melt processing including VIM, VAR,
ESR, EBCHR, and PAM; physical property
measurements of liquid metals; refining,
evaporation, and gas/metal reactions; casting
and solidification of ingots, and mechanisms
for defect formations during the casting and
solidification process; modeling of metal-
lurgical processes, including heat/mass flow
modeling of liquid metal and solidification;
ceramic, slag, and refractory reactions
with liquid metals; fundamentals of reac-
tions involving liquid metals in production
processes; and direct forming of parts from
liquid metals. Abstracts are due January
15, 2009. Contact: TMS Meeting Services,
184 Thorn Hill Road, Warrendale, PA 15086;
(724) 776-9000, ext. 243; e-mail: mtgserv
@tms.org; www.tms.org/Meetings/Specialty
/LMPC/home.aspx.

5th International Conference on
Science and Technology of
Ironmaking (ICSIT’09)

October 19-22, 2009
Shanghai, China

The rapid growth of the steel industry has
resulted from accelerating economic de-
velopment worldwide, which is demanding
the steel industry to afford more and better
steel products. In the 21st century, the steel
industry worldwide must aim at greater ef-
ficiency, higher productivity, better quality,
and more economical utilization of natural
resources, that takes into account the need for
sustainable development. The task confront-
ing us now is in supporting the development
of world economy and to ensure emission
control releasing the impact on global
environment. The International Congress
on Science and Technology of Ironmaking
has been consistently providing an excellent
venue to discuss and find solutions for iron-
making industry to the global problem. The
Fifth Congress ICSTI’09 will cover such
topics as the preparation and handling of
raw materials, including recycling for dust,
sludge and other residues; blast furnaces,
including coke rate reduction and blast fur-
nace performance improvement; alternative
ironmaking, including innovation of direct
reduction processes; and fundamentals and
common issues, including modeling and
simulation, process automation, and energy
savingsand recycling technology. Abstracts
are due January 20, 2009. Contact: Liu
Yongcai; The Chinese Society for Metals;

46 Dongsi Xida Jie, Beijing 100711, China;
+86-010-6521-1206; e-mail: icsti@csm.org
.cn; www.csm.org.cn/icsti09/en/.

Materials Science & Technology
2009 Conference and Exhibition
(MS&T’09)

October 25-29, 2009
Pittsburgh, Pennsylvania

MS&T’09 (Materials Science & Technol-
ogy 2009) is the seventh in a series of
multidisciplinary annual conferences held
by and for professionals in the metals and
materials community. Programming and
activities will be organized by TMS, the
Association for Iron & Steel Technology,
ASM International, and the American Ce-
ramics Society to bring together scientists,
engineers, students, suppliers, and others to
discuss current research and applications,
and shape the future of materials science
and technology. MS&T’09 will focus on
nine theme areas covering the breadth of
materials science and engineering. Planned
topics include: ceramic and glass materials,
including microwave processing of ceram-
ics; electronic and magnetic materials,
including ferroelectrics and multiferroics;
environmental and energy issues, includ-
ing energy storage, fuel cells, and green
engineering and environmental stewardship;
fundamentals and characterization, includ-
ing phase stability and recent advances in
structural characterization of materials, and
rigid natural composite materials; iron and
steel, including steel product metallurgy and
applications; materials and systems, includ-
ing next generation biomaterials; nanotech-
nology; product manufacturing; and special
topics. Abstracts are due March 15, 20009.
Contact: Meetings Services Dept.; TMS;
184 Thorn Hill Road, Warrendale, PA 15086;
(724) 776-9000, ext. 243; e-mail: mtgserv
@tms.org; 74.55.185.84/.

