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Ensuring longevity: Ancient glasses
help predict durability of vitrified
nuclear waste

Ancient glass artifacts provide a rich source of
analogues fo study new glasses for nuclear waste
disposal.

by Jamie L. Weaver, John S. McCloy, Joseph
V. Ryan, and Albert A. Kruger

Challenges in assessing the mechanical
behavior of coatings on architectural
glass

Glass coatings can reduce building energy demand,
but thorough understanding of the mechanical
properties of these multilayer coatings is needed.

by Steve J. Bull

Appliance science: Low-fire enamels
for new preprimed steel

Glass-metal interfaces impact the thermal
performance of household machines.

by Karine Sarrazy, Alain Aronica, Angelique
Leseur, and Charles Baldwin

Amorphous thin films for mechanically
flexible, multimaterial integrated
photonics

Integration of amorphous chalcogenides and TiO,
on polymers can enable photonic devices with
exceptional mechanical flexibility.

by Lan Li, Hongtao Lin, Sarah Geiger,

Aidan Zerdoum, Ping Zhang,

Okechukwu Ogbuu, Qingyang Du, Xingiao Jia,
Spencer Novak, Charmayne Smith,

Kathleen Richardson, J. David Musgraves, and
Juejun Hu
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“We see the platforms as pushing the
frontiers in materials research,” Fleming

for the Accelerated Realization,
Analysis, and Discovery of Interface

Materials (PARADIM).

NSF funds program to acceler-
ate discovery of new materials

and tech

A new Materials Innovation Platforms
(MIP) program funded by the National
Science Foundation recently made

its first awards to Pennsylvania State
University and Cornell University, with
the aim to “significantly accelerate mate-
rials research and development,” accord-
ing to an NSF news release.

The institutions will serve as “platforms”
to develop new bulk and thinilm crystal-
line hard materials through state-of-the-art
instrumentation in an environment that
“combines multidisciplinary expertise with
the best tools available, providing access to
the instrumentation, data, and new materi-
als created,” the release explains.

Penn State will focus on developing
new materials for next-generation elec-
tronics that are faster, use less energy, and
can be built on flexible substrates as well
as other applications at its new facility,
the 2-D Crystal Consortium (2DCC).

Cornell University will focus on

the interfaces between oxide-based
and 2-D materials with its Platform

The surface of a bismuth selenide film

shows the triangular layer structure that
is characteristic of 2-D chalcogenide
materials.

American Ceramic Society Bulletin, Vol. 95, No. 4 |

Credit: Joan Redwing, Department of Materials Science and Engineering, Pennsylvania State University

Crim, NSF assistant director for math-
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e News & trends

ematical and physical sciences, says in the
release. “In its first call for proposals, NSF
is focusing on crystal growth, because

the United States has fallen behind in
this area of science after having been a
global leader in material synthesis, which
is essential for advancing basic materials
research and will add to the important
investment the foundation is making in
mid-scale instrumentation.”

Each MIP program awardee will act
as a “nexus of activity” for a focused
research theme, where platforms are
equipped with user facilities, according
to the release. Researchers through-
out the U.S. who also engage in these
areas of research will have access to the
resources, too, to help get their own
work on the fast track to development.

“Without question, one of the most
exciting aspects to these awards will be
to see just how quickly these platforms
can accelerate the pace of materials
development,” Sean L. Jones, NSF mate-
rials research program director, says in
the release. For more information, visit

l.usa.gov/22uldSP. |

Business news

CoorsTek investing $120M in new advanced materials R&D facility

lion R&D facility.

CoorsTek is investing in the future—
and it looks like the future has lots of
advanced materials in it.

The company recently announced
that it is investing $120 million to build
an advanced materials R&D facility in
its headquarters city of Golden, Colo.

“This investment will support the
rapid development of new materials—
helping CoorsTek technology and manu-
facturing customers solve their toughest
challenges with the high-performance
properties of advanced ceramics,”
according to a CoorsTek press release.

Alcoa’s future value-add company to

be named “Arconic” (alcoa.com)...3M
unveils state-of-the-art R&D laboratory at
global headquarters (news.3m.com)...
AGC to build second float-glass production
plant in Brazil (agc-glass.eu)...Toyota
partners in making wind-power hydrogen
for fuel cells (ap.org)...Ames Laboratory
scientists join consortium to research
lightweight materials (ameslab.gov)...
Faraday Future earns first US patent
(faradayfuture.com)...PNNL to give
helping hand to small green-energy busi-
nesses (pnnl.gov)...Alfred engineering
school awarded SUNY funds for ceram-
ics scholar in new center (alfred.edu). ..
Lockheed seeks to lay off up to 1,000
aeronautics workers (lockheedmartin.
com)...Rio Tinto completes sale of inter-

est in Bengalla Joint Venture for $616.7M
(riotinto.com). .. Saint-Gobain to export
refractories from India, set up new

R&D center (saint-gobain.com)...LKQ
Corp announces agreement to acquire
Pittsburgh Glass Works (Ikqcorp.com)...
Asahi to release cover glass with finger-
print recognition sensor (asahi-glass.
com)...Almatis increases production to
service nonmetallurgical alumina markets
(almatis.com)...Seven Refractories start
positively into 2016 (sevenrefractories.
com)...3M and Schuberth to collaborate
on next-gen tech, distribute Ceradyne
helmets (news.3m.com)...Ceralink now
offers fatigue testing for metals (ceralink.
com)...NIST announces funding oppor-
tunity for NNMI Manufacturing Innovation
Institutes (nist.gov) =

Www.ceramics.org

CoorsTek has big plans for its facility in Golden, Colo.—plans that include a $120 mil-

Credit: CoorsTek; YouTube

The facility, called the Center for
Advanced Materials, will house an R&D
hub “outfitted with leading-edge equip-
ment to develop innovative ceramic
materials and processes for a variety of
next-generation applications,” a compre-
hensive analytical laboratory, and a materi-
als manufacturing facility “enabling swift
commercialization and volume production
using the latest technologies in advanced
ceramic processing,” the release states.

Learn more about the new center in
a CoorsTek video available at youtu.be/
kb2QgiVV6EYU. |

Nanostructured glass eternally
stores high volumes of data
in 5-D

Researchers at the University of
Southampton (United Kingdom) have
developed a glass-based 5-D data storage

method with incredibly high capacity
and a near-unlimited lifetime.

Using femtosecond laser writing, the
Southampton researchers create three
layers of nanostructured dots, each 5 pm
apart, in quartz. The size, orientation,
and 3-D position of each nanodot—
together accounting for 5-D—store the
data. To retrieve the data, a polarizer
and optical microscope read the nano-
structures by measuring disruptions to
light polarized through the glass.

Watch the ultrafast laser in action in
a video at youtu.be/OP15blgK50U.

According to a new Southampton
press release, “The storage allows unprece-

| American Ceramic Society Bulletin, Vol. 95, No. 4


http://www.ceramics.org
1.usa.gov/22u1dSP
www.youtu.be/kb2QgiVV6YU
www.alcoa.com
www.news.3m.com
www.agc-glass.eu
www.ap.org
www.ameslab.gov
www.faradayfuture.com
www.pnnl.gov
www.alfred.edu
www.lockheedmartin.com
www.riotinto.com
www.saint-gobain.com
www.lkqcorp.com
www.asahi-glass.com
www.almatis.com
www.sevenrefractories.com
www.news.3m.com
www.ceralink.com
www.nist.gov
www.youtu.be/OP15blgK5oU

Credit: University of Southampton
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The Hol); Bible stored as 5-D data in glass.

dented properties, including 360 TB/disk
data capacity, thermal stability up to
1,000°C, and virtually unlimited lifetime
at room temperature (13.8 billion years
at 190°C), opening a new era of eternal
data archiving.”

Because of the possibility of storing so
much data in such a compact package,
the technology could be used to archive
large collections of data, such as in muse-
ums and libraries. To demonstrate that
value, the Southampton researchers wrote
digital copies of the Universal Declaration
of Human Rights, Isaac Newton’s
Opticks, Magna Carta, and King James
Bible into bite-sized pieces of glass. M

DOE launches $40M effort to
advance materials research for

renewable energy

The United States Department of
Energy recently launched a $40 million
effort to improve materials for clean
energy solutions. The new national-lab-
oratory-led program—called the Energy
Materials Network—will “give American
entrepreneurs and manufacturers a leg

up in the global race for clean energy,”
according a DOE news release.

The Energy Materials Network pro-
gram will focus on design, testing, and
production of advanced materials by
facilitating relationships between science
and industry to give companies more
access to advanced materials innovation
resources available at DOE’s national
laboratories in an effort to bring these
new materials to market faster.

DOE’s Office of Energy Efficiency
and Renewable Energy is funding the
establishment of four initial national-
laboratory-led consortia to “bring

American Ceramic Society Bulletin, Vol. 95, No. 4 |

together national laboratories, industry,
and academia to focus on specific classes
of materials aligned with industry’s most
pressing challenges related to materials
for clean energy technologies,” according
to the release.

* The Lightweight Materials
Consortium (LightMat), led by Pacific
Northwest National Laboratory, will
enable increased vehicle fuel efficiency by
designing specialized alloys and carbon-
fiber-reinforced polymer composites that
can be manufactured on a large scale.

¢ The Electrocatalysis Consortium
(ElectroCat), led by Argonne National
Laboratory and Los Alamos National
Laboratory, will be dedicated to finding
new ways to replace the rare and costly
platinum group metals currently used in
hydrogen fuel cells with more abundant
and inexpensive materials.

¢ The Caloric Cooling Consortium
(CaloriCool), led by Ames Laboratory,
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A new infusion of funding is seeking to
advance materials research for renew-
able energy.

will leverage the laboratory’s capabilities
in the field of “caloric” refrigerant materi-
als to develop, demonstrate, and deploy
these innovative cooling technologies.

¢ One more consortium will be
established later this year, according to
the release. It will focus on developing
new materials to make solar photovoltaic
modules more durable and cost-effective.

For more information, visit 1.usa.

gov/24pywVO. B
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NASA developing quieter, more
fuel-efficient supersonic
commercial jet

NASA’s ambitious 10-year New
Aviation Horizons plan seeks “to design,
build, and fly a variety of flight demon-
stration vehicles, or ‘X-planes.”” The plan
will test several significantly redesigned
aircraft concepts, which, if successful,
could take to the skies around 2020.

“We're at the right place, at the
right time, with the right technologies,”
Jaiwon Shin, associate administrator for
NASA'’s Aeronautics Research Mission
Directorate, says in a NASA press
release. “The full potential of these tech-
nologies can’t be realized in the tube-
and-wing shape of today’s aircraft. We
need the X-planes to prove, in an unde-
niable way, how that tech can make avia-
tion more Earth friendly, reduce delays,
and maintain safety for the flying public,
and support an industry that’s critical to
our nation’s economic vitality.”

The X-planes will test “such things as
lightweight composites; quieter, more
advanced engines; quieter landing gear
and flap mechanisms; shape-changing
wing flaps; and bugresistant coatings,”

according to a Gizmag article. “The agen-
cy says that these have the potential to
save the air industry $225 billion dollars
over a 25-year period.”

An artist’s concept of a possible Low Boom Flight Demonstration
Quiet Supersonic Transport (QueSST) X-plane design.

6

But to save money, sometimes you
have to spend it. This is precisely why
NASA recently announced that it is
spending $20 million to push supersonic
jet travel back into commercial reality.
NASA'’s reimagining of the supersonic
commercial jet is one of the projects
within the New Aviation Horizons plan.

NASA is funding $20 million over
17 months to develop Quiet Supersonic
Technology (QueSST). The funding is
going to a team led by Lockheed Martin
for preliminary design work on a rei-
magined supersonic jet. GE Aviation
(Cincinnati, Ohio) and Tri Models Inc.
(Huntington Beach, Calif.) also are sub-
contractors on the project.

According to a NASA press release,
“The company will develop baseline
aircraft requirements and a preliminary
aircraft design, with specifications, and
provide supporting documentation for
concept formulation and planning.
This documentation would be used to
prepare for the detailed design, build-
ing, and testing of the QueSST jet.
Performance of this preliminary design
also must undergo analytical and wind
tunnel validation.”

So why does NASA think quiet supet-
sonic jets are suddenly possible?

“The trick to making airplanes
quiet is to change the way the air flows
around the airplane,” Juan Jose Alonso,
professor of
aeronautics and
astronautics
at Stanford
University who
worked on the
X-plane design
at NASA head-
quarters from
2006 to 2008,
says in a Wired
article.

That trick
involves elimi-
nating points
that stick out
from the air-

Credit: Lockheed Martin

plane frame,
minimizing

Www.ceramics.org

air disruptions and, hence, minimizing
shockwaves.

The key to successful design for noise
reduction is to attack the problem from
several angles, according to the Wired
article. “That gives them more options,
like trying out different nose shapes to
minimize the leading edge of a shock
wave. They're also looking at putting the
air intake on top rather than underneath
the engine, and entirely eliminating the
forward-facing cockpit window. (Pilots
will navigate with the help of video cam-
eras.) It’s also possible that the airframe
itself might help dissipate shocks rather
than form them.”

NASA scientists have been using 3-D
computer modeling and simulations to
show that by incorporating these design
concepts, the new supersonic X-plane
should be able to reduce the noise level
of its booms to a manageable sound

level of 65-70 dB. W

World’s blackest material
Vantablack now absorbs even
more light

The world’s blackest material,
Vantablack, just got blacker.
The material, which was developed

by United Kingdom company Surrey
NanoSystems a few years ago, consists

of a dense coating of carbon nanotubes
that absorbs nearly all light that hits the
material’s surface. According to the com-
pany, “The near total lack of reflectance
creates an almost perfect black surface.”

But apparently Surrey NanoSystems
was not happy with the almost-perfect
status of its black material-the company
recently revealed that it has slightly
improved its blackest black material to
be even blacker.

According to the company, the new
version of Vantablack absorbs so much
light that it cannot even be measured by
spectrometers. The company provides no
additional information on exactly what it
did differently to make the new version of
Vantablack its blackest yet, however.

Watch the new material’s incred-
ible light-trapping power in the Surrey

American Ceramic Society Bulletin, Vol. 95, No. 4
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Vantablack coated onto a piece of wrinkled aluminum foil looks more like nothing than

anything else.

NanoSystems video at youtu.be/
O0CYc_mC3Uo.

But, in general, how does Vantablack
suck up such a vast majority of the light
that hits its surface?

Surrey NanoSystems grows
Vantablack surfaces via chemical vapor
deposition of carbon nanotubes that
measure just 20 nm in diameter and
stretch out in length 14-50 pm. And
Vantablack’s thin and long carbon
nanotubes are tightly packed—Surrey
NanoSystems says that “a surface area of
1 em? would contain around 1,000 mil-
lion nanotubes.”

According to the company, the
lengths of the tubes in relation to their
small diameters and the space surround-
ing them are what make the material so
effective at trapping light, forcing it to
bounce around among the nanotubes.

The materials’ nanostructure traps
light so well that it barely escapes—less
than 0.036% of light is reflected from the
surface (of the original Vantablack)—mak-
ing a coating of the material look more
like nothing than like anything else.

And according to an article from
The New York Times detailing an inter-
view with Surrey chief tech officer Ben
Jensen, Vantablack has a production
advantage that makes the material prom-
ising for diverse applications—growing

American Ceramic Society Bulletin, Vol. 95, No. 4

carbon nanotubes at lower temperatures.

“Growing carbon nanotubes isn’t
new,” Jensen says in the article. “But typi-
cally they've been grown at a very high
temperature: 750 degrees centigrade. That
would destroy most underlying materials,
so they grew them on things like silicon,
diamond, and sapphire, which can stand
high temperatures. We're building on
work to grow nanotubes at a lower tem-
perature for microelectronics.”

But Vantablack’s impressive proper-
ties do not stop there.

According to a 2015 press release
from the United Kingdom’s National
Physical Laboratory, which measured
the material’s officially recorded light
reflectance, “Vantablack has the highest
thermal conductivity and lowest mass-
volume of any material that can be used
in high-emissivity applications. It has
virtually undetectable levels of outgassing
and particle fallout, thus eliminating a
key source of contamination in sensitive
imaging systems. It withstands launch
shock, staging, and long-term vibration,
and is suitable for coating internal com-
ponents, such as apertures, baffles, cold
shields, and microelectromechanical-
systems-type optical sensors.” M
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Credit: Surrey NanoSystems
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® acCers spoftlight

Welcome to our newest
Corporate Members!

ACerS extends appreciation to orga-
nizations that have joined the Society
as Corporate Members. For more

information on becoming a Corporate
Member, contact Kevin Thompson

at kthompson@ceramics.org, or visit
ceramics.org/corporate.
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ACerS Section events and
happenings

Stay on top of upcoming events

for your Section. Having a Section
meeting or event soon! Contact
Stephanie Liverani at sliverani@
ceramics.org to include yours in the
next issue of the ACerS Bulletin.

June 8, 2016

Southwest Section: Hilton
Birmingham Perimeter Park Hotel
- Birmingham, Ala.; ceramics.org/
sections/southwest-section

ACerS and GOMD announce 2016 lecture awards at May Meeting

ACerS and the Glass and Optical
Materials Division will honor its 2016
lecture award recipients during ACerS
GOMD meeting, May 22-26, in
Madison, Wis. For more information
about the award lecturers, visit ceram-
ics.org/glass-optical-materials-division-
2016-award-speakers.

Stookey Lecture of Discovery

Monday, May 23, 8 a.m.
David L. Griscom,
impactGlass research
international, The life and
unexpected discoveries of an

; intrepid glass scientist
Griscom

George W. Morey Award

Tuesday, May 24, 8 a.m.
Hellmut Eckert, Institute
of Physics in Sdo Carlos,
University of Sao Paulo,
Brazil & Institute of
Physical Chemistry,
University of Miinster,
Germany, Spying with spins on messy mate-
rials: 50 years of glass structure elucidation

by NMR spectroscopy

Norbert J. Kreidl Award for Young Scholars
Tuesday, May 24, Noon
Lan Li, postdoctoral associ-
ate in the department of
materials science and engi-
neering at Massachusetts
Institute of Technology,
Materials and devices for
mechanically flexible integrated photonics

Darshana and Arun Varshneya

Frontiers of Glass Science Lecture
Wednesday, May 25, 8 a.m.
Matteo Ciccotti, professor
| of mechanics and phys-
 ics of materials at Ecole
Supérieure de Physique

et Chimie Industrielles

Ciccotti

Www.ceramics.org

de la Ville de Paris (ESPCI Paristech,
France), Multiscale investigation of stress-
corrosion crack propagation mechanisms in
oxide glasses

Darshana and Arun Varshneya

Frontiers of Glass
Technology Lecture
Thursday, May 26, 8 a.m.
Matthew J. Dejneka,
research fellow, Corning
Glass Research Group,
Chemically strengthened

\"
Dejneka

glasses and glass-ceramics

Engineering Ceramics Division
secretary nominations due

August 15

The ECD Nominating Committee
invites nominations for the incom-

ing division secretary candidate for
2016-2017 to be presented for approval
at the ECD Annual Business meeting at
MS&T16 and to go on the ACerS annu-
al division officer ballot in spring 2017.
Nominations and a short description

of the candidate’s qualifications should
be submitted by August 15 to Junichi
Tatami, Yokohama National University,
Japan, chair of the ECD Nominating
Committee (tatami@ynu.ac.jp); Hua-
Tay Lin, Guangdong University of
Technology, China (huataylin@comcast.
net); or Vojislav V. Mitic, University of
NIS, Serbia (vmitic.d2480@gmail.com).
For more information, visit ceramics.
org/divisions.