TRANSFAC ’09—International
Conference on Innovative Solutions
for the Advancement of the
Transport Industry

October 31-November 3, 2009
Detroit, Michigan

TRANSFAC ’09, co-sponsored by TMS
and INASMET, will extend the themes
introduced at the first meeting addressing
elements of materials processing, proper-
ties, and application coupled with the real-
world issues of sustainability, safety, and
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productivity. A new feature of the 2009
conference will be a focus on technical cost
modeling tools for materials production
and selection as well as product develop-
ment. An exhibition of related products and
services as well as targeted workshops will
complete the conference program. Techni-
cal topics to be covered include: processes,
materials, structure and characterization,
and applications and performance of au-
tomotive, aerospace, railway, and marine;
safety and comfort in transportation; new
vehicle concepts; and management and
economics of transportation. Co-sponsors
also include AusIMM, ASM International,
Chinese Society for Metals, Japan Institute
of Metals, Korean Institute of Metals and
Materials, and the Metallurgical Society of
CIM. Abstractsare due January 31, 2009.
Contact: TMS Meetings Services, 184
Thorn Hill Road, Warrendale, PA 15086;
(724) 776-9000, ext. 243; e-mail: mtgserv
@tms.org; www.tms.org/Meetings/Specialty
[transfac09/home.html.

TMS 2010 Annual Meeting

February 14-18, 2010
Seattle, Washington

This meeting is the premier TMS event,
featuring numerous sessions by all five TMS
technical divisions on the latest scientificand
technical developments. The meeting also
features a large exhibition, short courses,
tutorial lectures, award presentations, re-
ceptions and division luncheons, invited
speakers, and student activities. Contact:
TMS Meeting Services, 184 Thorn Hill Road,
Warrendale, PA 15086; (724) 776-9000, ext.
243; e-mail: mtgserv@tms.org.

Copper 2010

June 6-10, 2010
Hamburg, Germany

The theme of the Copper 2010 Conference
is Copper - Indicator of the Progress of
Civilization. Copper 2010 is an important
technical event for engineers, scientists,

General Meetings

fabricators, and users of copper. Recently
copper has become an important factor in
the developing economies of East Asian
countries and can be seen as an indicator of
the progress of civilization in each country.
All relevant areas of copper production
and application and their surroundings
like energy savings, process optimization,
health and safety issues, costand commerce,
recycling and new developments will be
presented inaseries of parallel sessions. The
program will include such topics as mineral
processing; hydrometallurgy; pyrometal-
lurgy; electrowinning; electrometallurgy
and refining; recycling; process control
and optimization; sustainable development,
health and safety; environmental control;
downstream activities, application, and new
products; and economics, as well as plenary
sessions of general interest. Contact: Dr.
Mickael Kopke; Norddeutsche Affinerie
AG; Hoverstrasse 50, 20539 Hamburg, Ger-
many; +49-10-78-83-38-01; e-mail: cu2010
@gdmb.de; www.cu2010.gdmb.de/.

41st Annual Canadian Mineral Processors Operators Conference:
January 20-22, 2009, Ontario, Canada; www.min-eng.com/general
/confs/9.html.

Conference for Industry and Education Collaboration: February 4-6,
2009, Orlando, Florida; www.asee.org/conferences/ciec/2009/index.cfm.

Asia Mining Congress 2009: March 23-27, 2009, Singapore; www
.terrapinn.com/2009/asiamining.

2009 IPC Printed Circuits Expo, APEX and the Designers Summit:
March 31-April 2, 2009, Las Vegas, Nevada; www.goipcshows.org/html
/main/default.htm.

Sustainability through Resource Conservation and Recycling 09
(SRCE 09): April 4-5, 2009, Cape Town, South Africa; www.goipcshows
.org/html/main/default.htm.

Bio- and Hydrometallurgy 09 (BioHydromet 09): April 67, 2009, Cape
Town, South Africa; www.min-eng.com/biohydromet09/index.html.

Treatment of Mining Residues Containing Toxic Minor Metals (Toxic
Metals 09): April 8-9, 2009, Cape Town South Africa; www.min-eng
.com/toxicmetals09/index.html.

4th Global Foundry Sourcing Conference: April 16-17, 2009, Shanghai,
PR. China; www.fsc86.com/en.

Nuclear 2009: 8th International Exhibition on Nuclear Power In-
dustry 2009: April 19-22, 2009, Beijing, PR. China; www.coastal.com
.hk/nuclear/.

17th International Conference on Wear of Materials: April 19-23, 2009,
Las Vegas, Nevada; www.wom-conference.elsevier.com/index.htm.

2009 China International Resources Recycling Industry Exhibition:
April 19-20, 2009, Shanghai, China; cirr.cbichina.com/.

Organic Photovoltaics 2009 Conference: April 27-29, 2009, Philadel-
phia, Pennsylvania; www.organicphotovoltaics2009.com.

Offshore Technology Conference 2009: May 4-7, 2009, Houston, Texas;
www.otcnet.org/2009/.

AlSTech 2009: The Iron & Steel Technology Conference and Exposi-
tion: May 4-7, 2009, St. Louis, Missouri; www.aist.org/.

29th International Exhibition-Congress on Chemical Engineering,
Environmental Protections and Biotechnology (ACHEMA 2009): May
11-15, 2009, Frankfurt, Germany; www.achema.de/.

V International Copper Hydrometallurgy Workshop—HydroCopper
2009: May 13-15, 2009, Antofagasta, Chile; www.hydrocopper.cl/.

Ninth International ASTM-ESIS Symposium on Fatigue and Fracture
Mechanics: May 20-22, 2009, Vancouver, BC, Canada; www.astm.org
/MEETINGS/nextsymposia.cgi?L+mystore++E08.

Alta 2009 Nickel-Cobalt, Copper & Uranium Conference: May 25-30,
2009, Perth, Australia; www.altamet.com.au/Next_conference.htm.

66th Annual World Magnesium Conference: May 31-June 2, 2009, San
Francisco, California; www.intlmag.org/news_30.html.

2nd Chaotic Modeling and Simulation International Conference
(CHAOS2009): June 1-5, 2009, Chania, Crete, Greece; www.chaos2009
.com/.

Physical Separation 09: June 16-17, 2009, Falmouth, Cornwall, UK;
www.min-eng.com/physicalseparation09/index. html.

Materials Characterization 2009: June 17-19, 2009, New Forest, U.K.:
www. wessex.ac.uk/conferences/2009/mc09/index.html.

Hot Forming of Steels & Product Properties: June 21-24, 2009, Grado,
Italy; www.aimnet.it/hfs2009.htm.
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MATERIALS RESOURCE CENTER: Consultants Directory

TRACE
ELEMENT ANALYSIS

5 Day Turnaround

High Purity Metals & Alloys
Ceramics

o Thick Films

* Carbon, Graphite
Glasses ¢ High Temperature
Semiconductors Alloys

Utilizing State of the Art Techniques

Glow Discharge Mass Spectrometry (GDMS)
Inductively Coupled Plasma Mass

Spectrometry (ICPMS)
Spark Source Mass Spectrometry (SSMS)

Combustion and Inert Gas Fusion Methods (LECO)

Northern Analytical Laboratory
13 Delta Drive Unit #4
Londonderry, NH 03053

Tel: 603-434-8400 * Fax: 603-434-8500
E-Mail: NALABS@AQOL.COM
Website: www.northernanalytical.com

1ISO-9001 and ISO-17025 Certified

Analytical Services & Reference Standards
SEM/X-ray, Electron Microprobe, Surface
Analysis (Auger) Metallography, Particle

Size Counting & Surface Roughness

Quantitive analysis of small amounts of material in
concentrations to 10 ppm, surface oxides, stains &
cleanliness, corrosion, diffusion, reverse engineer-
ing, elemental mapping, diffusion gradients (carbon,
nitrogen, etc.) Get your data by e-mail. Digital
micrographs and elemental maps. We manufacture
traceable standards for magnification (SEM, OM,
etc.) and over 240 pure elements, alloys, glasses
and compounds for micro-analysis.