In memoriam

Derek Albon
John Storer-Folt
Raymond P. Heilich

Some detailed obituaries also can be found
on the ACerS website,
ceramics.org/in-memoriam.
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Names in the news

Edwards named dean at Rochester Institute of
Technology
ACerS member Doreen Edwards has accepted
the position of dean of the Kate Gleason
College of Engineering at Rochester Institute
of Technology (Rochester, N.Y.) effective July
1, 2016. Edwards has been dean of the Kazuo
Inamori School of Engineering at Alfred
Edwards  University (Alfred, N.Y.) since 2009 and act-
ing vice president for statutory affairs at Alfred since 2014.
Edwards says the decision to leave AU was difficult, but she
is excited about the challenges ahead. “I'm sad to be leaving
Alfred University. It's been my academic home for over 18
years. I look forward to maintaining strong personal and pro-
fessional connections with the faculty, staff and alumni.” The
full press release can be accessed at bit.ly/154B1nR.

Ballato named academician in World Academy of
Ceramics

ACerS member John Ballato, a Clemson
University professor who specializes in making
optical fiber, has been elected an academi-
cian in the World Academy of Ceramics. The
appointment goes to individuals who have

Ballato the advancement of ceramics, culture, science,
and technology. The Academy’s total membership is limited
to about 200 people worldwide. “It’s always humbling to be
recognized by your peers,” Ballato says in a news release. “This
appointment is particularly special because the members come

from all over the world. So many others are equally deserving.”

The full press release can be accessed at bit.ly/1TPC8wc. M

Student contests at MS&T16

made internationally renowned contributions to

The following Material Advantage student contests will be
held at MS&T this year in Salt Lake City, Utah:

¢ Undergraduate Student Poster Contest

¢ Undergraduate Student Speaking Contest

¢ Graduate Student Poster Contest

¢ Ceramic Mug Drop Contest

¢ Ceramic Disc Golf Contest

For more information on any of the contests or student activi-
ties at MS&T, visit matscitech.org/students, or contact Tricia
Freshour at tfreshour@ceramics.org. B
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The Ceramic and Glass Industry Foundation’s first annual report highlights new

student-focused initiatives

The Ceramic and Glass Industry Foundation (CGIF) works to attract,
inspire, and train the next generation of ceramic and glass profes-
sionals. Several programs were launched in 2015 to accomplish
these goals and are highlighted in the CGIF’s forthcoming 2015
Annual Report.

Introducing young people to the world of ceramic and glass materials
is one of the primary goals of the CGIF. Its student outreach programs
promote ceramic and glass science and engineering to middle and
high school students through various initiatives. CGIF volunteers and
staff participate in science fairs and other events nationwide to pro-
mote the opportunities and rewards of a career in this field, including
the 2016 USA Science & Engineering Festival in Washington, D.C.,
which was held April 15-17.

The CGIF reaches out to students by providing teachers with ACerS
Material Science Kits, which provide supplies and lesson plans for
fun, interactive materials science experiments in the classroom.

Another program launched in 2015 is the CGIF University-Industry
Network. Designed to encourage schools around the world to contin-
ue teaching key concepts in ceramic and glass science, this program
provides financial and programmatic resources to key professors at
participating universities to give their students more opportunities to
develop an interest in the field.

The CGIF University-Industry Network also helps connect students

2015 Program Expenses

Student exchanges and travel grants ..................... $ 6,000
B Student outreach ...........ccccoooiviiiiiiiiiniiiii $ 9,000
Bl University-Industry Network............................. .$25,000
Total program expenses ..................ceceveevneennnn.. .$40,000

2015 Funding Sources

P Individuals.......ocoooieiiiiiiie e $ 87,186

with industry leaders who utilize ceramic and glass materials.
Five schools were selected to pilot the program in the 2015-2016
academic year: Alfred University (Alfred, N.Y.), Clemson University
(Clemson, S.C.), The Colorado School of Mines (Golden, Colo.),
Pennsylvania State University (State College, Pa.), and Missouri
University of Science and Technology (Rolla, Mo.).

To help job and internship seekers find the best ceramic and glass
career opportunities, the CGIF launched the Ceramic and Glass
Career Center in 2015 (careers.ceramics.org). The site is promoted to
all members of ACerS, including students and young professionals. It
is the ideal place for employers who utilize ceramic and glass materi-
als to find the most qualified materials students and professionals.

The CGIF also supported student travel grants and exchanges in
2015 to enable students to gain a broad perspective and professional
insight into their chosen career path. The CGIF provided travel assis-
tance to four U.S. students to attend the European Ceramics Society
(ECerS) Summer School in Madrid, Spain, in June 2015. In June
2016, the CGIF will expand the program by offering travel grants to
15 students to attend the ECerS Electroceramics Summer School
June 23-25, in Limoges, France.

The CGIF acknowledges the help and support of its volunteers and
donors. For more information or to get involved, contact Marcus Fish,
CGIF development director, at 614-794-5863. M

Foundations.......ocovuieieinieiinieieiiieieieieieeeeanns $103,500
B Corporations.............uveeuueeeineeiineeiiieeeiinaeeinnns $146,226
Bl ACerS matching gifts ........ooovvuviiininnieeeeeeeeenee. $314,500
Total fUNINg ...o.vvovveveeeeeeeeiesceeieeeeeeeeees $651,412
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Deadlines for upcoming nominations

NEW! Samuel Geijsbeek PACRIM International
Award

This new award recognizes individu-
als who are members of the Pacific Rim
Conference (PACRIM) societies for
contributions to the field of ceramics
and glass technology that have resulted
in significant industrial and/or academic
impact, international advocacy, and vis-
ibility of the field. Two Geijsbeek awards
will be presented at PACRIM 2017. The
Geijsbeek Award consists of a certificate

and $1,000 honorarium.

Glass & Optical Materials: Alfred R. Cooper
Scholars Award

This award recognizes undergraduate
students who have demonstrated excel-
lence in research, engineering, and/or
study in glass science or technology. The
recipient will receive a plaque, a check for

$500, and free MS&T registration.

Electronics: Edward C. Henry Award

This annual award recognizes an out-
standing paper reporting original work
in the Journal of the American Ceramic
Society or the ACerS Bulletin during the
previous calendar year on a subject relat-
ed to electronic ceramics. The author(s)
will be presented with a plaque and
$500 (split between authors).

Electronics: Lewis C. Hoffman Scholarship

The purpose of this $2,000 tuition
award is to encourage academic interest
and excellence among undergraduate
students in the area of ceramics/materials
science and engineering. The 2016 essay
topic is: electronic ceramics for electrical
or electromagnetic energy control.

Engineering Ceramics Division: James I.
Mueller Award

This award recognizes the accomplish-
ments of individuals with long-term
service to ECD or work that has resulted
in significant industrial, national, or aca-
demic impact in the field. Selection can
be based on either criterion. The awardee

American Ceramic Society Bulletin, Vol. 95, No. 4 |

receives a memorial plaque, certificate,
and honorarium of $1,000. Contact
Soshu Kirihara at kirihara@jwri.osaka-u.
ac.jp for more information.
Engineering Ceramics Division: Bridge Building
Award

This award recognizes individuals outside
the United States who have made outstand-
ing contributions to engineering ceram-
ics. The main criteria are the individual's
contributions to the field of engineering
ceramics, including expansion of the knowl-
edge base and commercial use thereof, or
contributions to the visibility of the field
on an international stage. Award selection
can be based on either criterion. The award
consists of a glass piece, certificate, and an
honorarium of $1,000. Contact Andrew
Gyekenyesi at Andrew.L.Gyekenyesi@nasa.
gov for more information.
Engineering Ceramics Division: Global Young
Investigator Award

This award recognizes an outstanding
scientist conducting research in academia,
industry, or at a governmentfunded labo-
ratory. ACerS members 35 years of age or
younger are eligible for consideration. The
award consists of a glass piece, certificate,
and $1,000. Contact Jingyang Wang at
jywang@imr.ac.cn for more information.

2017 ACerS Class of Fellows

Nominees need to be at least 35 years
old and have been members of the Society
at least for the past five years continuously.
Be sure to adhere to nomination and sup-
port letter length guidelines—nominations
that do not conform will be returned.
Scanned and faxed signature forms are
permitted in lieu of original mailed signa-
ture forms. Previously submitted nomina-
tions may be updated, as long as they do
not exceed length limitations.

Additional information and nomi-
nation forms for these awards can be
found at ceramics.org/awards. Contact
Marcia Stout at mstout@ceramics.org
with any questions. M

WWww.ceramics.org

CALL FOR CONTRIBUTING
EDITORS FOR ACERS-NIST
PHASE EQUILIBRIA
DIAGRAMS PROGRAM

Professors, Researchers,
Retirees, Pc

t-Docs, and
udents ...

The General Editors
/i
of the reference series
Phase Equilibria Diagrams
are in need of individuals
',% from the ceramics commu-
nity to critically evaluate
published articles containing
phase equilibria diagrams.
Additional contributing editors
are needed to edit new phase
diagrams and write short commen-
taries to accompany each phase
diagram being added to the reference
series. Especially needed are persons
knowledgeable in foreign languages
including German, French, Russian,
Azerbaijani, Chinese, and Japanese.
RECOGNITION:
The Contributing Editor’s initials will
accompany each commentary written for
the publication. In addition, your name
and affiliation also will be included on the
Title Pages under Contributing Editors.

QUALIFICATIONS:

General understanding of the Gibbs
phase rule and experimental procedures
for determination of phase equilibria dia-
grams, and/or knowledge of theoretical
methods to calculate phase diagrams.

COMPENSATION for Papers
Covering One Chemical System:
$150 for the commentary, plus $10 for

each diagram.

COMPENSATION for Papers Covering
Multiple Chemical Systems:

$150 for the first commentary, plus $10
for each diagram.

$50 for each additional commentary, plus
$10 for each diagram.

FOR DETAILS PLEASE CONTACT:
Mrs. Kimberly Hill

NIST

Gaithersburg, MD 20899-8524, USA
301-975-6009 | phase2@nist.gov
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This article first appears exclusively in the Bulletin, and can later be found online on Ceramic Tech Today.

Visualizing atoms at grain
boundaries: Atom probe
tomography gets into oxides

For such a small thing, grain
boundaries are big.

“Grain boundaries are important
because they dominate the properties
of many ceramics—this is inconvenient,
because grain boundaries typically
make up only a fraction of the volume
compared with bulk properties,” Brian
Gorman, associate professor of metal-
lurgical and materials engineering at
Colorado School of Mines (Golden,
Colo.), explains via email.

Grain boundaries influence a host
of material attributes, including a
material’s thermal, electrical, optical,
magnetic, and mechanical properties.

Gorman and a team of research-
ers at Colorado School of Mines and
the University of Florida are well on
their way to solving grain boundaries’
secrets, however. The team recently
achieved unprecedented atom-by-
atom visualization of the chemical
composition of grain boundaries.

In addition to providing maps
of the atoms that reside at grain
boundaries, the results provide direct
insight into how local charges influ-
ence a material’s ionic conductiv-
ity—results that could help tune a
material’s nanoscale composition to
optimize macroscale properties.

The work, recently reported in
the Journal of Materials Chemistry A,
describes how the team used atom
probe tomography (APT) to 3-D
quantify oxygen and cation composi-
tions at grain boundaries within a
polycrystalline material.

APT uses a laser to evaporate
atoms from a sharp-tipped sample of
material, using a sensitive detector to
resolve individual atoms with high
detection efficiency. Although APT
previously has been used to quantify
grain boundaries in metallic materi-
als, its application to oxide materials
has been less straightforward.
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(left) Brightfield TEM image of the atom probe specimen, overlaid onto

an APT data reconstruction locating s

ilicon impurities. (center) 3-D volume

reconstruction (and corresponding 1-D composition profile, below) illus-

trates excess neodymium dopants an
boundary. (right) Quantification of 3-
age at the grain boundary.

But not anymore—the team 3-D-
quantified impurity cations and oxy-
gen stoichiometry with subnanometer
resolution in neodymium-doped
ceria, a material with important
energy applications.

Beyond this feat of atomic resolu-
tion, the team also quantified space
charge voltage at grain boundaries
and related it to ionic conductivity.
In other words, the scientists showed
that they can directly correlate
structural measurements to material
properties. “This ‘closes the loop’ on
processing-structure-property rela-
tionships,” Gorman says.

The results represent the first time
that researchers have measured 3-D
oxygen stoichiometry at subnanome-
ter spatial resolution—information
that can associate defect chemistry
at the nanoscale, which again ties
together with macroscale properties,
Gorman adds.

But the results did not come
overnight.

“In order to accomplish this work,
we had to first prove that we could
determine oxygen concentrations
quantitatively using laser-assisted
atom probe tomography. We accom-
plished this over several years and,
using experimental data, tied in to

www.ceramics.org |

d substoichiometric oxygen at the
D charge distribution and, thus, volt-

finite-element models of the atom
probe experiment.”

But the scientists did not stop there.
They did their due diligence, making
sure that they were on the right track.

Gorman continues, “We also
had to prove that the oxygen stoi-
chiometry changes we were observ-
ing were indeed associated with
grain boundaries, so we performed
correlative transmission electron
microscopy imaging before and after
APT experiments—again which we
have been working on for more than
eight years. Finally, we put together
mathematical formalisms to convert
3.D APT data first into charge distri-
butions and then into voltage distri-
butions using a 3-D solution to the
Poisson equation.”

Altogether, the results give the team
confidence that what they have is the
real deal. “We are now very comfort-
able with the whole process and believe
we can analyze grain boundaries in vir-
tually any oxide,” Gorman says.

The paper, published in the
Journal of Materials Chemistry A, is
“Three-dimensional quantification
of composition and electrostatic
potential at individual grain boundar-
ies in doped ceria” (DOI: 10.1039/
C5TA10064]). ™
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Go thin or go home: Scientists create world’s thin-
nest lens that could revolutionize consumer tech

When it comes to developing ultrathin lenses, scientists at
Australian National University (Canberra, Australia) may have
changed the game. The team created what it describes as “the
world’s thinnest lens, one two-thousandth the thickness of a
human hair,” which could revolutionize flexible computer displays
and miniature cameras, according to a recent ANU press release.

Lead researcher Yuerui Lu from ANU Research School of
Engineering says the team’s discovery hinged on the remarkable
potential of molybdenum disulfide crystals.

Molybdenum disulfide is a chalcogenide compound with
interesting properties for high-tech applications because of its
flexible electronic characteristics. “This type of material is the
perfect candidate for future flexible displays,” Lu says in the
release. “We will also be able to use arrays of microlenses to
mimic the compound eyes of insects.”

The team created its new ultrathin lens from a 6.3-nm-thick
crystal—nine atomic layers—which it peeled off a larger piece of
molybdenum disulfide with sticky tape. The team then made
a 10-um-radius lens using a focused ion beam to shave off the
layers, atom by atom, until it fashioned the lens into a dome
shape, according to the release.

“Molybdenum disulfide is an amazing crystal,” Lu adds. “It
survives at high temperatures, is a lubricant, a good semiconduc-
tor, and can emit photons, too. The capability of manipulating
the flow of light in atomic scale opens an exciting avenue toward
unprecedented miniaturization of optical components and the
integration of advanced optical functionalities.”

The team also discovered that single layers of molybdenum
disulfide—0.7-nm-thick—had remarkable optical properties,
appearing to a light beam to be 38 nm, or 50 times thicker.
Known as “optical path length,” this property determines the
phase of light and governs interference and diffraction of light
as it propagates, the release explains.

For comparison’s sake, molybdenum disulfide crystals’ refrac-
tive index—the property that expresses how many times faster light
travels in a vacuum than in does in a specific material—has a high

Research News

Collaboration boosts potential for CdTe solar cells

Scientists at the National Renewable Energy Laboratory (Golden, Colo.)
collaborated with researchers at Washington State University (Pullman,
Wash.) and University of Tennessee (Knoxville, Tenn.) to improve maximum
voltage available from a cadmium telluride (CdTe) solar cell, which is
a key factor in improving solar cell efficiency. The team improved cell
voltage by placing a few phosphorus atoms on tellurium lattice sites and
then carefully forming ideal interfaces between materials with different
atomic spacings to complete the solar cell. This approach improved
conductivity and carrier lifetime by orders of magnitude, thereby enabling
the fabrication of CdTe solar cells with an open-circuit voltage that broke
the 1-V barrier for the first time. For more information, visit nrel.gov.
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Yuerui Lu (left) and Jiong Yan (right) from ANU Research
School of Engineering examine what they describe as “the
world’s thinnest lens, one two-thousandth the thickness of a
human hair.” The lens is the purple circle that appears on the
screen in the foreground.

value of 5.5. That significantly outshines the refractive index of
diamond (2.4) and water (1.3).

Looks like the solution to next-generation ultrathin lenses is
crystal clear.

The open-access paper, published in Light: Science and Appli-
cations, is “Atomically thin optical lenses and gratings” (DOI:
10.1038/15a.2016.46). B
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This article first appears exclusively in the Bulletin, and can later be found online on Ceramic Tech Today.

Bringing the bounce: Unusual
chemical structure gives new
metallic glass material its
elasticity

bulletini:

Engineers at the University of
Southern California (Los Angeles);
the University of California, San
Diego; and the California Institute of
Technology (Pasadena) have created
a new metallic glass material with an
unusual chemical structure that makes
it incredibly hard and vet elastic,
according to a USC News article.

The material, called SAM2X5-630,
can withstand heavy impacts without
deformation, the article explains.
And it retains most of its original
strength when pushed beyond its
elastic limits without fracturing.

SAM2X5-630 falls into the cat-
egory of “bulk metallic glasses” or
BMG:s, artificially generated materi-
als that possess disproportionate
strength, resilience, and elasticity
because of their unusual chemical
structure, according to the article.

“Typical metals and metal alloys
have an organized, crystalline structure
at the atomic level. BMGs are formed
when metal and metal alloys are sub-
jected to extreme heat and then rapidly
cooled, exciting their atoms into disor-
ganized arrangements and then freez-
ing them there,” the article explains.

To create SAM2X5-630, the team

heats powdered iron composite to

Research News

630°C (1,166°F) and then rapidly
cools it. The team uses a spark plasma
sintering process in which the iron
compound is powdered, placed in

a graphite mold, and zapped with a
current under pressure, the article
explains. The technique superheats the
powdered iron enough to bind it with-
out liquefying it.

Spark plasma sintering saves time
and money. “You can produce mate-
rials that normally take hours in an
industrial setting in just a few min-
utes,” Olivia Graeve, ACerS member
and professor of mechanical engineer-
ing at the Jacobs School of Engineering
at UC San Diego, says in a UC San
Diego news release. Graeve led design
and fabrication work on the material.

But, what makes SAM2X5-630
particularly interesting is that it is not
wholly a glass. The team found that
controlling the exact amount of heat
and timing to create the material is
the key to its unique properties. If the
same iron composite is heated and
cooled at even slightly different tem-
peratures or rates, a totally different
atomic structure results that does not
have the same elastic properties.

According to the UC San Diego
news release, a 1.5- to 1.8 mm-thick
piece of SAM2X5-630 has a Hugo-
niot elastic limit of 11.76 + 1.26 GPa.
“By comparison, stainless steel has
an elastic limit of 0.2 GPa, while that
of tungsten carbide (a high-strength
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Transmission electron microscopy
image showing various levels

of crystallinity embedded in the
amorphous matrix of the alloy.

ceramic used in military armor) is 4.5
GPa.”

“It [SAM2X5-630] has almost no
internal structure, like glass, but you
see tiny regions of crystallization,”
Veronica Eliasson, assistant profes-
sor at the USC Viterbi School of
Engineering and lead author of the
research, says in the article. “We
have no idea why a small amount
of crystalline regions in these bulk
metallic glasses makes such a big dif-
ference under shock loading.”

The unique qualities of SAM2X5-
630 make the material widely appli-
cable for use in protective shields,
such as body armor for soldiers and
meteor-resistant casings for satellites.

The open-access paper, pub-
lished in Scientific Reports, is “Shock
wave response of iron-based in situ
metallic glass matrix composites,”

(DOI:10.1038/srep22568). |

DFG launches German—Russian cooperation in materials research

The German Research Foundation (DFG) and Russian Foundation for
Basic Research will fund a new project to establish a transnational
German—Russian research group. The group will include 25
participating scientists from TU Dresden and TU limenau in Germany
and universities in Yekaterinburg, Moscow, and Perm, Russia. The
program’s goal is to create magnetically controlled elastic materials
and to use them for customized sensory applications. Russian research
groups will contribute expertise in the theory of magnetic hybrid
materials. German groups will focus on mechanical and magnetic
characterization, microstructure analysis, and technical application of
these novel materials. For more information, visit tu-dresden.de.

14

Three-way catalysts: Cool way to make catalytic converters

Advanced Institute for Materials Research (Tohoku University, Japan)
researchers have developed a new, mild-temperature method for producing
cerium oxide nanorods. The nanorods show excellent oxygen storage
capacity at temperatures below 200°C, making them promising for use
as catalysts to control harmful vehicle emissions. The team adopted a
method that involves corrosion of ribbons of cerium—aluminum alloys in an
alkaline medium. In this reaction, aluminum is leached, whereas cerium
is oxidized. Importantly, this reaction occurs under mild conditions, which
allow fabrication of fine nanorod structures with diameters of ~5—7 nm. For
more information, visit research.wpi-aimr.tohoku.ac.jp.
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This 2-D material could upstage graphene in the
digital tech game

Graphene has a lot going for it. But now there is a new one-
atom-thick material that could boot graphene from its seat as
the wonder material to advance electronic tech.

A physicist at the University of Kentucky (Lexington, Ky.),
working in collaboration with scientists from Daimler in
Germany and the Institute for Electronic Structure and Laser
(IESL) in Greece, has discovered a new material “made up of
silicon, boron, and nitrogen—all light, inexpensive, and Earth-

abundant elements,” according to a university news release. To
boot, this material is extremely stable—a property many other
graphene alternatives lack.

“We used simulations to see if the bonds would break or
disintegrate—it didn’t happen,” senior author Madhu Menon,
physicist in the University of Kentucky Center for Computa-
tional Sciences, says in the release. “We heated the material up
to 1,000 degrees Celsius, and it still didn’t break.”

Graphene’s strength and unique properties put the material
in a class of its own, but it has a downside: It is not a semicon-
ductor, and, because of that, it has not been able to compete
in the digital tech industry, the release explains.

Researchers on the quest to discover new 2-D semiconduct-
ing materials have relied on a class of three-layer materials
called transition-metal dichalcogenides (TMDCs), which can
be made successfully into digital processors. But TMDCs pres-
ent significant bulk compared with wafer-thin graphene—and
they are made of materials that are not readily available or
necessarily cheap.

Menon and his colleagues set their sights on finding an
alternative that is light, Earth-abundant, inexpensive, and can
act as a semiconductor. After many tests and experiments, they
uncovered the right combination of silicon, boron, and nitro-
gen to create a stable structure that was arranged in the same
hexagonal molecular pattern as graphene.

Although the new material is metallic, like graphene, it can
transform into a semiconductor easily by attaching other ele-

Atomic vibrations in nanomaterials

Atomic vibrations, or “phonons,” are responsible for how electric charge and
heatis transported in materials. Researchers at ETH Zurich in Switzerland have
shown for the first time what happens to atomic vibrations when materials are
nanosized and how this knowledge can be used to systematically engineer
nanomaterials. Their work shows that when materials are smaller than ~10—
20 nm, vibrations of the outermost atomic layers on nanoparticle surfaces
are large and are important in how the material behaves. For example, the
researchers show—using experiment and theory—that surface vibrations
interact with electrons to reduce the photocurrent in solar cells. For more
information, visit ethz.ch/en/news-and-events.
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Reseqrchers have developed a promising new 2-D mqterlal

ments on top of the silicon atoms—a property that offers the
“exciting possibility of seamless integration with the current
silicon-based technology,” the release explains.

And the attachment of other elements can be used to selec-
tively change bandgap values—a major advantage over graphene
when it comes to solar energy conversion and electronics appli-
cations, according to the research.

“We are very anxious for this to be made in the lab,”
Menon says. “The ultimate test of any theory is experimental
verification, so the sooner the better!”

A video featuring the new material and how it could
upstage graphene is available at youtu.be/1Kc_PbTD5go.

The paper, published in Physical Review B, Rapid Communica-
tions, is “Prediction of a new graphene-like Si2BN solid” (DOI:
10.1103/PhysRevB.93.081413). M
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Redesigned micro solid oxide fuel cell may provide more power, less charging, to small

consumer electronics

Despite significant advancements in
solid oxide fuel cell (SOFC) technol-
ogy, these power sources continue to be
plagued by problems that inhibit their
viability for many commercial uses.

One big problem is that many cut-
rent designs use silicon to support the
cell’s internal membranes, but these cells
eventually suffer from degradation and
instability because of thermal expansion
mismatch between those materials. This
instability limits use of SOFCs in devices
that require fast switching between on
and off (i.e., most electronic devices).

Researchers at Pohang University of
Science & Technology (POSTECH) in
South Korea have developed a micro-
sized SOFC that sidesteps silicon’s
problems, instead using a much more
thermally and mechanically robust sup-
port—porous stainless steel, which signifi-
cantly improves the cell’s thermal and
mechanical stability.

“To the best of our knowledge, this is
the first demonstration of the ability of
the thermal robustness of a micro-SOFC,
which never has been attained in many
conventional silicon-based devices,” the
authors write in the open-access Scientific
Reports paper describing their work.

The team thinks its development could
help usher these bitesized power sources
into consumer electronic devices, including
smartphones, laptops, drones, and more.

To build the novel microSOFC, the
POSTECH scientists deposited a dual layer
substrate on porous stainless steel. They
first deposited a contact layer made of a
combination of (La, Sr)(Ti, Ni)O, (LSTN)
and yttria-stabilized zirconia (YSZ) (LSTN-
YSZ) on the stainless steel. Then, on top of
the contact layer, the scientists deposited a
gastight YSZ thinAfilm electrolyte.

But it was not easy—according to first
author Kun Joong Kim, depositing the
thin-film components over steel posed
the biggest challenge in developing the
microcell.

Although perfecting the recipe was
not simple, the team’s efforts paid off.
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Researchers have developed a new micro solid oxide fuel cell supported on stainless
steel. (a) Schematic of the cell’s thin films supported on porous stainless-steel substrate.
(b) Prototype cell. Cross-sectional SEM images of (c) Pt/LSC/YSZ (inset: magnified view
of Pt/LSC), (d) YSZ/Ni-YSZ/LSTN-YSZ, and (e) LSTN-YSZ contact layer.

The combination of materials allowed
researchers to fabricate a cell with a total
area of 78 mm? that exhibited “good
mechanical stability, ease of handling,
and flexibility,” the authors write in the
paper.

And, because they fabricated the cells
using tape casting-lamination-cofiring,
which is typically used to fabricate larger
SOFCs, the scientists say that commer-
cial scale-up should be feasible. “For
larger cells, we will either modify the
thin-film deposition method or adopt
new thick-film cell components and fir-
ing processes,” Kim says in an email.

The authors report that their experi-
ments show that the prototype micro-
SOFC performed well, exhibiting a peak
power of 560 mW/cm? at 550°C.

But to really put the cell to the test, the
authors subjected it to rigorous thermal

cycling—between 350°C and 550°C, up

Www.ceramics.org

to 15°C/min, for 6 h. Even those stress-
ful conditions failed to cause measurable
degradation or appearance of cracks or
delamination, the authors report.

They write in the paper, “We specu-
late that the porous but ductile [stainless
steel] substrate may absorb the thermo-
mechanical stress caused by sealants or
the alumina tube during thermal cycles.”

The researchers speculate that such
micro-SOFCs will be able to power small
portable electronic devices that require
high power density and fast thermal
cycling. For example, they say the cells
could fly drones for more than an hour
and power smartphones for an entire week.

The open-access paper, published in
Scientific Reports, is “Micro solid oxide
fuel cell fabricated on porous stain-
less steel: A new strategy for enhanced
thermal cycling ability” (DOI: 10.1038/
srep22443). W
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Heating up rust could make large-scale solar power
storage possible

Commercialized solar energy use in the United States spiked
33% in 2014, thanks to soaring solar industry expansion. Its appli-
cations are becoming more widespread as the world moves to a

cleaner energy future. But, the challenge facing researchers to date
has been mastering efficient capture and storage of solar power.

Researchers at Stanford University (Stanford, Calif.) recently
found that ordinary metal oxides, such as rust, can be made into
solar cells capable of splitting water into hydrogen and oxygen,
according to a Stanford News report.

“Using solar cells to split H,O by day is a way to store energy
for use at night. The photons captured by the cell are converted
into the electrons that provide the energy to split water,” the
release explains. “Recombining hydrogen and oxygen after dark
would be a way to reclaim that energy and ‘dispatch’ power back
into the electrical grid—without burning fossil fuels and releasing
more carbon into the atmosphere.”

Metal oxide solar cell potential is not a novel concept—but it is
less efficient than a silicon solar cell when it comes to photon to
electron conversion.

The Stanford team found that “as metal oxide solar cells grow
hotter, they convert photons into electrons more efficiently. The
exact opposite is true with silicon solar cells, which lose efficiency
as they heat up,” the report explains.

“We've shown that inexpensive, abundant, and readily processed
metal oxides could become better producers of electricity than was
previously supposed,” William Chueh, assistant professor of materi-
als science and engineering at Stanford, says in the report.

This new and surprising breakthrough could mean major
changes in how we produce, store, and consume energy, with more
efficiency and costeffectiveness than we ever thought possible.

“By combining heat and light, solar water-splitting cells based
on metal oxides become significantly more efficient at storing the
inexhaustible power of the sun for use on demand,” says Chueh.

The study, published in Energy and Environmental Science, is
“Significantly enhanced photocurrent for water oxidation in mono-
lithic Mo:BiVO,/SnO,/Si by thermally increasing the minority car-
rier diffusion length” (DOI: 10.1039/C6EE00036C). M
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Rust could be the surprising key to large-scale solar power
storage, according to new research from Stanford University
researchers.
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Ancient glass artifacts provide a surprisingly rich

source of analogues to study long-term mechanisms
of glass alteration for design of new glasses for
nuclear waste disposal.

How does glass alter with
time! For the last hun-

dred years this has been an important
question to the fields of object conser-
vation and archeology to ensure pres-
ervation of glass artifacts.! This same
question is part of the development
and assessment of durable glass waste
forms for the immobilization of nucle-
ar wastes. Researchers have designed
experiments ranging from simple to
highly sophisticated to answer this
question and, as a result, have gained
significant insight into the mechanisms
that drive glass alteration. However,
gathered data have been predominately
applicable to only short-term altera-
tion—i.e., over the course of decades.

Long-term mechanisms of glass alteration have
remained elusive.? These mechanisms are of par-
ticular interest to the international nuclear waste
glass community, because it strives to ensure that
vitrified products will be durable for thousands
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A sample from the Broburg site in Sweden. Cutaway shows molten
areas of the sample; solid areas show unreacted material.

to tens of thousands of years. For
the past three decades, this com-
munity has been attempting to fill
this research gap by partnering with
archeologists, museum curators,
and geologists to identify hundred-
to million-year-old glass analogues
that have altered in environments
(Figure 1) representative of those
expected at potential nuclear waste
disposal sites. Even with these part-
nerships, the process of identifying
a waste glass relevant analogue is
challenging; it requires scientists

to relate data collected from short-
term laboratory experiments to
observations made from long-term
analogues and extensive geochemi-
cal modeling.

Choosing an appropriate ana-
logue: Initial considerations

When initially approaching the
challenge of determining a glass
alteration analogue, one could
choose to limit the types of glasses to
those that have compositions similar
to nuclear waste glasses. Although it
is very unlikely that an analogue will
have exactly the same composition as
a nuclear waste glass, it is important
to study glasses that contain similar
mass percentages of the baseline
oxides of silica, aluminum, sodium,
and, if possible, boron.

The difficulty of finding a one-to-
one analogue is in part due to the
complex elemental composition of
nuclear waste. In general, the two
most common types of vitrified
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Ensuring longevity:
Ancient glasses help predict
durability of vitrified nuclear waste

By Jamie L. Weaver, John S. McCloy, Joseph V.
Ryan, and Albert A. Kruger

nuclear wastes are low activity waste
(LAW) and high-evel waste (HLW).
Classification of these wastes is most
often based on present radionuclides
and regulations regarding how these
radioactive elements are immobilized
and isolated from the environment.
Additionally, researchers further
distinguish glasses by their relative
elemental concentrations.

For U.S.-based LAW glasses,
baseline components are typically
~45 mass% SiO, and ~20 mass%
Na,O, mixed with ~6 mass%
ALO,, ~9 mass% B,O,, and ~20
mass% of other waste-derived
oxides. Alternatively, U.S.-based
HLW glasses contain ~30-55
mass% SiO,, ~15-20 mass%
Na,O, ~4-22 mass% AL O,, and
~5-20 mass% B,O,, with other
oxides comprising the balance,
either added in the frit or from
the waste stream. HLW glasses also
may contain more iron than LAW
glasses. Depending on the origin
of the waste stream—i.e., industrial
waste from used nuclear fuel repro-
cessing or legacy defense nuclear
waste—these other elements can vary
widely in identity, concentration,
and oxidation state.

Once a waste glass of interest
is identified and its compositional
range defined, then it is possible to
begin looking for an appropriate
analogue or set of analogues (Figure
1). An ideal analogue, as stated above,
should contain most, if not all, of the
main elements in the waste glass in
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Capsule summary

THE CHALLENGE

Studying how glass alters over time, especially
large spans of time, is a challenging research
problem. However, thorough understanding of
these mechanisms is critical for prediction and
design of glasses that can safely store nuclear
waste for long periods of time.

Basaltic/rhyolithic
glasses

« = million years

WHAT’S OLD IS NEW AGAIN

Ancient artifacts represent a rich source of ma-
terial to study long-term glass alterations under
various environmental and exposure conditions.
Although artifacts often have compositions
different from new glasses, they offer many
potential analogues for study.

Iren slag
* up to ~ 3,000 years

Roman glasses

FUTURE MODELS

Better understanding of long-term glass
alteration allows more accurate prediction of the
performance of vitrified nuclear waste to help
develop waste glasses that will be durable for
many millenia.

Ages of anclent glasses versus the certiflable
period for nuclear waste glass (not to scale)

*up to 2,000 yaars

__—

MNuclear waste glasses
+ Cartify up to ~10,000 years

mass% that fall within the composition
range defined for the waste glass. Many
previously studied analogues (see below)
have two or three of the main elements
of their corresponding waste glasses. In
these cases, a second set of analogues that
contains the relevant mass% of the other
primary elements—and do not deviate
more than a few mass% of the other ele-
ments—could be identified and studied.
Combining both data sets could allow a
researcher to develop a well rounded view
of how major elements affect the long-term
durability of waste glass.

Additionally, studying two or more
analogues may provide insight into
how a slight change in composition
affects the overall durability of a sample.
Understanding these interactions is
important because glasses produced dur-
ing vitrification often vary slightly from
one melt batch to the next. These differ-
ences in composition are intentional and
are designed to accommodate the special
chemistry of a particular waste stream and
to efficiently incorporate the waste ele-
ments into the glass.

Parallel to selecting an analogue that
has a similar composition as the waste
glass of interest, it also is important
to choose an analogue that has been
altered under relevant conditions. This
is because how a glass alters can be
partially determined by its altering envi-
ronment.’ A candidate glass analogue
should come from alteration environ-
ments similar to those that have been
suggested or chosen for the disposal of
nuclear waste glasses. Disposal areas are
often designed to have engineered barri-
ers, such as clay and granite, which will

American Ceramic Society Bulletin, Vol. 95, No. 4

HilHort glasses
* up to 2,000 yaars

Medieval glasses
*up to 1,500 yaars

=

Figure 1. Locations
and timeline of various
types of excavated
vitreous materials used
as analogues to study
durability of modern

nuclear waste glasses.

dictate chemistry of the
environment in contact
with the glass.

Analogues are sam-
ples with a past

In addition to the
above considerations,

scientists also collect
information regarding the provenance,
or history, of a possible glass analogue.
They often mine this data from archeol-
ogy, art conservation, and geology jour-
nals, or gather data through interviews
with museum staff, geologists, or archae-
ologists who have studied the glass.
Scientists can then use these findings to
answer three subsequent questions about
the analogue:*

e Is it ethical or feasible to analyze
this glass?

¢ What exsitu factors may have
affected how this glass was altered, and
what effects did they have?

¢ How does studying this glass help
validate current glass alteration models?

Researchers should be aware of any
cultural importance of a possible glass
analogue and should carefully consider
what physical and philosophical effects
any analysis might have on an artifact’s
long-term preservation. Researchers
should ask whether analyzing the glass
will change how it may be interpreted by
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future generations. It is important that
researchers make these considerations
with the advice of conservators, archeolo-
gists, art historians, and museum curators
who specialize in the time period and geo-
graphical area associated with the artifact.
In all cases, an approved analogue
should be analyzed using nondestructive
methods if possible. However, if some
destructive analysis is warranted to obtain
critical information that otherwise could
not be obtained, researchers must consider
additional precautions. For instance, they
should consider how destructive methods
will alter the glass. They should be aware
of what information they are removing
from the object during analysis. They also
need to consider what chemical changes
the analysis technique might induce in
the object, and whether this will impact its
future preservation or interpretation.
Scientists studying the analogue also
should consider how collected data can
help validate or invalidate current glass
alteration models. As stated in question
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Ensuring longevity: Ancient glasses help predict durability of vitrified nuclear waste

three, a scientist should be aware of what
part of the alteration model is being
tested, which requires knowledge of glass
corrosion science and theory.