Put our years of experience to work on your specimens!

@ GELLER

MICROANALYTICAL
426e Boston St. (Rt. 1), Topsfield, MA 01983-1216

LABORATORY
978 887-7000 fax: 887-6671  www.gellermicro.com

View the latest
position available ads
online free of charge at
http://lwww.tms.org/classifieds.html

micron inc.

ANALYTICAL SERVICES

3815 LANCASTER PIKE
WILMINGTON, DE 19805
302-998-1184, FAX 302-998-1836

micronanalytical@compuserve.com
WWW.MICRONANALYTICAL.COM

Worldwide experience in
technology development

FLOGEN Technologies

6 Non-Ferrous and Ferrous Metallurgy, Inorganic and
Organic Chemistry, Environment and InfoTechnology etc
6 Thermodynamic and kinetic quantification of slags,
mattes, metals, etc., smelting, converting and refining
process development and optimization, modeling and
simulation, Atomic Absorption Spectrometry, minor
and trace element analysis, electroanalytical techniques
(biosensors), heavy metal pollution analysis, analytical
quality assurance, mercury speciation, etc.

www.flogen.com

5757 Decelles Ave., Suite 511
Montreal, Quebec
Canada H3S 2C3

Tel: (514) 344-8786
Fax: (514) 344-0361
Email: secretary@FLOGEN.COM

James E. Hoffmann and Associates Co.
P.O. Box 420545
Houston, Texas USA 77242-0545

JAMES E. HOFFMANN, FIMM. P.E.

CONSULTING EXTRACTIVE METALLURGICAL ENGINEER
NON FERROUS, RARE, AND PRECIOUS METALS
BUS (281) 493-9441 E-MAIL jehentp@aol.com
FAX (713) 780-0761

TIMIS

Your Professional Partner
for Career Advancement
www.tms.org

Read by thousands of the
field’s leading professionals
and decision-makers,

JOM can deliver an
impressive international
audience, both

in print and online.

The new TMS Media Kit
is now available.

To request your copy,
contact Arlene Frances,
Ad Sales Representative,
at (724) 776-9000 ext. 280
or by e-mail at
afrances@tms.org

Check out the TMS media kit at
http://www.tms.org/pubs/journals/JOM/ads.html

94

www.tms.org/jom.html

JOM e January 2009



MATERIALS RESOURCE CENTER: Positions Available

Colorado School of Mines
Metallurgical/Materials Engineering
Assistant Professor — Lightweight
Materials

Colorado School of Mines invites applications for
a tenure-track Assistant Professor position in
Lightweight Metals. The successful candidate will
teach existing undergraduate and graduate level
courses such as: foundry, welding metallurgy,
advanced welding metallurgy, solidification, phase
transformations, and transport in  solids.

Applicants must possess a Ph.D. or an equivalent
degree in Metallurgical Engineering, Materials

Science and Engineering, or related fields. The
successful candidate will have the potential for
teaching and developing a strong research
program in the physical metallurgy of lightweight
metals, with preferred emphasis in the welding,
joining, and solidification of these alloys.

For a complete job announcement, more
information about the position and the university,
and instructions on how to apply, please visit:
http://www.mines.edu/Academic_Faculty.

Mines is an EEO/AA employer.

Earth ¢ Energy ¢ Environment

Colorado School of Mines
Metallurgical/Materials Engineering
Lecturer - Physicochemical
Processing of Materials

Colorado School of Mines invites applications for
an anticipated lecturer position in the area of
physicochemical processing of materials. The
successful candidate will have responsibility for
teaching laboratory sections associated with
required undergraduate courses in chemical
processing of materials and senior design.
Candidates must have a Masters of Science
degree or higher in Metallurgical and Materials
Engineering, Materials Science, or a related field,
demonstrated teaching experience in laboratory-
based application of the principles associated with
physicochemical processing, and the ability to
develop and present high quality lectures to
undergraduate students in the department.