Scientists should also consider what
effect outside factors may have had on
the alteration of glass analogues. Glass
alteration models are developed from
data collected on controlled experiments,
but analogues are rarely altered under
controlled conditions. Variability in alter-
ation conditions could include annual
changes of the pH of the groundwater
that was in contact with the analogue, or
fluctuations in microbial populations in

Broborg hillfort case study

Archeologists define vitrified forts as stony
fortifications in which a dry-wall structure
has been bound by molten or calcined
materials.® Over the past 60 years, scien-
tists have produced three theories of how
hillforts were vitrified: incidental, or resulting
from cooking-hearth fires, forges, or even
lightning; constructive, meaning materials
were purposefully selected and melted to
fortify dry-wall structures; and destructive,
meaning walls surrounded by organic matter,
such as timber, that was set on fire either by
accident or during an attack.®

In the case of the Broborg hillfort, located near
Uppsala, Sweden, scientists believe that vitrifi-
cation was intentional, and its construction was
completed around 500 CE during the Migration
Period (prior to the Viking age). Several excava-
tions of the site have resulted in evidence of
house foundations, suggesting that at one point
it held a permanent settlement. Walking along
the edge of the partially vitrified wall at the site,
a casual observer will find it initially difficult to
discern rock from vitrified material. However,
Peter Kresten—a geologist who has spent
most of his professional career investigat-

ing vitrified forts—can provide guidance that
makes differences between the two materials
apparent. Atop and between about one-third of
the well-weathered black-and-white-speckled
granite and gneiss boulders lie smooth sec-
tions of amphibolite melt. With further survey
of the site, one can see that the areas where
the boulders were not covered and fused with
vitrified matter are more heavily eroded than
their fortified counterparts. When the dust is
lightly swept away from vitrified sections, one
discovers a slightly cloudy material that ranges
in colors from dark brown to almost clear and,
in some areas, still bears marks of the charcoal
used in its firing.

Amphibolite appears to have played an impor-
tant role in the construction of Broborg and has

20

the soil surrounding a buried analogue.

It can be difficult to know all factors that
might have influenced alteration of an
ancient glass during its history, and it can
be challenging to separate out the effects
of each factor. However, simplified experi-
ments performed in a laboratory setting
can help disentangle these factors.

Data collected in the analysis of ancient
glasses also can be utilized in preservation
and historical interpretation of the arti-
fact itself or similar pieces. For example,
archeologists continue to attempt to gain
an understanding of the methods used to
make glass recovered at the Broborg site in
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Sweden (Figure 2 and sidebar). Scientists
hope that further analysis of ancient glasses
may uncover redox conditions used by
these ancient peoples and demonstrate a
connection between iron working from
that time and creation of the glasses.

Previous studies
Natural glasses

Most early studies of ancient glasses
for the purpose of model validation have
focused on alteration of natural glasses,
such as basalts, tektites, and rhyolites.3-1°
Rhyolitic glasses are high-silica natural

volcanic glasses also is known as obsid-

Credit: John McCloy

(left) Jamie Weaver at the Broborg hillfort near Uppsala, Sweden, where remains
of a vitrified wall are protruding from the snow. (right) Close-up of a molten section
from a hillfort, showing impressions of the charcoal used to vitrify the materials,

despite ~1,000 years of weathering.

led researchers at Washington State University
and Pacific Northwest National Laboratory to
dig into the geology of this region of Sweden.
The amphibolite used at the site is meta-
morphic doleritic rock formed at high water
pressure and contains mainly hornblende and
feldspars. Studies of the amphibolite left at the
site have uncovered evidence of a wide range
of localized melting and moisture evolution,
from slight heating to complete liquefaction.
WSU scientists have found that temperatures
>1,400°C are needed to create a molten mate-
rial if the melting is completed in air without

1307°C

1462°C
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the aid of bellows. Other studies have found
that amphibolite collected from the site could
be melted only with the help of a forced draft
and a furnace hearth covered with turf.” These
results suggest that to create vitrified portions
of the wall, ancient people most likely had

to control redox condition and water content

of the melt—a technology they most likely
developed based on their experiences with iron
smelting. Understanding how these melts were
made could inform their chemistry, which is
invaluable in determination of the long-term
durability of Broborg glasses.

Credit: Jose Marcial and Joseph Osborn

(left) Melt series based on chemistry of melted amphibolite composition from the
Broborg site. Melting in atmosphere and without the use of bellows required heating
the material to temperatures >1,400°C, which is not likely to be reached in ancient
times. (right) Final glass produced from the melting study.

Wwww.ceramics.org

| American Ceramic Society Bulletin, Vol. 95, No. 4


http://www.ceramics.org

Figure 2. Examples of hillfort glasses,
which are manufactured glasses with com-
positions similar to some nuclear waste
glasses. An amphibolite rock source for
vitreous material, found at Broborg in
Sweden, shows a molten top portion.

ian. These natural glasses range from
hundreds of millions of years old (such
as terrestrial, meteoritic, and lunar glass-
es) to only thousands of years old (some
basaltic and rhyolitic glasses).

Tektites and rhyolitic glasses generally
have high SiO, concentrations (70-75
mass%), whereas basaltic glasses have lower
SiO, content (45-50 mass%). Unlike most
nuclear waste glasses, natural glasses tend
to contain low mass percentages of alkali
elements. This low alkali content has made
application of the alteration data collected
on these natural glasses to most alkali-rich
waste glasses difficult. However, even with
these limitations, basaltic glasses have been
used as fruitful analogues to some HLW
glass formulations.!!

Roman glasses

An excellent example of using anthro-
pogenic glass analogues for modeling
glass alterations can be found in the
recent works of Verney-Carron and the
Commissariat a |' Energie Atomique
(CEA) on fractured, ~1,800-year-old
glass blocks excavated in 2003 from
a Roman shipwreck near the French
island of Embiez.!? Many glasses—includ-
ing nuclear waste glasses—fracture on
cooling, and these fractures increase the
reactive surface area of the glass. Because
of the slow flow of water in and out
of some cracks, increased surface area
results in alteration rates in the cracks
different from those on the exterior glass

American Ceramic Society Bulletin, Vol. 95, No. 4
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surfaces. The effects of these cracks on
long-term alteration rates have been diffi-
cult to replicate in short-term laboratory
tests because of the slow rate at which
borosilicate glass alters.

In addition to showing that alteration
mechanisms of archeological glass are
similar to those described by a modern
glass alteration model, the authors also
discovered that alteration kinetics slightly
varied depending on fracture location.
They calculated a lower alteration rate for
internal cracks that were not continually
exposed to water as compared with exte-
rior surfaces that were most likely in con-
stant contact with water. Without renewal
of fluid into cracks, the altering solution
became saturated with dissolved glass ele-
ments, making it unfavorable for the glass
matrix to undergo further dissolution.

In a recent follow-up to this study,
Verney-Carron et al."® used chemi-
cal modeling to simulate alteration of
the glass in a variety of solutions, and
they compared the results with reactive
transport modeling of alterations in the
cracks. They calculated that cracks inside
the archaeological blocks had one to two
orders of magnitude less alteration than
the external surface because of strong
coupling between rate of glass alteration
and slow renewal of the internal crack
altering solution. Additionally, narrow
internal cracks precipitated crystals
because of supersaturation of the solu-
tion in the crack with silicon, calcium,
and aluminum. Formation of these crys-
tals plugged the cracks, causing flow of
water and alteration processes to halt.

On this side of the Atlantic, glass sci-
entists at PNNL have been working with
Italian archeologists to investigate the for-
mation of alteration layers on second- to
third-century CE Roman glass recovered
from the lulia Felix shipwreck." The Iulia
Felix wreck is of particular interest, because
its cargo included blue-green Roman
glass fragments (Figure 3)—referred to in
archeology literature as “naturally colored”
glasses—and colorless and red shards, “arti-
ficially colored” by additions of reduced
copper. Because ancient glassmakers usu-
ally added coloring agents in measured
amounts to colorless glasses, artificially col-
ored glass usually has a base composition
similar to naturally colored Roman glasses.
This slight modification makes it possible
to investigate the effect of chemical com-
position on glass alteration within a set

Www.ceramics.org

Figure 3. Fragment of a Roman glass cup
handle found in the lulia Felix shipwreck,
showing iridescent alteration layers.
environment. Further research is currently
underway on these artifacts.

PNNL researchers have also focused
on parts of these glasses that were encased
in cemented sediments.'* The cementing
material around the glass is magnesium-
rich calcite, likely formed through cor-
rosion of the glass in seawater saturated
with naturally occurring dolomite and
magnesium silicate precipitations. These
magnesium silicate species form during
alteration of some HLW glasses, and
researchers identified similar species in the
altering solution of nuclear waste glasses
that were subjected to corrosion with a
1 mmol/kg MgCl, solution."'® Both cited
experiments were short term, but, when
coupled with results from the Iulia Felix
glasses, the researchers determined that, in
undersaturated conditions, dissolution of
the glass matrix is the main cause of forma-
tion of cementing phases. Burial materials
in contact with glass are important in
determining alteration conditions, and,
if possible, fragments should be collected
with sediments in place (Figure 4).

Iron slag

Many scientists have gained insight
from other ancient vitreous materials
in addition to glasses. A few studies in
recent years have focused on alteration
of metallurgical slags—glassy materials
produced when metals are smelted from
ore.!” Slag is comprised of a mixture of
metal oxides, typically calcium oxide,
and silica. Iron blast furnace slags, for
instance, are formed from silica in the
iron ore and added limestone or a similar
calcium source. Similar vitreous materi-
als may form when clays from furnaces
are heated to high temperatures when
processing iron (Figure 5). Aged slags pro-
duced during ironworking represent an
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Figure 4. Glass collected in-situ with con-
tacted soil at the Aquileia site in Italy.
Aquileia was a major glass-producing
center in Roman times.
alteration condition in which silica-rich
materials are altered in the presence of
metallic iron. This situation is similar to
what may happen to nuclear waste glass
as it ages in stainless-steel containers.
Researchers identified such altered
slags from the 16™ century CE and recov-
ered from an excavated blast furnace site
located in Normandy, France. Geological
conditions of the burial (saturated clay)
are similar to those described for disposal
of some waste glasses in France. French
scientists at the CEA have studied these
samples using short-term wet laboratory
experiments as well as analysis of longterm
alteration layers on the artifact surfaces.!’
Researchers designed wet laboratory
experiments to closely reproduce the
proposed French nuclear waste disposal
settings. They covered SON68, a nonra-
dioactive version of a French HLW glass,
wih an iron-steel composite and injected
it with a synthetic solution at a flow rate
chosen to test the glass under diffusion-
controlled conditions. The researchers
also used this alteration routine on syn-
thetic archeological slags that had the
same composition as excavated samples.
They determined significant similarities in
the increase of glass alteration in the pres-
ence of iron from comparison of the two
altered samples. This result supports previ-
ous studies that have shown a deleterious
effect of reduced iron, which results in
an increased rate of glass dissolution, an
important result that researchers can use
to aid modeling of longterm durability of
glasses stored in iron-based containers.!®

Swedish hillfort glasses

Researchers recently have identified
glasses that were produced almost 1,500

22

years ago on a hillfort in Sweden
that have been altered by surface
atmospheric conditions, which
have analogies to the near-surface
disposal planned for some low-
level nuclear waste glasses, includ-
ing those at Hanford."® A hillfort
is a building structure used as

a fortified refuge, trading post,

or defended settlement, where
an elevated location relative to

the surrounding area provides a ﬁ
=

Figure 5. Scientific collaboration at work in Uppsala,
Sweden, showing investigation of vitrified iron fur-
nace walls. Shown (left to right) are John McCloy,
glass scientist of Washington State University;

Eva Hjarthner-Holdar, archaeometallurgist in
Arkeologerna, Geoarkeologiskt Laboratorium; and
Rolf Sjsblom, geochemist with Tekedo and Lule&
University of Technology.

defensive advantage.?’ There are
many hillforts in Europe, and
these fortifications usually follow
the contours of a hill, consist of
one or more lines of earthworks
(including stockades or defensive
walls), and are surrounded by
external ditches. More than 100
of the European hillforts, most
from the Iron Age, are vitrified, and much
controversy continues to surround how
this occurred (see sidebar).?

A selection of glasses from the Broborg
hillfort site in Sweden contain iron at
concentrations between those detected
in basaltic and Roman glasses. Similar
to basaltic glasses, some of the Broborg
glass samples contain embedded crystal-
line phases, such as magnetite and other
spinels. The current acceptance criteria
for Hanford LAW glasses allow up to
a few vol% of spinel crystals. The hill-
fort vitrified material remains exposed
today to surface weathering cycles or, in
some cases, is shallowly buried by local
soil.” Although research on these ancient
vitreous materials remains in its early stag-
es, WSU researchers have made promis-
ing headway in an attempt to synthetically
reproduce these glasses. In addition,
PNNL researchers have been working
with Swedish archeologists, scientists, and
state officials to acquire fresh nearsurface
altered samples from the Broborg site.

Medieval glasses

It is sometimes helpful to analyze a
glass that has been altered under two
or more conditions simultaneously. In
these cases, the focus of understanding
is placed on whether a glass alteration
model can be extrapolated to include
multiple altering conditions. Alteration
data from several environments can be
extremely helpful when attempting to
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decide what disposal setting and geology
is best for a specific type of waste glass.
Researchers have discovered medieval
stained and nonstained glass windows

to be ideal analogues for these stud-

ies, because the windows often have
undergone alteration under two or more
settings’'—glass window panels facing out-
ward are exposed to an alteration environ-
ment different from those facing inward.
A few rare glass samples that have been
found in architectural structures have also
been excavated from groundwater-saturat-
ed soils,”! thus providing a third environ-
ment to compare alteration data.

Because builders, craftsmen, and church
officials kept excellent records, medieval
glassmanufacturing methods of most
stained glass windows are well-known.
Therefore, glass scientists can identify con-
ditions under which the glasses were made.
In most cases, craftsmen made medieval
glasses in either soda (sodium-rich) or pot-
ash (potassium-rich) compositions through
melts of a blend of washed siliceous sand
and a flux.?”2 The flux material was either
plant-based (beech or fern ash) or mineral-
based (natron) and, when added to other
glassforming materials, lowered the melt-
ing temperature.

Glassmakers achieved color either by
adding metals or oxides of cobalt, chro-
mium, manganese, copper, or iron and
controlling redox conditions of the melt,
or by applying a thin layer of a previously
colored glass to the surface of a clear glass.
Minor components in these medieval
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Credit: Jamie Weaver


http://www.ceramics.org

glasses are thus transition metals that are
relevant to some nuclear waste glasses.
Chemical durability different from the
sodiumerich versus potassium-rich glasses as
well as presence of multiple compositions
with various transition metals provide a
large dataset for studying composition-
dependent alterations as well.

Scanning electron microscopy stud-
ies on medieval stained glasses from
England, Italy, and France have revealed
that the type of weathering has an effect
on thickness and structure of the altera-
tion layer(s). Potash glasses exposed to
an exterior environment produce thick,
uneven alteration layers with some
pitting, along with pervasive micro-
cracking.”? In contrast, potash glasses
that have been buried and exposed to
groundwater have nearly even alteration
layers with little to no cracking.

Potential future glasses for study
There are many less-well-studied
ancient glasses from around the world
that deviate significantly in composition
from the glasses described above. These
glasses could provide researchers with
new insights into the effects of composi-
tional and environmental differences on
glass alteration. These include high-alumi-
na glasses from India and some regions
in Turkey, a special subset of Byzantine
glasses that contain a moderate level of
alumina plus some boron,?* and certain
Chinese glasses with high barium oxide
content. Researchers currently are con-
sidering some of these glasses as possible
analogues, although their rarity makes
them challenging to acquire for study.
Researchers also need to identify high-
concentration boron (~10 mass% B,O,)
aluminosilicate glasses that have been
altered in waste-disposal-relevant environ-
ments. Boron is a primary component in
all waste glasses and has increased, in cer-
tain cases, the durability of silicate glasses.”
Boron made its mark on the glass
industry in the early 1900s, when
Corning patented a series of boron-
containing silicate glasses that could
withstand temperature shock—Pyrex.?
At this time, there were many recorded
accidents related to breakage of hot glass
railway lanterns during cold rainstorms.
Glass breakage caused the railway signals
to fail, catching innocent people unaware
of oncoming trains. Replacing soda in the
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glass with boron oxide solved the glasses’
thermal shock problem.

Today, we find borosilicate glasses
in almost every home, office space, and
laboratory. In addition, commercial uses
have utilized the poor durability of some
boron-containing glasses. One example is
Vycor, in which a phaseseparated sodium
borosilicate glass is selectively leached of
its sodium borate phase, leaving a skeletal
silicate network that is usually further con-
solidated to produce a low-cost nearly pure
silica. Clearly, chemical durability concerns
are relevant to ancient materials and to
today’s and likely tomorrow’s commercial
glass processing.

Challenges remain

The studies reviewed above are only
a portion of those conducted to date
on ancient glasses.?”*® However, their
relevance to the validation of glass altera-
tion models is significant. There are many
challenges associated with analyzing
ancient glasses for this purpose. However,
the payoff of having a composition- and
environment-dependent model of glass
alteration validated by many data points,
spanning days to millions of years, will be
momentous. A better understanding of
long-term glass alteration will allow for a
more accurate prediction of the long-term
performance of vitrified nuclear waste
and could aid continued formulation
of waste glasses that will be durable for
“thousands of years”.? In the process,
knowledge gained on glass alteration can
help create industrial glasses with engi-
neered durability as well as help museums
and historical societies in the preservation
of cultural heritage objects.
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Glass coatings can reduce building energy demand, but
thorough understanding of the mechanical properties of
these multilayer coatings is needed.

By Steve J. Bull
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One of the most significant uses of glass
is in architecture—building applications
accounted for ~70% of worldwide glass sales in
2012. If we consider that ~40% of the world’s ener-
gy demand is used to heat, cool, and light buildings,
then glass coatings become a significant source of
potential energy savings. Suitable glazings can reduce
energy demand, helping keep buildings warm in
cold climates and cool in hot climates, while allow-
ing transmission of light. For this reason, demand

for energy-efficient glazings is increasing.

Glass is mostly opaque to ultraviolet light, but transparent to vis-
ible and infrared light. For energy efficiency, glass needs to decrease
infrared transmission without compromising visible light transmis-
sion. Low emissivity or energy-efficient glazings usually are based on
a thin, transparent conducting layer, which may be a single layer or
part of a multilayer stack with surrounding antireflection and bar-
rier coatings. The main design factor is optical performance of the
coating, but mechanical damage, particularly caused by transport or
storage, also is a consideration. In most cases, a supplier produces
the coatings, and the supplier delivers the coated product to a fabri-
cator who cuts and assembles the glass into windows. Coated glass
may be rejected if it is damaged in transit and if the damage affects
optical performance. Therefore, an understanding of the mechani-
cal response of multilayer coatings on glass is essential to reduce
losses from damage.
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Capsule summary

POTENTIAL ENERGY SAVINGS

Architectural applications account for a large
percentage of worldwide glass use, making
glass coatings that increase energy efficiency
a rich potential source of reductions in world
energy use.

Figure 1. Transit scratches formed on coated

THE CHALLENGE

Although demand for energy-efficient glass glaz-
ings is rising, measuring the properties of thin
films on glass poses significant challenges—yet
this information is critical to improve these
potentially high-impact coatings.

float-glass during delivery. (a) An on-line CVD fluorine-doped tin oxide coating. (b) An

RESOLUTION

Laboratory simulation and careful modeling
approaches can replicate the properties and
behavior of thin-film coated glazings and will
help researchers develop more robust coatings
to improve energy-efficient glass windows.

off-line multilayer PVD coating based on a silver layer surrounded by ZnO antireflection and TiO N barrier coatings.

Coatings on architectural glass for ener-
gy efficiency are generally of two types:!

* On-line coatings are coatings pro-
duced on the float-glass line, generally by
chemical vapor deposition (CVD) at atmo-
spheric pressure. Such coatings consist of
a conducting oxide layer, such as fluorine-
doped tin oxide, that is a few hundred
nanometers thick. CVD creates a rough
coating that, depending on the material
selection, can be hard and difficult to
damage. These coatings, therefore, can
be used on the external facing panels of
windows and are widely used in domestic
dwellings. However, on-line coatings pro-
vide only moderate optical performance
and confer limited energy savings.

¢ Off-line coatings are coatings gener-
ally produced by physical vapor deposi-
tion (PVD) in a separate production
facility from the float-glass line. Coatings
consist of multiple layers, with a total
thickness of ~100 nm, deposited on
standard-sized flat-glass panels (often
3 m x 2 m). Typically, the active layer
is a 10-nm-thick layer of metal (silver in
the U.K.), which is transparent at this
thickness. Thin oxide layers, such as
tin oxide and zinc oxide, surround the
layer and act as antireflection coatings.
Silver produces a layer of mechanical
weakness in the coating stack. Therefore,
off-line coatings often have an external
protective layer to reduce stresses that
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result from handling. These coatings
also require a barrier layer to separate
the antireflection coatings from the glass
substrate. This layer often is based on
titanium oxide or silicon nitride. Off-
line coatings are not as mechanically
robust as on-line coatings, even though
they can be very optically efficient, but
are the choice for large, substantially
glass-fronted commercial buildings.

Offline coatings often are placed
on the inside of a double glazing unit.
Therefore, once assembled, the propen-
sity for damage is reduced to virtually
zero. The key issue, therefore, is damage
introduced during delivery. Figure 1
illustrates the main damage mechanisms
that result during delivery for both coat-
ings. A black deposit clearly is visible on
the surface of on-line coatings, obscuring
visibility. The offline coating shows a
well-defined but random transit scratch,
where the silver layer and all subsequent
layers in the coating stack are stripped.
Therefore, a clear understanding of the
delivery process is necessary to under-
stand how such failures are generated
and how they may be reduced.

Both types of coated glass are deliv-
ered as large panels on the back of a
lorry, and cutglass panels are loaded
almost vertically onto a steel frame called
a stillage (Figure 2a).

Glass handlers attempt to reduce
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Figure 2. (a) Stillage for transport of
glass. (b) Typical interlevant particles
used to separate glass sheets

the amount of glass and coating debris
released during cutting, but it is not
always possible to completely remove
debris. However, loading multiple panels
together creates glass to coating contact.
Therefore, to reduce contact damage,
glass technicians spray a uniform layer
of interlevant material on the surface
to separate the glass and minimize
contact stresses. Interlevant consists

of poly(methyl methacrylate) (PMMA)
spheres with a diameter of 70 pm
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Challenges in assessing the mechanical behavior of coatings on architectural glass

(Figure 2b), which are bigger than glass
debris. In addition to interlevant, glass
handlers often stack about 10 glass
sheets together, separating sheets with
cardboard spacers, and tightly wrap them
to restrict movement. During delivery,
glass plates may be agitated by accelera-
tion and deceleration on the road—exac-
erbated by poor road conditions—and
can move short distances with respect

to each other. This movement creates
transit scratches. However, often it is not
clear whether such scratches are caused
by interlevant particles, glass debris, or
both. Therefore, laboratory simulation
of the failure is needed to identify causes
of such scratches.

Simulation of transit scratches

We can simulate failure using a con-
trolled number of interlevant spheres
trapped between a small flat-glass slider
and a larger off-lline coated glass plate.?
We use estimates of interlevant density
and weight and angle of repose of the
glass plates in a typical stillage to deter-
mine that the load on a single interlev-
ant sphere is ~7 mN, a value matched
in laboratory tests. Experiments with
pure interlevant or with small sharp glass
debris particles (-~ 10 pm in diameter)
spread on the surface show that glass
cullet is not necessary to form transit
scratches that match those observed in
commercial failures.

The mechanism of failure, therefore,
depends on sliding of interlevant parti-
cles. In service these are loaded elastically
on the surface, where they significantly
deform. During sliding, damage occurs
either in the sphere or in the coating,
depending on coating properties.

* In the case of on-ine coatings,
the rough surface of the CVD coat-
ing critically dictates performance.
Polymer spheres compress against
the coating, and roughness peaks
penetrate into the spheres—this is
exacerbated by viscoelastic deforma-
tion of spheres such that the true
area of contact increases with time
until it approaches the apparent area
of contact. During sliding, shear
failure occurs in the polymer sphere,
and a layer of polymer is transferred
to the coating surface, causing the
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black deposit in Figure 1(a).

¢ In the case of off-line coat-
ings, the surface is much smoother
and failures are generated in the
coating during sliding. Lateral
movement generates compressive
stresses at the leading edge of
the contact and tensile stresses at
the rear edge because of friction.
This generates through-thickness
cracks at the rear of the contact,
which are diverted along the weak
interface between the silver layer
and its underlying antireflection
coating (in this case, zinc oxide).
The effect is that the sphere drags
the coating on top of the silver
layer forward, stripping the coat-
ing from the surface as the sphere
moves forward. This produces
a transit scratch similar to that
shown in Figure 1(b).

Adhesion failure in offline-coated
glass is a significant factor for rejection
of coated glass after delivery. Therefore,
it is important to determine the effect
of coating designs (materials, thickness,
layer stacking order, etc.) and process
routes on performance. This involves
modeling the stresses responsible for
failure and how these are relaxed by frac-
ture or plasticity. Stresses in coatings are
a combination of residual stresses gener-
ated during deposition and stresses gen-
erated during sliding of a polymer sphere
against the surface, which depends on
elastic properties of the coatings and
coefficient of friction between the sphere
and the topmost coating layer.

Fracture behavior of coatings depends
on defect distribution and fracture tough-
ness of individual layers. If we know these
properties, we can assess the likelihood
of failure using finite-element modeling
of the sliding contact. A major challenge
for measurement is that these coatings are
only ~10 nm thick and may exhibit size
effects in deformation response.

Measurement of key properties of
multilayer optical coatings
Residual stress

We can use various methods, includ-

ing curvature and X-ray diffraction, to
measure residual stress in a coating.’

Wwww.ceramics.org

The latter matter is well established, and
the sin’)p method has been used widely
in assessment of thin hard coatings.
However, we cannot apply X-ray diffrac-
tion to most of the layers tested here,
because they are not crystalline. One
exception is the zinc oxide layer beneath
the active silver layer, which shows some
crystallinity. We measured a compressive
residual stress of ~1 GPa of this layer
at room temperature after deposition,
a value that combines stresses gener-
ated during deposition at the growth
temperature (~200°C) and thermal
expansion mismatch stresses generated
during subsequent cooling. However,
the temperature of the glass substrate
increases during deposition. Therefore,
the contribution of thermal expansion
mismatch stress to the final measured
stress increases with coating thickness.*
We measure residual stress in amor-
phous coatings by change in curvature
of the coating/substrate system after
deposition using the Stoney equation.’ In
this case, we need only coating thickness
and substrate thickness and its elastic
properties as well as change in radius of
curvature of the sample before and after
coating deposition. We measured changes
in curvature with deposition of very thin
coatings on thin glass-plate substrates
(100um-thick). Figure 3 shows typical
changes in residual stress as a function of
coating thickness.* Changes in thermal
expansion mismatch stresses and relax-
ation of stresses by viscous processes in
amorphous layers contribute to changes
in residual stress measured at room tem-
perature as coating thickness increases.

Substrate properties

We can use conventional mechani-
cal testing approaches to measure easily
bulk mechanical properties of glass,
and the Young’s modulus and Poisson’s
ratios needed for modeling are avail-
able. However, in the case of float-glass,
surface properties that might be needed
to model scratch failures are not neces-
sarily the same as these bulk properties.
Indeed, we often measured different
properties for opposite sides of a float-
glass sheet—one was in contact with mol-
ten tin during manufacture, while the
other was in contact with air.’
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It is conventional to apply coatings
to the air-side of the float-glass for best
adhesion. Therefore, we need to mea-
sure the properties of this side using
indentation tests to generate surface spe-
cific data. We can determine hardness,
elastic modulus, and fracture toughness
from such indentation tests. However,
properties of glass in the near-surface
region can show some variation because
of compositional changes, such as leach-
ing, tin uptake, and tempering effects.
Therefore, we should consider this varia-
tion to extract good data for modeling.’

Coating properties
Elasticity and plasticity
Conventional mechanical testing does

not allow measurement of the proper-
ties of individual coating layers in an
optical coating, because the materials
do not exist in a form large enough
to make a suitable test piece. Further,
coating microstructure often is different
from that of the comparable bulk mate-
rial. Therefore, measured properties are
different. For this reason, we often use
instrumented indentation (nanoindenta-
tion) tests to measure such coatings.®
For thicker on-line coatings (~300 nm),
we can easily measure coating properties
independent of the substrate. As a rule-
of-thumb, penetration depth must be
less than 10% of the coating thickness,
and we must produce an elastic-plastic
indentation to measure coating hard-
ness only for hard coatings on a softer
substrate.” Limiting depth for determina-
tion of elastic properties is much lower,
and we usually determine elastic proper-
ties of the coating (contact modulus)
by extrapolation of contact modulus
variation with contact to zero depth,
as outlined in ISO14577 (“Metallic
materials—Instrumented indentation
test for hardness and materials param-
eters,” International Organization for
Standardization, Geneva, Switzerland).
Practically, we cannot measure the
hardness of a coating that is less than
200 nm thick, independent of its sub-
strate, given the sharpness of commer-
cially available nanoindenter tips. Even
if we use the best possible tips, this
thickness is reduced only to 50 nm,
which is much larger than the great-
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est thickness usually
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used in solar control
coating designs.
Therefore, with such
materials, we most
often measure a
composite response
from substrate and
coating. In some
cases, we may model
deformation-response
from the coating
substrate system to
extract coating prop-
erties. However, in 5000 L
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most cases, similar to 0
the ISO standard, we
can apply an extrapo-
lation approach if
we can show it to be
valid (i.e., the analysis uses sufficient
indents where plastic deformation of
the coating occurs).

We also are concerned that the prop-
erties of the coating may be scale sensi-
tive and, therefore, show some variation
with thickness. To assess this, we can
deposit coatings to a range of thicknesses
and measure their properties using
nanoindentation with an appropriate
modeling or extrapolation approach that
accounts for the effect of the substrate.
For coatings in a multilayer stack, we
know that it is important to deposit the
same layers underneath the coating as
might be used in the intended applica-
tion, so that coating microstructure
remains the same—variation in coating
microstructure at different thicknesses is
much smaller than variation produced
by substrate changes.

In general, thickness does not vary
the hardness of the oxide coatings used
in energy-efficient glazings, because
these are predominantly amorphous
and a microstructural length scale (e.g.,
grain size) does not affect their deforma-
tion. One exception is the crystalline
zinc oxide coating, which shows a pro-
nounced indentation size effect—hard-
ness increases as coating thickness
decreases.* We need to consider this in
cases where plastic deformation occurs
(e.g., indentation by a sharp indenter).
However, this is not an issue for model-
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Figure 3. Variation of residual stress with coating thickness for
several PVD oxides used in multilayer solar control coatings.

ing of transit scratches made by a poly-
mer sphere.

In the case of elastic properties, there
is a slight reduction in modulus as thick-
ness is reduced in data extrapolated to
zero depth, but modeling shows this rep-
resents an increasing contribution from
the elastic properties of the substrate in
thin-coating tests, which cannot be cor-
rected for by extrapolation.* In this case,
we can use a modeling approach to show
that coating elastic properties do not
vary with thickness.® For finite-element
modeling, we can use determined elastic
properties over a wide range of coating
thicknesses without introducing signifi-
cant errors.

Fracture toughness

All optical coatings on glass are too
thin to assess by conventional mechani-
cal tests and indentation fracture tough-
ness tests widely used to assess bulk
ceramics, because these methods require
well-developed starter cracks or produce
final crack sizes that are ~10 pm in
length. Nanoindentation tests of thin
oxide coatings on glass produce cracks,
but they have a different geometry
(Figure 4). With sharp indenters, or at
least indenters with edges that remain
sharp, the main failure mode is radial
cracking, which follows indenter edges
and is caused by bending of the coat-
ing around the indenter during load-
ing. These cracks are constrained to lie
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Challenges in assessing the mechanical behavior of coatings on architectural glass
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Figure 4. Cracks associated with nanoindentations in a solar control coating on glass: (a) radial cracks; and (b) radial and picture

frame cracks.

within the impression, and they gener-
ally penetrate through the whole coating
thickness but do not propagate into the
glass substrate.

In cases where the indenter is less
sharp (because of worn edges), picture
frame cracking—which forms at the
impression edge as the coating is bent
into the dent formed in the glass—is
predominant. If we want to use these
cracks for toughness assessment, we
must measure fracture energies from the
energy dissipated during the indentation
cycle.” ! The area beneath the force dis-
placement curve, or the work of indenta-
tion, represents energy dissipated in elas-
tic, plastic, and fracture processes. When
fracture occurs—either through-thickness
cracking or adhesion failure—the load
displacement curve can be discontinuous
if the fracture event is large enough. In
this case, we can estimate energy of frac-
ture by subtracting the work of elastic
plastic indentation from the total work
of indentation before and after fracture.’

We can use other approaches when
no discontinuity is observed.! We can
convert these energies to critical strain
energy release rate (G) values using
experimentally measured crack areas or
to fracture toughness values using mea-
sured coating elastic moduli.” There is no
change in measured toughness as a func-
tion of coating thickness for any coating,
which means that the fracture process is
controlled by defects in the coating rather
than bulk properties. Loading rate'? and
multiple loading cycles® also affect the
observed fracture behavior.
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If we estimate failure stresses from
finite-element analysis of nanoindenta-
tion tests at the onset of fracture, we
find that the critical crack size respon-
sible for failure is ~10 nm, which is
comparable with the peak-to-valley
roughness of the coating in the vicin-
ity of the indentation. Therefore, the
origin of the observed cracks probably is
surface (or interface) defects that result
because of surface roughness. Therefore,
decreased surface roughness of the as-
deposited coating increases its resistance
to cracking.

Friction coefficient

We can use scratch tests to deter-
mine the friction behavior of coated
glass with a range of different styli. We
can conduct many tests with scratch
diamonds and give low friction coef-
ficients (<0.2), which increase slightly
with load as plastic ploughing becomes
more important. Coating chipping and
detachment further increase friction at
higher loads. However, plastic behavior
of the substrate dominates generation of
scratch tracks, and friction values are not
representative of those that cause failure
during glass sheet delivery. We have
achieved experimental assessment of the
coefficient of friction between a PMMA
sphere and coating surface by gluing a
single sphere to a nanoindenter shaft
and performing a scratch at a 7-mN load
to match what is expected in service.

The friction coefficient of a range of
coatings against PMMA is ~0.6, but it
increases slightly as coating roughness
increases.* Thus, we need to deposit
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smooth and dense coatings to decrease
the chance of failure. Friction coefficient
decreases with time if the coated surface
is left in air for up to 24 h, after which we
routinely measure values of ~0.3. Thus,
we suggest that it is good practice to let
coated glass contaminate by air exposure
before being packed for delivery.

Adhesion

We can assess adhesion of coating
layers by indentation and scratch tests,
but results often are semiquantitative
and not useful for modeling. In some
cases, drops in the load-displacement
curve obtained during nanoindentation
with displacement control are caused by
interfacial detachment. In that case, we
can use the same approach as for fracture
toughness assessment to determine inter-
facial detachment energy and toughness.!
Alternatively, we can use wedge tests to

4

measure detachment energies."” In gener-
al, oxide layers adhere well to other oxide
layers in a multilayer stack. Therefore, it
is difficult to generate such failures.
However, in some cases, high residual
stress in the coating, such as in sputtered
indium tin oxide on glass, may cause
spontaneous adhesion failure by buckling.
In that case, we can determine adhesion
energy from residual stress, coating prop-
erties, and buckle geometry.'* The poorest
adhesion generally is produced when a
thin metallic layer is part of the coating.
In such cases, all of these methods give
reasonable values for interfacial energy
and are comparable to those determined

from theoretical calculations.'®
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Modeling of coating failure

With good values for elastic and plas-
tic properties, friction, residual stress,
and adhesion energy, we can analyze
the sequence of fracture around a sharp
indentation or in a transit scratch and
assess the effects of various coating
geometries on the observed coating
failures. For instance, Figure 5 shows
the results of finite-element modeling
of a zinc oxide/silver/zinc oxide coating
stack on glass undergoing a nanoinden-
tation test. In this model, we use cohe-
sive zone elements on the upper and
lower faces of the coating to identify
failure locations.!” We parameterized
these cohesive zone elements with the
previously determined experimental
fracture energies and fracture stresses.
This shows that interfacial failure ini-
tially occurs on the upper surface of
the silver layer during loading, but, on
subsequent unloading, another larger
interfacial crack opens up on the lower
surface of the silver layer—indeed, this
is what we observed in experiments.

Plastic deformation of the silver layer
under the indenter causes the layer to
squeeze out from the contact on loading.
Accumulation of this extra material acts
as a wedge to open up the crack on the
top of the silver layer. On unloading,
elastic stresses around the plastic zone
surrounding the indenter relax and cre-
ate tensile stresses at the edge of the plas-
tically deformed zone. These open up
cracks at the bottom of the silver layer,
and these cracks are similar to lateral
cracks observed in conventional indenta-
tion testing of bulk ceramic materials.
We can develop similar models for tran-
sit scratches.

The key factor in failure of these
solar control coatings is relatively poor
mechanical strength of the silver layer.
Increasing yield strength of the silver
eventually stops adhesion failure, and
the failure locus then is moved to the
glass-barrier layer interface. However,
generating such a high hardness metal
layer requires incorporation of impuri-
ties or reduction in grain sizes, which
usually compromises solar control per-
formance of the coating by reducing
conductivity of the metal layer.