For a complete job announcement, more
information about the position and the university,
and instructions on how to apply, please visit:
http://www.mines.edu/Academic_Faculty.

Mines is an EEO/AA employer.

Earth ¢ Energy ¢ Environment

Tenure Track Faculty Position
in Materials Engineering

The Chemical and Materials Engineering department at San Jose
State University invites applicants for an assistant professor (tenure
track position) in Materials Engineering. Preferred candidates for the
position will have expertise in Materials Characterization and must hold
adoctoral degree in Materials Science and Engineering orin arelated
discipline with appropriate experience. Successful candidates must
have ademonstrated interestin developing characterization laboratory
capabilities in either nanomaterials, biomaterials or structural materi-
als, and in addressing the educational needs of undergraduates and
graduate students through development of course materials, teaching
strategies and research projects. Full details on the position can be
found at http://www.engr.sjsu.edu/about/emp

For full consideration, send a letter of application, curriculum vitae,
statement of teaching interests/philosophy and research plans, and
at least three original letters of reference with contact information by
February 15, 2009 to:

Dr. Stacy Gleixner, Chair , Search Committee,
Department of Chemical and Materials Engineering
San José State University

One Washington Square

San José, CA 95192-0082

Please include Job Opening ID #13558 on all correspondence.

San José State University is California’s oldest institution of public
higher learning. The campus is located on the southern end of San
Francisco Bay in downtown San José (Pop. 945,000), hub of the
world-famous Silicon Valley high-technology research and develop-
ment center.

SJSU is an Equal Opportunity/Affirmative Action Employer committed to
nondiscrimination on the bases of race, color, religion, national origin, sex,
sexual orientation, gender status, marital status, pregnancy, age, disabil-
ity, or covered veteran status consistent with applicable federal and state
laws. This policy applies to all SJSU students, faculty, and staff as well as
University programs and activities. Reasonable accommodations are made
for applicants with disabilities who self-disclose.

I’'VE SPECIALIZED FOR 29 YEARS

If you have a key position to fill, JOM Classified Advertising
can help you track down that special individual with the right
qualifications and background to match your needs.

in the placement of Metallurgical, Materials, and Welding Engineers in the
areas of R&D, Q.C. Production, Sales & Marketing, nationwide. My back-
ground as a Met. Eng. can help you! Salaries to $150K. Fees paid by Co.
Call/Send/E-mail Resume:

Michael Heineman, Meta-Find, Inc.;

P.O. Box 610525, Bayside, NY, 11361;

Phone (212) 867-8100;

E-mail mikeh @ meta-findny.com; Web: www.meta-findny.com

Products and Services
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Materials science and engineering in our community

Beyond Flex Time: Retaining Female
Scientists and Engineers

Lynne Robinson

Editor’s Note: A more comprehensive version of this
article can be found on the Materials @ TMS web site.

Imagine the repercussions if a com-
pany routinely lost access to half of its
most promising resources, even after
investing a fortune in their develop-
ment. According to “The Athena Fac-
tor: Reversing the Brain Drain in Sci-
ence, Engineering, and Technology,” a
groundbreaking study published by the
Harvard Business Review in June 2008,
this is exactly the case with the reten-
tion of female scientists and engineers.
The study found that, while women
constitute 41 percent of all science, en-
gineering, and technology profession-
als at the lower rungs of the career lad-
der, more than 50 percent of them even-
tually leave, with the peak of the exodus
at around the ten-year career mark.

Providing input from the mining and
metals industry on this issue was Pitts-
burgh-based Alcoa, one of the study’s
co-sponsors. “We really brought a dif-
ferent perspective,” said Judi Nocito,
assistant general counsel and co-leader
of the Alcoa Women’s Network. “We
have unique challenges because we are
in heavy industry. The result is that we
struggle in attracting and retaining
women, especially in operating roles
within the company.”

The Athena Factor study was con-
ducted by the Center for Work-Life
Policy (CWLP), an independent, non-
profit research organization headquar-
tered in New York. Alcoa’s involvement
with the project began when it joined
with 35 other global corporations to
form CWLP’s Hidden Brain Drain Task
Force. The task force, formed in 2004,
has spearheaded a number of studies on
sustaining female and minority talent.
Alcoa was particularly interested in the
Athena Factor, however, because of its

focus on women in science and engi-
neering positions. “Prior to this work,
we as a company had largely anecdotal
information on the career challenges
faced by women in operating roles in
plants or in technical and engineering
roles,” said Nocito. “Data provide cred-
ibility to the issues.”

As a co-sponsor, Alcoa opened its
doors to CWLP researchers who con-
ducted focus groups with women in en-
gineering and technical fields at the Al-
coa technical center in Pittsburgh, as
well as its operations in Chicago, Rus-
sia, Australia, Western Europe, and
Beijing. An electronic survey was also
conducted of 2,300 male and female
Alcoa employees with science or engi-
neering degrees.

The study found that a number of
factors contribute the departure of
women from science and engineering
positions, the study found. These in-
clude workplace cultures that are dis-
missive and even hostile toward female
scientists and engineers, and hours and
expectations that are not supportive of
working mothers. The study called at-
tention to the sense of isolation that
many women experience when they are
the only female at their level or on their
team, as well as the frustration that
many women feel because of unclear
channels to information, opportunities,
and career advancement.

The Athena Factor did muster some
good news, however, by describing 14
programs that have started to demon-
strate some success in not only retain-
ing, but enabling women to advance in
their careers. Highlighted among them
was Alcoa’s Women in Operations Vir-
tual Extended Network (WOVEN), a
pilot tested in the company’s Global
Primary Products Group (GPPG). Tar-

geted to women in operations roles with
science, engineering, and technology
backgrounds, WOVEN gives female
professionals, who are not close geo-
graphically, the opportunity to meet and
support one another virtually as they
pursue their careers. Helping women
make the transition to operations from
other departments in the GPPG is an-
other WOVEN goal.

A related effort being piloted in the
GPPG is Alcoa’s Manufacturing Man-
ager Development Program. Although
not limited to women, the program does
address issues related to career ad-
vancement and isolation raised in the
Athena Factor report by methodically
preparing junior candidates for line
management careers. This is accom-
plished by developing a well-planned
and monitored program for each par-
ticipant that offers exposure to different
divisions and different types of man-
agement experience. The goal is that
the candidate will be ready to take on a
plant manager role within six to eight
years after joining the company.

“When you look at the Athena Factor
data as a whole, the women surveyed
do not seem to perceive clear career
paths,” said Nocito. “They feel that they
don’t even have the chance to throw
their hat into the ring because they are
not aware of opportunities or don’t have
a mentor or network available to them.
This goes hand-in-hand with the sense
of isolation—that they are on their
own.

“What this program offers women is
a clear career plan so they can antici-
pate where they are going and can stay
“in the loop” from a networking stand-
point.”

Lynne Robinson is the news writer for Materials
Technology @ TMS.
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138th Annual Meeting & Exhibition Moscone West Convention Center

San Francisco, California, USA

(VHmate [Nietwering

“TMS provides a unique
opportunity for professionals from
academia, government and industry
to interact. Participation at yearly
TMS meetings also increases my
awareness of recent advances in
metallurgical and materials science :
and engineering.” Special Lectures and Honorary Events

- Amy Clarke,
Engineer, Caterpillar Inc. Global Exhibition and Employer Pavilion

Record Number of Presentations to Choose From — 2,800

Scheduled Networking Events — 14

Short Courses and Workshops — 8

for Materials Professionals

Download the program and register online at
www.tms.org/annualmeeting.html

LEARN ¢ NETWORK ¢ ADVANCE
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