American Ceramic Society Bulletin, Vol. 95, No. 4

Modeling
approaches the
answer?

Designers now wide-
ly use large-area-coated

architectural glass

for energy-efficiency

applications. Off-line
PVD coatings—which
are multilayer coating
stacks containing a thin
metal layer surrounded
by oxide or nitride
antireflection and
barrier layers—achieve
the best performance.

the metal layer makes
it a locus for failure
in these coatings. This failure tends to
occur during delivery, because once the
coated glass is assembled into double
glazing units, coatings are on the inside
and are protected from further damage.
Laboratory simulation of damage
mechanisms allows development of a
mechanical model of the failure mode,
which can be used to optimize coat-
ing designs for mechanical resistance,
provided that good material data is
available for the model. To generate
this has required development of several
combined experimental and modeling
approaches to extract the properties of
a single coating layer from tests on the
coating-substrate system.
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Glass—metal interfaces impact the thermal performance of household machines.

Energy reduction con-
tinues to be a key
megatrend in the enamel
industry as well as in the
broader ceramics and con-
sumer communities.! The
current state-of-the-art for
industrial enameling is dry
electrostatic powder applica-
tion in a highly automated
process over cleaned-only
low-carbon steel. This pro-
cess uses a single coat for
ground coating or a two-
coat/one-fire application
for cover coating. Typical
firing temperatures are
810°C-850°C for 90 s at
peak metal temperature to
fuse the glass coating to the
substrate to fully develop
required properties, such as
adhesion, corrosion resis-
tance, thermomechanical
resistance, and color.

The goal is to decrease firing tempera-
ture to reduce energy requirements and
to allow use of thinner-gage steel. Even
if a decrease of 20°C-40°C is already
possible using specific preprimed steel, >’
a decrease of 100°C is required for the
gage reduction to maintain acceptable
strength after fire, an important measure
of integrity for household appliances.
This technology is becoming a reality in
the near future, because steel suppliers—
such as ArcelorMittal (Luxembourg City,
Luxembourg) and its R&D organization
OCAS (Zelzate, Belgium)—are develop-
ing new steels to enable low-temperature
enameling* via application over a primer
applied during steelmaking instead of
over ground coat. Because ground coat
requires the addition of ~0.5%-3%
transition-metal oxide, particularly cobalt
or nickel oxide, to adhere to cleaned-
only steel, eliminating the need for
ground coat removes this requirement
and allows decreased firing temperatures.

Ferro has been collaborating with
OCAS and ArcelorMittal to develop a new
range of enamels for low-temperature fir-
ing at ~720°C to meet all typical industry
requirements for bond and chemical and
heat resistance for use in major appli-
ances, architectural panels, or cookware.
Additionally, these enamels will be more
environmentally friendly, because they will
not contain transition-metal oxides, such as
cobalt or nickel, for bonding to steel.

We present here various types of enam-
els currently developed by Ferro, fired at
700°C-740°C, on precoated aluminized
steels developed by OCAS. Development
focuses on white cover coat for major
appliances, architecture, or cookware
as well as easy-to-clean (ETC) colored
enamels for cavity walls of wall ovens and
freestanding ranges. ETC enamels are
acid-resistant ground coat enamels formu-
lated to resist etching by baked-on acidic
foodstuffs to facilitate cleanability.

Low-temperature white enamel

Titanium-opacified white enamels are
usually fired at 800°C-820°C. These
enamels use frits supersaturated with
TiO,, which precipitates anatase or
rutile crystals during firing to provide a
bright white color. Although this tech-
nology is well established, the challenge
now is to develop a low-temperature
alternative that fires at 700°C-740°C
and can pass all tests requested by the
standards that regulate architecture,’
appliance,®” and cookware exteriors.
The enamel must be applied using a dry
electrostatic process to align with the
requirements of mass production.

To develop such a low-firing coating,
we started with NPD787/F6, an alkali
borosilicate TiO -based frit with a rela-
tively low glass temperature (T) below
450°C. The frit was milled into powder
and applied dry electrostatically over

This article was originally published in proceedings from the 23" International Enamellers Congress 2015 (iei-world.org). Reprinted with permission from the International Enamellers Institute.
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Figure 1. White enamel NPD787/F6 applied over (left) enamel |
primer or (right) ground coat and fired at 700°C for 4 min.

preprimed aluminized steel supplied by
OCAS. NPD787/F6 applied to enamel
primer and fired at 700°C for 4 min
showed no opacity because of a reaction
between enamel and primer (Figure 1).
However, NPD787/F6 provided a good
finish and high opacity when applied
over ground-coated steel and fired at
700°C for 4 min. Because of these test
results, Ferro decided to continue devel-
opment work over ground coat before
testing over primer.

Table 1 compares test results of
NPD787/F6 with a conventional high-
temperature white cover coat. Measured
properties include application weight
(thickness), lab color, 60° gloss, and spot
acid resistance. Spot acid resistance mea-
sures the enamel’s resistance to staining
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Figure 2. DTA curves of white enamel formulations.

Capsule summary

POTENTIAL SAVINGS

Decreasing the firing temperature of appliance
enamels represents a potential means to reduce
energy use during production and permit materi-
als savings through use of thinner-gage steel in
appliances.
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with a 10% aqueous

solution of citric acid.

The new coating for-

mulation provided a

smooth satin surface
= with good spot acid

resistance and good
acid resistance with
no discoloration and
no weight loss. We next attempted to
make the white enamel glossier to match
results obtained at 800°C.

Softening NPD787/F6 by increasing
conventional fluxes (Na,O, B,O,) or
decreasing refractory oxides (TiO,, SiO,)
did not improve opacity. Additional labo-
ratory reformulation resulted in two new
glossier frits, NPD787/F18 and NPD787/
F49, after firing at 700°C-740°C (Table
1). White enamel NPD787/49 also pro-
vided a smooth surface and good opacity
on preprimed steel.

To confirm opacification of these new
enamels after firing at 700°C, we used
differential thermal analysis/thermogravi-
mentric analysis (DTA/TGA) to charac-
terize the crystallization process (Figure
2). Crystallization occurred at ~500°C

for the new
formulations—
versus 550°C

for conventional
high-temperature
white cover coat—
because the new
frits were softer
with a lower T.
The lower area
of crystallization
observed for
NPD787/F49
would be expected

00 10 wm to correspond to
smaller crystals
and lower opac-
ity, because white

MATERIAL ADVANCES

Ferro is developing enamels that can be fired at
lower temperatures and provide easier-to-clean
surfaces, thanks to material advances in the
enamel and steel industries.
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Figure 3. SEM micrographs of recrystal-
lized titanium dioxide.

PROMISING FUTURE

Initial tests of new white and easy-to-clean low-
temperature appliance enamels demonstrate
promising properties and, with further optimi-
zation, will lead to cost savings and improved
enamel technology that is less prone to defects.
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Table 1. Results with low-firing enamel NPD787 /F6, NPD787 /F18, and NPD787 /F49

corresponds to optimal TiO, germination
and crystal growth.

Further experiments used scanning
electron microscopy (SEM) analysis to
characterize low-temperature crystalliza-
tion and compare it with that observed

Figure 4. Typical cleanbility test on ETC1.

(a) The three test solutions before cooking.

(b) Cooked ketchup test before cleaning.
(c) Enamel surface after cleaning.
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at conventional higher temperatures.
Figure 3 shows that crystallization of
NPD787/F18 after firing at 740°C is
similar to that observed for white cover
coat fired at 820°C. Crystallization of
NPD787/F49 increased from the 700°C
to the 740°C firing, but crystals were
smaller than for NPD787/F18. This for-
mula also had reduced acid resistance,
which could be caused by the smaller
fraction of recrystallized TiO,.

New trials are currently finalizing
characterization of these three low-
temperature white enamel references.
Depending on chemical and physical
properties, they will be defined as spe-
cific proposals for trials in architecture,
appliance, or cookware markets.

Low-temperature ETC enamel

The available color palette of ETC
enamels is limited because transition-
metal oxides, particularly cobalt and
nickel oxides, are required to develop
bonds on cleaned-only enameling grade
steel. With the new approach of applying
enamel over preprimed steel, it should be
possible to develop uncolored base ETC
enamels, which then could be colored
with added pigments. This would enable
a wider range of colors without changing
the chemical properties of the enamel
after firing at 700°C-740°C.

Figure 4 shows a typical cleanibility

Figure 5. Fusion flow results on modified ETC frit.
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e NPD787 /F6 NPD787/F18 NPD787/F49
arge
800°C  700°C for 4 min 700°C for 10 min 740°Cfor 4 min | 700°C for 4 min 740°C for 4 min 700°Cfor 4 min ~ 740°C for 4 min

Thickness (g/m?2) 300 220 220 220
Color

L (brightness/darkness)  92.8 824 90.8 89.7 90.2 90.0 75.5 85.2

a (green/red) -1.1 -0.4 -1.40 -1.07 -23 -2.1 -30 -23

b (blue/yellow) -24 -0.3 0.44 0.76 -49 -4.3 -121 -39
Gloss (60°) 90 50 45 62 87 104 83 70
Acid resistancet AA AA AA AA AA ( (
t"Standard test method for acid resistance of porcelain enamels (citric acid spot test),” ASTM (282.

test used on this family of enamels. The
test consists of application and removal of
three solutions: citric acid (10%), LINO,
(0.5 @), and ketchup (50%, mixed with
water). Citric acid simulates acidic food-
stuffs, such as pie filling or lemon juice.
LiNO,; is an industry test that simulates
regular oven use. Ketchup consists of acetic
acid and sugar, which are common com-
ponents in most condiments, and is baked
on at 320°C. In cleanibility tests, we used a
sponge and water to remove citric acid and
LiNO,, wheras we used a razor blade to
remove baked-on ketchup solutions.

We first developed two frit formula-
tions (ETC1 and ETC2) to attempt
to improve enamel cleanability. Soft
frit ETC1 was the starting point, from
which removing metal oxides yielded
frit ETC2. Although ETC2 was actually
significantly harder than ETC1, ETC2
showed poor results in cleanability tests
and exhibited severe staining. Adjusting
the formulation of ETC2 to soften the
metal oxidefree frit—such as decreasing
refractories, increasing fluxes, increasing
oxidizers, or increasing fluorine—did not
improve cleanability.

The company further developed lab
melts to evaluate the effects of added
cobalt, copper, manganese, and iron
oxides on hardness of the frit. Figure 5
shows the effects of these metal oxides
on melt viscosity of the glass, as mea-

— sy sured by isothermal fusion
flow tests (“Standard test
methods for fusion flow
of porcelain enamel frits
(flow-button methods),”
ASTM Designation C374.
American Society for
Testing and Materials,
West Conshohocken, Pa.).

Figure 6 shows

cleanability test results
from these various frit

American Ceramic Society Bulletin, Vol. 95, No. 4
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Figure 6. Cleanability test results for various ETC frit formulations.

formulations. The test reveals weak
stain resistance of ETC2 compared
with ETC1. Further, despite addition
of Co,0,, CuO, MnO,, and Fe,O; to
ETC2, only MnQO, slightly improved sur-
face cleanability.

We then used cross-sectional SEM
to analyze the cleanability test areas
exposed to LINO,. Micrographs revealed
that stained surface areas showed visible
cracking (Figure 7). Therefore, to further
improve the coating, we developed ETC3
by adding nonssilicate glass formers.

ETC3 with or without metallic oxides
showed good cleanability test results, with
no cracks visible by SEM. ETC3 without
metallic oxides is more robust terms
of cleability; however, the results also
showed that in spite of good stain resis-
tance, the coefficient of expansion of this
new frit needs further optimization.

Initial steps completed
Ferro has completed initial steps to
develop new white and ETC low-tem-

American Ceramic Society Bulletin, Vol. 95, No. 4 |

perature enamels with good properties
after firing at 700°C-740°C on new steel
developed by OCAS. This new enamel-
ing process will lead to cost savings in the
near future in terms of steel thickness,
energy consumption, and enamel thick-
ness. All these parameters also will lead to
improved enamel technology that is less
prone to steel- or fracture-related defects.
The next step in this project will consist
of optimizing enamel properties, includ-
ing cleanability and hot-acid resistance,
and finalizing enamel development in
terms of cost and process robustness.
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Figure 1. (a) Tilted focused-ion-beam SEM view of a multilayer woodpile photonic crystal (before delamination from the silicon handler
substrate). Colors indicate various layers.? (b) SEM image of a chalcogenide glass waveguide integrated photodetector. (c) Measured
photocurrent of the photodetector as a function of waveguided optical power at 1550-nm wavelength. Inset shows I-V characteristics

of the detector in dark and at 250-uW input optical power.
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Integration of amorphous chalcogenides and Ti0, on
polymers can enable photonic devices with exceptional
mechanical flexibility.

lexible integrated photonics is a new

technology that started to burgeon dur-
ing the past few years. It opened applications
from flexible optical interconnects to conformal
sensors on biological tissues. Material choice is
one of the most important factors dictating per-
formance of these flexible devices.

Organic polymers generally are compatible with flexible substrates.
However, low refractive indexes of polymers (compared with semi-
conductors) cannot provide the strong optical confinement necessary
for compact photonic integration. Besides polymers, researchers are
actively pursing semiconductor nanomembranes—thin slices of single-
crystal semiconductors with submicrometer thickness—for photonic
device integration on flexible substrates.

Unlike their rigid bulk counterparts, nanomembranes can bend
tightly without cracking, because surface strain induced by bending
linearly scales with membrane thickness. Usually, we make photonic
devices from nanomembrane structures that are patterned on a rigid
substrate, such as silicon. We then pick up the fabricated structures
using a poly(dimethylsiloxane) rubber stamp and transfer them onto
final flexible substrates. This multistep hybrid method limits process-
ing yield and throughput.

Therefore, we turned to amorphous glasses—the material of choice
for optics given their exceptionally low optical attenuation. We use
these noncrystalline materials in flexible photonics because they
enable monolithic fabrication and can be deposited directly onto flex-
ible substrates without resorting to epitaxial growth. Specifically, we
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Figure 2. (a) IR spectra and (b) X-ray diffraction spectra of sol-gel TiO, thin films annealed at various temperatures. Arrows in (a)
indicate characteristic optical absorption bands of chemical residues, and diffraction peak of the anatase phase in (b) is noted by
“A(101).” (c) Top-view SEM photograph of a TiO, film annealed at 250°C. Inset represents a film cross-section. (d) Optical micros-
copy photograph of top-view of a TiO, racetrack micro-resonator. Inset shows cross-sectional SEM photograph of the waveguide.
(e) Normalized optical transmission spectra of a flexible TiO, waveguide prior to and after repeated folding. Inset shows a folded
TiO, waveguide sample under test. (f) Proliferation of human mesenchymal stem cells in indirect contact with photonic materials.
*Significantly different (p < 0.01) from days 0-6. No significant difference was observed between days 6 and 8.!

focused on chalcogenide glass materials
and amorphous TiO, because they can
be deposited at relatively low tempera-

tures (<250°C) compatible with flexible

substrate integration.!*

Chalcogenide glasses for 2.5-D
photonic integration on flexible
substrates

Chalcogenide glasses are amorphous
semiconductors that contain one or mul-
tiple chalcogen elements, namely sulfur,
selenium, and tellurium. Extraordinary
infrared (IR) transparency makes these
materials popular for optical compo-
nents, such as IR windows, lenses, opti-
cal fibers, and coatings. Phase change
memories, all-optical signal processing,
chem-bio sensing, and on-chip light
switching and modulation are other
emerging applications where chalcogen-
ide glasses are important.’ By incorpo-
rating a multi-neutral-axis mechanical
design, we demonstrated low-loss, robust
photonic devices on flexible polymer
substrates capable of sustaining repeated
bending down to submillimeter radii,

American Ceramic Society Bulletin, Vol. 95, No. 4 |

despite intrinsic fragility of chalcogenide
glass materials.?

Besides excellent optical properties,
chalcogenide glasses exhibit extreme
processing versatility—they can be mono-
lithically deposited on virtually any
technically important substrate and can
be shaped into functional device forms
via traditional lithography or a variety
of soft lithographic methods, including
molding, imprinting, and ink-jet print-
ing.® Therefore, chalcogenide glasses are
uniquely poised for 2.5-D photonic inte-
gration, which refers to vertical stacking
of photonic devices in multiple layers.

Fink et al. showed that chalcogenide
glasses readily can form planar multilay-
ers (e.g., Bragg mirrors) via sequential
thin-film deposition.” We extend the
process to stacking of patterned pho-
tonic devices by introducing a planariza-
tion step between film depositions. In
the process, we spin-coated a polymer
layer on top of a patterned chalcogenide
glass film. We then thermally annealed
the polymer/glass to allow the polymer
to flow and planarize the surface before

www‘cerumics.org

cross-linking, thereby facilitating subse-
quent deposition and patterning. Using
these techniques, we have demonstrated
an array of multilayer photonic com-
ponents on flexible substrates, such as
vertically stacked optical resonant filters,
overpass structures for waveguide cross-
ings, and woodpile photonic crystals
(Figure 1(a)).?

Recently, we showed that the
approach also is applicable to integra-
tion of active optoelectronic components
with passive glass photonics. Figure
1(b) shows a top-view scanning electron
microscopy (SEM) photograph of a
chalcogenide glass waveguide integrated
with an adhesive-bonded semiconductor
nanomembrane photodetector. Figure
1(c) is a plot of the measured photocur-
rent as a function of guided power in
waveguides. Compared with traditional
photodetectors, which capture only free
space illumination, the much smaller
optical mode volume enabled by wave-
guide integration underlies a much larg-
er—and potentially much faster—optical
response in these detectors. These results
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Amorphous thin films for mechanically flexible, multimaterial integrated photonics

open up exciting applications in which
chalcogenide glasses can seamlessly
integrate with other optical materials to
enable unconventional functionalities.

Foldable and cytocompatible sol-
gel TiO, photonics

We also investigated sol-gel TiO, as
another amorphous material for flexible
photonic integration. Besides sharing
the same processing advantages—such as
low-temperature deposition and ease of
integration as chalcogenide glasses—TiO,
is particularly attractive for biophotonic
applications because it is generally con-
sidered biocompatible and has been
used in dental fillers, cosmetic products,
and artificial bone scaffolds.

In our work, we deposited amor-
phous TiO, films using an organicfree
sol-gel process. The SEM photograph
in Figure 2(c) indicates the uniformity
and smooth surface of a sol-gel-coated
TiO, thin film. Postdeposition anneal-
ing temperature is a critical parameter in
determining TiO, film quality. Figures
2(a) and (b) show that increased anneal-
ing temperature contributed to removal
of chemical residues and reduction of
parasitic optical absorption. However,
annealing at >250°C results in partial
crystallization, which leads to optical
scattering by crystalline grains. TiO,
films annealed at 250°C feature a uni-
form and smooth surface (Figure 2(c))
and a relatively low optical loss of 3 dB/
cm, which is suitable for photonic inte-
gration.

Using a sol-gel technique and plasma
etching, we fabricated and tested TiO,
optical waveguides and resonators
monolithically integrated on flexible
polymer substrates (Figure 2(d)). Similar
to chalcogenide glass flexible photonics,
the multi-neutral-axis design renders
TiO, devices extremely flexible—fabri-
cated TiO, waveguides can be repeatedly
folded in half without introducing mea-
surable optical degradation (Figure 2(e)).
We further validated cytocompatibility
of these TiO, devices through in-vitro
cell viability tests (Figure 2(f)), which
show that human mesenchymal stem
cells cultured on TiO, devices exhibit
the same level of metabolic activity as
those grown on a reference cell culture
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plate. Building on these results, we now
focus our ongoing work on integrating
TiO, flexible photonic sensors with
biological tissue engineering platforms
to enable real-time monitoring of cell
growth.!

Thin films continue to be important
Processing of amorphous thin films
is far more forgiving compared with
epitaxy, which is mandated for grow-
ing traditional optical crystal materials.
Consequently, they can be readily mated
with other functional materials to create
composite structures possessing unique
properties not accessible to glasses alone.
Here, we demonstrated that integration
of amorphous chalcogenides and TiO,
on polymers can enable photonic devices
with exceptional mechanical flexibility.
On the other hand, integration of glasses
with semiconductor nanomembranes
enables full active-passive integration
toward realizing standalone flexible
“system-on-a-chip” photonic platforms.
These are certainly two cases exemplify-
ing the universal multimaterial photonic
integration paradigm, in which we fore-
see that amorphous thin films will con-
tinue to play a pivotal role.
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Editor’s note

Li will present the 2016 Kreidl
Award Lecture at the Glass and Optical
Materials Division Annual Meeting in

Madison, Wis., on May 24, 2016.
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The Structural Clay Products Division of The American Ceramic Society emphasizes the most efficient and economical ways to
manufacture brick, pipe, red-body tile, and other structural clay products. Join us for our annual Division meeting,
held in conjunction with the National Brick Research Center Meeting.

Tenkbative Schedule
Sunday, May 1
Football Hall of Fame tour

Monday, May 2
SCPD technical program

Welcome reception

(optional, on own)

2:00 — 5:00 p.m.
5:00 — 7:00 p.m
Tuesday, May 3
Plant tour bus departure, 9:00 a.m.
Embassy Suites
Plant tour — The Belden Brick Co.
(Plants 4 & 8), Sugarcreek, Ohio
Lunch provided by
The Belden Brick Co.
The Belden Brick Co. tour —
continued (Plants 2 & 3)
Suppliers mixer, Embassy Suites

Wednesday, May 4
NBRC management subcommittee  7:00 - 8:30 a.m.
group (by invitation only)
NBRC member meeting
(open to all NBRC members)

10 a.m. - Noon
Noon - 1:00 p.m.

1:00 - 3:00 p.m.

5:30 — 7:00 p.m.

9:00 a.m. - Noon

Technical sessions

The brick MACT - What are we doing to fix it? - Susan J.
Miller, Brick Industry Association, and Garth Tayler, Acme Brick

Raw-material testing for MACT and SDSs - Susan J. Miller,
Brick Industry Association, and John Sanders, National Brick
Research Center at Clemson University

Don’t forget about silica - Susan J. Miller, Brick Industry
Association, and Garth Tayler, Acme Brick

Update on recent changes to PCl specification for thin
brick - Mike Walker, National Brick Research Center at Clemson
University

Carbonate ceramics - A disruptive technology for the
brick - Richard Riman, Rutgers University

Pigments manufacturing and flow characteristics - Don
Abernathy, Huntsman Pigments-Davis Colors

Update on facade panel and thin-brick production - Don
Dennison

Overview of Belden Brick - Robert F. Belden, The Belden
Brick Co.

JULY 10-13, 2016 | Northwestern University in Evanston, Ill.

th Advances in Cement-Based Materials

(Cements 2016)

THIS MEETING IS DESIGNED FOR ENGINEERS, SCIENTISTS, INDUSTRY PROFESSIONALS, AND
STUDENTS INTERESTED IN ADVANCED CEMENT-BASED MATERIALS.

TOPICS FOR THIS YEAR INCLUDE:

¢ Cement chemistry and nano/microstructure

¢ Advances in material characterization techniques

¢ Alternative cementitious materials and material
modification

e Durability and lifecycle modeling

¢ Advances in computational material science and chemo/
mechanical modeling of cement-based materials

e Smart materials and sensors

¢ Rheology and advances in self-consolidating concrete

For more information and to register, go to

SURENDRA SHAH SYMPOSIUM: “Advanced cement-based
materials of the future”

ACerS Cements Division is pleased to announce the Surendra Shah
Symposium, “Advanced cement-based materials of the future.”
Those familiar with professor Shah’s leadership in cement-based
materials research know that a hallmark of his career has been his
constant focus on the future possibilities of cement and concrete
materials. Invited lecturers will honor professor Shah’s legacy and
ongoing work to push the boundaries of what is possible in cementi-
tious materials. For more information on this symposium, go to
ceramics.org/cements-2016-symposium.

HOTELS:

Reservations must be received on or before June 10, 2016.


http://www.ceramics.org
www.ceramics.org/clay2016
www.ceramics.org/cements2016
www.ceramics.org/cements-2016-symposium

N\ REGISTER TODAY! ceramics.org/htcmc9_gfmat2016

L1

" INTERNATIONAL CONFERENCE ON HIGH-TEMPERATURE CERAMIC

MATRIX COMPOSITES -
,‘O'\Yd

GLOBAL FORUM ON ADVANCED MATERLALS AND

TECHNOLOGLES FOR SUSTAINABLE DEVELOPMENT -

HTCMC 9—in conjunction with GFMAT 2016—takes place June 26—July 1 at the Toronto Marriott
Downtown Eaton Centre Hotel, Toronto, Canada. The joint meeting will address key issues, challenges,

sustainable societal development.

TECHNICAL PROGRAM

and opportunities in a variety of advanced materials and technologies that are critically needed for

The conference features 18 symposia, covering a range of focused topics.

HTCMC 9 GFMAT 2016
H1: Computational modeling and design of new materials and G1: Powder processing innovation and technologies for advanced
processes materials and sustainable development

H2: Design and development of advanced ceramic fibers, interfaces,
and interphases in composites: A symposium in honor of professor
Roger Naslain

H3: Innovative design, advanced processing, and manufacturing
technologies

H4: Materials for extreme environments: Ultra-high-temperature ceram-
ics and nanolaminated ternary carbides and nitrides (MAX phases)

H5: Polymer-derived ceramics and composites

H6: Advanced thermal and environmental barrier coatings: Processing,
properties, and applications

H7: Thermomechanical behavior and performance of composites
H8: Ceramic integration and additive manufacturing technologies
H9: Component testing and evaluation of composites

H11: CMC applications in transportation and industrial systems

SPONSORS

38

G2: Functional nanomaterials for sustainable energy technologies

G3: Novel, green, and strategic processing and manufacturing
technologies

G4: Ceramics for sustainable infrastructure: Geopolymers and
sustainable composites

G5: Advanced materials, technologies, and devices for electrooptical
and medical applications

G6: Porous ceramics for advanced applications through innovative
processing

G7: Advanced functional materials, devices, and systems for
environmental conservation and pollution control

G8: Multifunctional coatings for sustainable energy and environmental
applications

STUDENT AND YOUNG PROFESSIONAL
LUNCH AND TALK
TUESDAY, JUNE 28,2016 | Noon — 1:15 p.m.

“Mentorship for young scientists: Developing scientific sur-
vival skills,” a special session sponsored by Saint-Gobain, will
be presented by professor Federico Rosei, INRS Energie Matériaux
Télécommunications Research Centre.

www.ceramics.org | American Ceramic Society Bulletin, Vol. 95, No. 4
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Toronto Marriott Downtown Eaton Centre Hotel
Toronto, Canada

JUNE 26 - JULY 1, 2016

PLENARY SPEAKERS
MONDAY, JUNE 27, 2016 | 8:00 - 9:00 a.m.

Shunpei Yamazaki, founder and president,
Semiconductor Energy Laboratory Co. Ltd., Japan
Title: Discovery of indium gallium zinc oxide
(CAAC-1GZ0) and its applications in next-generation
information display devices

A.N. Sreeram, senior vice president research
& development and chief technology officer, Dow
Chemical Co.

Title: The science of materials: Impactful solutions to
big global challenges

Katherine A. Stevens, general manager, materials
and process engineering, GE Aviation

Title: SiC/SiC ceramic-matrix composites for jet engines

Jorg Esslinger, director materials engineering, MTU
Aero Engines AG, Germany

Title: Ceramic-matrix composites (CMCs): Enabling
materials for competitive aero-engines

OPPORTUNITIES FOR NETWORKING
AND DISCUSSION

HTCMC 9 and GFMAT 2016 networking events provide various
opportunities to engage in discussions on the global scale and
develop lasting business relationships.

Poster sessions and a Young Professionals Forum are
other highlights of this meeting.

American Ceramic Society Bulletin, Vol. 95, No. 4 | www.ceramics.org

SCHEDULE AT A GLANCE

Sunday, June 26, 2016
Welcome reception

Monday, June 27, 2016
Plenary session
Concurrent sessions
Lunch on own

Tuesday, June 28, 2016
Concurrent sessions

Lunch on own
Poster session

Wednesday, June 29, 2016

Concurrent sessions
Lunch on own

Thursday, June 30, 2016
Concurrent sessions

Lunch on own
Conference banquet

Friday, July 1,2016
Concurrent sessions

5:00 - 7:00 p.m.

8:00 —9:00 a.m.
9:30 a.m.—5:30 p.m.
Noon —1:20 p.m.

9:30 a.m.—5:30 p.m.
Noon —1:30 p.m.
6:30 — 8:30 p.m.

9:30 a.m. —5:30 p.m.
Noon — 1:30 p.m.

9:30 a.m. - 5:30 p.m.
Noon — 1:30 p.m.
7:00 - 9:30 p.m.

9:30 a.m. — Noon

TORONTO MARRIOTT DOWNTOWN

EATON CENTRE HOTEL

525 Bay St.

Toronto, Ontario M5G 2L2 Canada

416-597-9200

Group rate: $199.99 CAD per night

Reservations available on or before

June 3, 2016, or until the block
sells out. Mention The American
Ceramic Society.
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GLASS AND OPTICAL MATERIALS DIVISION
ANNUAL MEETING

Join the Glass and Optical Materials Division (GOMD 2016) May 22-26, 2016, in Madison, Wis., for a program featuring five
symposia—Fundamentals of the glassy state, Larry L. Hench memorial symposium on bioactive glasses, Optical and electronic
materials and devices, Glass technology and cross-cutting topics, and Festschrift for Professor Donald R. Uhlmann. Technical
sessions consisting of oral and poster presentations, led by technical leaders from industry, national laboratories, and academia,
provide an open forum for glass scientists and engineers from around the world to present and exchange findings on recent

advances in various aspects related to glass science and technology. Register today at ceramics.org/gomd2016.

STOOKEY LECTURE OF DISCOVERY
Monday, May 23,2016 | 8:00 - 9:00 a.m.

David L. Griscom, impactGlass research international

Title: The life and unexpected discoveries of an intrepid
glass scientist

Tuesday, May 24, 2016 | 8:00 - 9:00 a.m.

Hellmut Eckert, Institute of Physics in Sao Carlos,
University of Sdo Paulo, Brazil, and Institute of Physi-
cal Chemistry, University of Miinster, Germany

Title: Spying with spins on messy materials: 50 years of
glass structure elucidation by NMR spectroscopy

DARSHANA AND ARUN VARSHNEYA FRONTIERS
OF GLASS SCIENCE LECTURE
" Wednesday, May 25,2016 | 8:00 - 9:00 a.m.

Matteo Ciccotti, Professeur de I'ESPCI, Laboratorie
de Science et Ingenierie de la Matiere Molle, France

Title: Multiscale investigation of stress-corrosion crack
propagation mechanisms in oxide glasses

DARSHANA AND ARUN VARSHNEYA FRONTIERS
OF GLASS TECHNOLOGY LECTURE
Thursday, May 26, 2016 | 8:00 - 9:00 a.m.

Matthew J. Dejneka, research fellow,
Corning Glass Research Group

Title: Chemically strengthened glasses and
glass-ceramics

NORBERT J. KREIDL AWARD FOR YOUNG
SCHOLARS
Tuesday, May 24,2016 | Noon - 1:00 p.m.

Lan Li, Massachusetts Institute of
Technology

Title: Materials and devices for
mechanically flexible integrated photonics
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TECHNICAL PROGRAM

S1: Fundamentals of the glassy state
Session 1: Glass formation and structural relaxation

Session 2: Fundamentals and applications of glass-
crystallization

Session 3: Structural characterization of glasses

Session 4: Computational and theoretical studies of glass
Session 5: Mechanical properties of glasses

Session 6: Non-oxide and metallic glasses

Session 7: Glass under extreme conditions

S2: Larry L. Hench memorial symposium on bioactive
glasses

S3: Optical and electronic materials and devices—
Fundamentals and applications

Session 1: Amorphous ionic and electronic conductors:
Materials and devices

Session 2: Optical fibers

Session 3: Optical materials for components and devices
Session 4: Laser interactions with glass

Session 5: Glass-ceramics and optical ceramics

S4: Glass technology and cross-cutting topics

Session 1: Glass surfaces and functional coatings

Session 2: Liquid synthesis and sol-gel-derived materials
Session 3: Challenges in glass manufacturing

Session 4: Waste immobilization—Waste form
development: Processing and performance

S5: Festschrift for Professor Donald R. Uhlmann

For more information and to register, go to
ceramics.org/gomd2016

Special thanks to our conference sponsors

JOURNAL OF e
NON-CRYSTALLINE SOLIDS ~ SAINT-GOBAIN

SCIENCE

www.ceramics.org |
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Brought to you by

PRACTICAL TIPS FOR GETTING YOUR RESEARCH PUBLISHED m
Wednesday, May 25, Noon - 1:15 p.m. | Madison Room SAI NT' GOBAI N

All student and young professional attendees are invited. Professor Mario Affatigato will provide advice for students on the wild world of
scientific publishing. Specifically, he will discuss:

- Content suitable for publication; - Getting involved as a journal reviewer;

« Desire for cutting-edge work; « Writing clarity and the expected audience;

- Reviews and topical issues; - Some of the ethical principles behind research publishing; and
«Vexing problem of plagiarism, naive and intentional; - Brief mention of the current environment in the scientific journal

world, with an emphasis on trends, such as open access publish-

« Technical issues with manuscripts, including image resolution and ) " - -
ing and discussions on impact.

English language editing;

Expect a friendly, educational presentation with ample time for questions.

Mario Affatigato is coeditor of the International Journal of Applied Glass Science. He holds the Fran Allison and Francis Halpin Professorship
in Physics at Coe College, where he has developed a research effort primarily investigating the relationship between the optical proper-
ties and structure of glassy materials. He is a Fellow of The American Ceramic Society and the U.K. Society of Glass Technology, and, in
2015, became a Research Corporation Cottrell Scholar.

Lunch will be provided on a first come, first served basis.

STUDENT, POSTDOC, AND YOUNG PROFESSIONAL
CAREER DISCUSSION ROUNDTABLES

Wednesday, May 25, 5:45 - 6:45 p.m. | Capitol B

Students, postdocs, and young professionals are invited to an in-
formal group discussion with nine panelists representing industry,
national labs, and academia. This is an opportunity to ask questions of
professionals in a casual environment on a number of diverse topics
(work-life balance, career opportunities, etc.). The career professionals
will rotate every 15 minutes, so attendees will get a chance to have
candid discussions with several professionals during this session. Light
refreshments will be served.

PANELISTS:

Academia:

Juejun Hu, Massachusetts Institute of Technology
Mathieu Bauchy, University of California, Los Angeles
Liping Huang, Rensselaer Polytechnic Institute

National lab:

Tayyab Suratwala, Lawrence Livermore National Laboratory
Todd Alam, Sandia National Laboratories

Joseph Ryan, Pacific Northwest National Laboratory

Industry:
Mathieu Hubert, CelSian Glass & Solar, The Netherlands

John Mauro, Corning Incorporated
Clara Rivero-Baleine, Lockheed Martin Corporation
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ST. LOUIS BECOMES ‘STEEL CITY' DURING ST. LOUIS-
REFRACTORY CERAMICS DIVISION SYMPOSIUM

= A

(Credit for all photos: ACerS.)

The exhibitor reception gave attendees a chance to promote their businesses,
network, and talk refractories.

Abel Carriquiry from Peru takes the opportunity to
network during a break at the St. Louis Section—
Refractory Ceramics Division symposium.

The assembled group of T.J. Planje award winners.

ness. So, this year’s theme for the 52" Annual Symposium on Refractories was espe-
cially fitting—Refractories for the Ferrous Industry: A Historical Perspective, Present,
and Future Directions.

It has been said that if you are in the refractory business, you are in the steel busi-

The joint effort, produced by the St. Louis Section and the Refractory Ceramics Division,
took place March 30-31 in St. Louis, Mo. The symposium featured 17 presentations for
[ about 210 attendees. The international scope of the steelmaking industry was reflected
Andus Buhr (left) from Almatis in Germany fields in the presentations, with speakers from Norway, Germany, Canada, China, Brazil, Austria,
a question while symposium co-organizer Simon and the United States. The audience, too, included about 25 attendees from abroad.
Leiderman listens.

ACers$ president Mrityunjay Singh presents Patty Smith
with an ACerS Global Ambassador certificate recogniz-
ing her work organizing the St. Louis Section and the

Refractories Symposium.

Bjorn Myhre (left) from Elkem Silicon Materials
(Norway) accepts the St. Louis Section’s T.J. Planje
award from Jeff Smith (Missouri S&T).

Paul Ormond accepts an ACerS Global Ambassador certifi-
cate from President Singh in recognition of contributions
to the refractory community and participation in the MS&T
Materials Camps.

www.ceramics.org | American Ceramic Society Bulletin, Vol. 95, No. 4
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O book review

Successful Women

Ceramic and Glass

Scientists and
Engineers: 100
Inspirational Profiles

by Lynnette Madsen

As I began reading Successful
Women Ceramic and Glass Scientists and
Engineers, I recognized how much I
have been honored to have many of
the profiled women as colleagues across
my professional career. Many subjects
of the one hundred profiles could dot
a timeline mapping my experiences as
a member of the ceramics community,
and I relished the opportunity to learn,
learn more, or relearn about all the
women included in the book.

But I initially had not considered
that the book topic—women in ceram-
ics and glass—would also inspire me to
think of all of the inspirational women
I have known across other science and
engineering fields as well. For me, that
list includes many of the superb women
who serve or have served The American
Ceramic Society. Like many of the
women in Madsen’s new book, they are
often the first people I think of when
I hear only their first names. I believe
other readers will similarly recognize that
we are blessed to have so many inspir-
ing women in the ceramics and glass
community, and, as is evident in much
broader contexts as well, that celebra-
tions of women and their contributions
have been too rare. The words of wis-
dom shared by Doreen Edwards—“We
need to make our own definitions of
success”—apply to all.

As she notes in the introduction,
Madsen overcame challenges inherent
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in establishing any collection of pro-
files from a large group of individuals.
But she also was challenged to choose
just one hundred women to profile
and determine how to organize the
profiles and how to include appropri-
ate representation from other areas of
diversity, including race, ethnicity, and
nationality. The book provides a listing
of women based on various categories,
including regions, career categories,
and ethnicity. But the compilation also
provokes thought about the (in)visibil-
ity of other aspects of diversity, includ-
ing disability and sexuality, for many
other colleagues—either from lack of
representation, disclosure, or both.
Many women profiled in the book
share private moments and information
about themselves that might give some
pause, but the personal moments add
richness to the professional achieve-
ments. Photos shared with the profiles

| www.ceramics.org

. ?‘ Keith Bowman

—-—..  Keith Bowman

document important achievements
or moments in the women’s personal
or professional lives that enrich the
reader experience. The book clearly
demonstrates that hearing the voices
of women in our field is important.
Ruth H.G.A. Kiminami states,
“Always fight for your dreams with
a great dose of optimism, persever-
ance, and kindness.”

The mixture of professional
achievements, personal accom-
plishments, words of wisdom,
and sobering commentaries
is much richer than might be
appatent to a reader paging

through the book for the
first time. Stories describing
intentional and unintentional
discrimination and slow prog-
ress toward truly inclusive
workplaces likely will make
the reader appreciate even
more the successes of colleagues. Or it
could, and should, also make the reader
frustrated that progress has been so slow.
But supportive spouses, clever approach-
es for overcoming inflexible workplace
policies, and exceptional mentors and
advocates are key elements in many of
the stories.

When reading profiles of women 1
know, I found it important to ask myself
if | knew all the achievements listed and
if I had ever heard the women describe
challenges they have overcome. In sever-
al cases, I felt like I was hearing the real
voices of these successful women for the
first time. As Marina Pascucci advises,
“Try not to listen to naysayers—success is
the best revenge.”

Keith Bowman is dean of the
College of Science & Engineering at
San Francisco State University (San

Francisco, Calif.). ™
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Calendar of events

May 2016

2-4 structural Clay Products Division
Meeting — Embassy Suites, North
Canton, Ohio; www.ceramics.org/
clay2016

2—4 Missouri Concrete Conference —
Rolla, Mo.; www.dce.mst.edu

811 » i1ccPs-13: 13" Int'l
Conference on Ceramic Processing
Science — Nara, Japan;
unit.aist.go.jp/ifmri/tl-int/iccps13

10-12 » 78" Annual PEI Technical
Forum — Louisville, Ky.;
www.porcelainenamel.com

18-22 = wBC2016: 10" World
Biomaterials Congress — Montreal,
Canada; www.wbc2016.org

22—26 GOMD 2016: Glass and
Optical Materials Division Meeting
2016 — The Madison Concourse Hotel
and Governor’s Club, Madison, Wis.;
www.ceramics.org/gomd2016

23—-25 27t AeroMat Conference and
Exposition — Meydenbauer Center,
Bellevue, Wash.; www.asminter
national.org/web/aeromat-2016

June 2016

8—10 AcerS Southwest Section meet-

ing — Hilton Birmingham Perimeter

Park, Birmingham, Ala.; www.ceramics.

org/sections/southwest-section

26—30 » HTCMC 9 and GFMAT: 9
Int’l Conference on High-Temperature
Ceramic-Matrix Composites and
Global Forum on Advanced Materials
and Technologies for Sustainable
Development 2016 — Toronto Marriott
Downtown Eaton Centre Hotel,
Toronto, Canada; www.ceramics.org/
htcmc9_gfmat2016

27-29 » Electroceramics XV —

Limoges, France;
www.electroceramics15.com

44

July 2016

3—6 = Microwave Materials and Their
Applications — Seoul, South Korea;
www.mma2016.com

5-8 120 European SOFC and
SOE Form: 20" Conference in
Series with Exhibition — Kulture-
und and Kongresszentrum Lucerne,
Switzerland; www.EFCF.com

10-13 3¢ intl Congress on 3D
Materials Science 2016 — Pheasant
Run Resort, St. Charles, IIl.; www.tms.
org/meetings/2016/3DMS2016

11-13 Cements 2016: 7t Advances
in Cement-Based Materials —
Northwestern University, Evanston, lll.;

www.ceramics.org/cements2016

17-21 6t Int’l Conference on
Recrystallization and Grain Growth —
Omni William Penn Hotel, Pittsburgh,
Pa.; www.tms.org/meetings/2016/
ReXGG2016

25-26 Diversity in the Minerals,
Metals, and Materials Professions —
Northwestern University, Evanston, lll.;
www.tms.org/meetings/2016/
diversity2016

28-31 Innovations in Biomedical
Materials and Technologies —
Rosemont Hyatt, Chicago, lIl.;
www.ceramics.org/biomed2016

31-Aug. 5 » Gordon Research
Conference on Ceramics and Solid
State Studies — Mount Holyoke
College, South Hadley, Mass.;
www.grc.org/programs

August 2016
21-23 » ICC6: Int'l Congress on

Ceramics — Dresden, Germany;
www.icc-6.com

Www.ceramics.org

September 2016

4-8 ESG 2016/SGT100: Society
of Glass Technology Conference —
Sheffield, U.K.; www.sgt.org

28-29 59" Int’l Colloquium on
Refractories 2016 — Aachen, Germany;
www.ecref.eu

October 2016

1-6 =» 6™ Int’I Conference on
Electrophoretic Deposition — Gyeongju,
South Korea;
www.engconf.org/conferences

23-27 » MS&T16, combined with
ACerS 118" Annual Meeting — Salt
Lake City, Utah; www.ceramics.org;
www.matscitech.org

January 2017

18—20 EMA 2017: ACerS Electronic
Materials and Applications —
DoubleTree by Hilton Orlando Sea
World, Orlando, Fla.; www.ceramics.org

22-27 ICACC’17: 41% Int’l Conference
and Expo on Advanced Ceramics and
Composites — Hilton Daytona Beach
Resort/Ocean Walk Village, Daytona
Beach, Fla.; www.ceramics.org

www.ceramics.org/

ceramictechtoday

Dates in RED denote new entry in
this issue.

Entries in BLUE denote ACerS
events.

= denotes meetings that ACerS
cosponsors, endorses, or other-
wise cooperates in organizing.
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classified advertising

Career Opportunities

GLASS INDUSTRY OPENINGS
Furnace Dsgn Engr | Hot End Mgr/Engr
Prj/Prc Engr | Glass Recruiter
Maint Mgr | Tank Mgr
Must have BS in Engr and glass experience
No Sponsorship
ceramjobs@aol.com | (704) 995-4944
Bob/Chris Goodell | Ceramic Recruiters

Quauity Executive SearcH, INc.

Recruiting and Search Consultants
Specializing in Ceramics

Joe DRAPCHO
24549 Détroit Rd. * Westlake, Ohio 44145
(440) 899-5070 + Cell (440) 773-5937
www.qualityexec.com
E-mail: qesinfo@qualityexec.com

Business Services

custom finishing/machining

(Rauschert

949-421-9804

Reliability, Competence & Innovation....

110+ Years Designing and
Manufacturing Technical
Ceramic Components

Oxide & Non-Oxide Materials

- www.rauscherf.com €

High Temp Insulation

CUSTOM MACHINING

Precision Machinery
« Complex Shapes

« Exacting Tolerances
+ Prototypes, Short Runs, High Volume
« Focus on Quality

Talk to us about product samples.

Zircar Zirconia, Inc.
(845) 651-3040
sales@zircarzirconia.com
www.zircarzirconia.com

lﬁm alr

Industry Experience
Trusted Products
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Machining of Advanced Ceramics Since 1959

7~ O\
BMS)

ITAR Registered

Celebrating
3 Generations of Service
617-628-3831

jannese@bomas.com
mannese@bomas.com

www.bomas.com
Somerville, MA 02143

® Custom forming of
technical ceramics

* Protype, short-run
and high-volume
production quantities

| * Multiple C.N.C.
Capabilities

N

% ADVANCED
“CERAMIC
TECHNOLOGY

Ph: 714-538-2524 | Fx: 714-538-2589 '\‘
Email: sales@advancedceramictech.com
www.advancedceramictech.com

custom/toll processing services

Custom_
Hot Pressing

= Contact Michael Malyn
Malyn Industrial Ceramics, Inc.
716.741.1510 « sales@malyn.com

www.malyn.com

WWww.ceramics.org

Science.
Applied to Life."™

Be inspired
by innovation

3M™ Specialty Glags#
8&Custom Ceram ' .

3M.com/specialtyglass

ot a

; L]
Specialty GLASS Inc.
solving the science of glass™
since 1977
+ Standard, Custom, Proprietary Glass and
Glass-Ceramic compositions melted
* Available in frit, powder (wet/dry milling),
rod or will develop a process to custom form
* Research & Development
* Electric and Gas Melting up to 1650°C

+ Fused Silica crucibles and Refractory
lined tanks

* Pounds to Tons

305 Marlborough Street * Oldsmar, Florida 34677
Phone (813) 855-5779 « Fax (813) 855-1584
e-mail: info@sgiglass.com
Web: www.sgiglass.com

[PIP] ™

Powper ProcessinG & TechnoLoey, LLG
Your Source for Powder Processing

We specialize in:

* Spray Drying

* Wet and Dry Milling

* Calcining and Sintering
Typical Applications:

* Catalysts e Electronics

* Ceramics < Fuel Cells
For more information please, contact us at
219-462-4141 ext. 244 or sales@pptechnology.com

5103 Evans Avenue | Valparaiso, IN 46383
www.pptechnology.com
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SERVICES

¢ Sintering, calcining,
heat treating to
1700°C

¢ Bulk materials
and shapes

* R&D, pilot
production

¢ One-time or
ongoing

EQUIPMENT HARRDP

* Atmosphere
electric batch kilns  Columbus, Ohio
to 27 cu. ft. 614-231-3621

e Gas batch kilns www.harropusa.com
to 57 cu. ft. sales@harropusa.com

SEM ¢ COM comPANY, INC.

Glass & Glass Ceramic Manufacturing
1ISO 9001:2008 CERTIFIED

¢ Melting to 1675°C: grams to tons

¢ Flake, frit, rolled marble & powder forms
¢ Redrawn & updrawn tubing or rod

¢ Cast plates, billets & boules

¢ Glass formula & properties development

¢ Solid Si dopant source wafers in assoc.
with Techramics, Ltd.

1040 N. Westwood Ave.
Toledo, OH 43607

Ph: 419-537-8813 BEM, COM
Fax: 419-537-7054 =
e-mail: sem-com@sem-com.com
web site: www.sem-com.com

Thermal Analysis Materials Testing

Advanced ceramic testing

M Dilatometry M Thermal Gradient
M Firing Facilities W ASTM Testing
Superior quality and performance in: | Custom Testing W Refractories Creep
. M Glass Testing m Clay testing
B Thermal Analysis m DTA/TGA

m Calorimetry

B Determination of thermophysical HAn n o p

properties ———— INDUSTRIES, INC.

B Contract Testing Services 3470 E. Fifth Ave., Columbus, Ohio 43219-1797
(614) 231-3621 Fax: (614) 235-3699

“ ETzs EH E-mail: sales@harropusa.com
\

NETZSCH Instruments
North America, LLC
129 Middlesex Turnpike _—l

Burlington, MA 01803 e T .
Email: nib-sales@netzsch.com WEST PENN | ISF:EI:?IEFDChEI"I’IICEIl
Ph: 781-272-5353 Lamrmbares

www.netzsch.com Complete Elemental

Analysis

[SO 17025 and AS 9100 Accredited

Ceramics & Glass - Refractories & Slag
Metals & Alloys
XRF -ICP -GFAA - CI&F - C&S
« Glass defect ana Sou tificati b OES, SEM, CVAA, TGA

-Fumamc;l;'a “" Visit: westpenntesting.com | 724-334-4140

technology suppor
g'seminars liquidations/used equipment

Used
CERAMIC MACHINERY

laboratory/testing services

Innovative Thermal Processing
Solutions for Advanced Materials

- Research Facilities
- Engineering Studies
- Pilot Scale Systems

‘ IntErnatlanal

GELLER MICROANALYTICAL
LABORATORY, INC.

Analytical Services & NIST Traceable
Magnification Standards
SEM/X-ray, Electron Mircoprobe, Surface Analysis
(Auger), Metallography, Particle Size Counting,

and Optical Microsco
for Ceramics End Compositepl{/laterials CORPORATIO N
Specializing in quantitative analysis of boron, car-
bon, nitrogen, oxygen, etc. in micrometer sized areas.
Elemental mapping,diffusion studies, failure analysis,
reverse engineering and phase area determinations.
ISO 9001 & 17025 Certified
Put our years of experience to work on your specimens!
426 Boston St. Topsfield, MA 01983
Tel: 978-887-7000 Fax: 978-887-6671 Tel: +1 (810) 225-9494

www.gellermicro.com Email: sales @gellermicro.com sales@mohrcorp.com

Sell and buy used ceramic
machinery and process lines.

Connected and Experienced Globally
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GET RESULTS!

Advertise in the Bulletin
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BUYING & SELLING

» Compacting + Crushers &

Presses Pulverizers
« Isostatic Presses - Attritors
« Piston Extruders  + Spray Dryers

» Mixers & Blenders + Screeners

« Jar Mills » Media Mills

+ Pebble Mills » Kilns & Furnaces

+ Lab Equipment + Stokes Press Parts

Huge Inventory in our Detroit
Michigan warehouse

Contact Tom Suhy
248-858-8380
sales@detroitprocessmachinery.com
www.detroitprocessmachinery.com

DBPM\ peTrROIT PROCES MACHINERY

maintenance/repair services

;ﬁc ENTORR
Vacuum Industries

AFTERMARKET SERVICES

® Spare Parts and Field Service Installation
® Vacuum Leak Testing and Repair

® Preventative Maintenance

® Used and Rebuilt Furnaces

55 Northeastern Blvd, Nashua, NH 03062

Ph: 603-595-7233 Fax: 603-595-9220
sales@centorr.com
www.centorr.com/cb

Alan Fostier - afostier(@centorr.com
Dan Demers - ddemers(@centorr.com

CUSTOM HIGH-TEMPERATURE
VACUUM FURNACES

ADVERTISEYOUR

SERVICES HERE
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O deciphering the discipline

A monthly column offering the student perspective of the next generation of ceramic and glass
scientists, organized by the ACerS Presidents Council of Student Advisors (PCSA).

Skulls, mummies, and
nuclear fuels? Diversity
in materials science

Re-entering academia as a more sea-
soned, nontraditional student with a
background in finance, I knew that I
wanted to change course and pursue a
scientific career—but materials science
and engineering was not on my radar.
As a female student, I struggled to
decide if engineering was the right path
for me. But after visiting an engineering
professor at Boise State University (BSU)
and discovering what a materials science
and engineering degree offers in terms of
interdisciplinary opportunities, I decided
to take a fork in the road—I enthusiasti-
cally embraced materials science and
engineering as my career choice.

During my first few years back to
school, personal circumstances allowed
me to pursue my education only part-time.
Fortunately, many materials science and
engineering faculty at BSU involve under-
graduates in their research. I was thrilled
when the Advanced Materials Laboratory
at BSU and the Center for Advanced
Energy Studies in Idaho Falls, led by
Darryl Butt, hired me as an undergraduate
researcher in early 2014. Our group partic-
ipates in wide-ranging research programs
that include projects on materials process-
ing, materials in extreme environments
(including nuclear applications), and mate-
rials associated with cultural heritage and
art conservation.

I started in Butt’s group working on
two cultural heritage projects aimed at
characterizing pigments from a painted,
pre-Columbian skull and a 2,000-year-
old Fayem mummy portrait. [ was
delighted to discover how materials sci-
ence could unearth new discoveries on
ancient artifacts—some days it was hard
to believe I was working on artifacts with
such a rich history.

48

Jennifer Watkins
processes oxygen
sensitive pyrophoric
nitride ceramics in
an argon backfilled
glovebox.

But, as [ immersed myself in materials
science research and studies, I became
more and more fascinated with nuclear
energy. Fortunately, my pigment research
led to an opportunity to contribute to
additional research to develop advanced
nuclear fuels. I jumped in, seeking out
supplementary education through an
online minor in nuclear engineering at
Kansas State University. Through these
new opportunities, I learned about novel
synthesis and fabrication methods for
advanced fuels and developed my skills
with various characterization tools.

[ am fortunate to work in such a
diverse field—how many people can say
that on any random day they could han-
dle archaeological remains in the morn-
ing and manufacture a uranium pellet in
the afternoon? My experience also helped
me secure a spot in the Department of
Homeland Security’s Nuclear Forensics
Undergraduate School during the sum-
mer of 2015. The school provided me
with hands-on experience in radiochem-
istry and further advanced my knowledge
of nuclear materials and applications.

I am often asked why I want to work
in the nuclear field. Even though I have
gained substantial understanding of
nuclear science, I continue to be fascinat-

Www.ceramics.org

Jennifer Watkins
Guest columnist

Credit: Jennifer Watkins

ed by how much energy can be generated
from something so small. In fact, when
I decided to re-enter academia, I did not
plan to pursue an advanced degree. But
my experiences thus far and the oppor-
tunities for collaboration with leading
researchers and scientists have adjusted
my plans—a few weeks ago, I accepted an
offer from BSU to pursue my Ph.D.

The opportunity to pursue something
I am passionate about has negated any
initial uncertainties about my success as
a nontraditional student and researcher.
And, like most scientists, I am hopeful
that my work ultimately improves our
world. I feel privileged to know that in
my role as a nuclear research scientist,
I can impact technological innovations
that advance our nation’s energy security
and climate change goals.

Jennifer Watkins is a senior under-
graduate at Boise State University. She
is a member of the Materials Science
Club and Society of Women Engineers
and serves as a peer ambassador for the
Boise State College of Engineering. In
her free time, Watkins enjoys reading,
wine tasting, and enjoying the beautiful
Idaho outdoors. ®
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Are you a Young Professional who has never been an ACerS
member or are you graduating soon and wondering what to do?

Sign up for a year of membership in The American Ceramic Society!

ACerS can help you succeed by offering you a FREE Associate Membership for the first year as a young profes-
sional or after graduation. By becoming an ACerS Associate Member, you'll have access to valuable resources that
will benefit you now and throughout your career.

With your complimentary membership, you will receive:

* Free online access to the Journal of the American Ceramic ¢ Online membership directory
Society (searchable back to 1918), the International Journal
of Applied Ceramic Technology, and the International Journal
of Applied Glass Science * Bulletin, the monthly membership publication

¢ Networking opportunities

* Discounted registration at all ACerS meetings and e ceramicSOURCE, company directory and buyers’ guide

discounts on all publications
¢ Discounted registration at all ACerS meetings and

* Young Professionals Network: includes resources for discounts on all publications
early career professionals, plus the chance to rub elbows

with some of the most accomplished people in the field e Ceramic Tech Today: ACerS ceramic materials, applications,

and business blog
* Employment services

To join, contact Tricia Freshour at tfreshour@ceramics.org.
For more information, visit ceramics.org/associate.
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