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Advanced Materials Initiative - Research Team

ERDC Researchers: Dr. Bob Ebeling (Team Lead-Structural Concepts),

Dr. Charles Marsh (Team Lead-Material Synthesis), Dr. Charles Cornwell (Team Lead i Atomistic Modeling),
Dr. Mei Chandler, Toney Cummins, Dr. Paul Allison, Clint Arnett, Dr. N. Jabari Lee, Dr. James Baylot,

Dr. Bryce Devine, Dr. Fran Hill, Thomas Carlson, Dr. Kevin Abraham, Pete Stynoski, Thomas Hymal, Jonathan
George, Ben Ulmen, Dr. Meredith C.K. Sellers, Kyle Ford, Erik Wotring, Mr. Wayne Hodo, Dr. Jeff Allen,

Dr. Laura Walizer

Natick Collaborators: Claudia Quigley, Karen Buehler, Dr. Mike Sennett

NASA Collaborators: Dr. Richard Jaffe (NASA Ames), Dr. Mike Meador (NASA Glenn)

Rice U. Collaborators: Prof. Matteo Pasquali, Nobel Laureate Prof. Robert Curl, Prof. Robert Hauge

DTRA Collaborators: Dr. Jeffrey DePriest, Dr. Heather Meeks

MIT/ISN Collaborators: Prof. Mike Strano, Prof. Markus Buehler

U. of lllinois/Champaign Collaborators: Prof. Parimita Mondal, Prof. Waltrude Kriven, Prof. Alexi Bezryadin

ARL Collaborators: Dr. Daphne Papas, Dr. Michelle Fleischman
ARO MURI Team Collaborators: Dr. David Stepp, Dr. Doug Kiserow, Northwestern U., others

Imperial College/Queen Mary College: Prof. Eduardo Saiz, Prof. Mike Reece (funded/coordinated through
Army International Research Office, Dr. Steve Grant)

DoD HPCMO PETTT-funded Collaborators: Prof. Susan Sinnott (U. FL); Prof. Steve Stuart (Clemson U.);

Prof. Anthony Rollett (Carnegie Mellon U.)
Program Managers i Dr. Bob Welch and Dr. John Peters
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Silicon Carbide
(lIvashchenko, et. al., 2007)

FOC

ERDC Materials Research from
;\ Nanoscale to Macroscale

Carbon Nanotube Bundle
(Cornwell, et. al., 2009)

A Development of materials has been largely empirically-based and has been
largely evolutionary.

s

A We, and others, are working to change the material development paradigm by
employmg several key technologies, attempting a manyfold improvement in
material performance.

A Our approach employs:

3 Atomistic and multiscale simulations to guide material design and
synthesis.

3 Carbon nanotubes (CNTs) and other HfAsupe
strength members.

3 Multiscale material response and diagnostic experiments to validate
simulations.

3 Advanced material synthesis.

- Design first, then build (at the molecular level).
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Initial Super Materials Program:
Carbon Nanotube-Based Filaments,
Membranes

Molecular dynamics
simulation of a hexagonal
closest-packed bundle of

carbon nanotubes

Goal: Develop carbon nanotube (CNT)-based 1-million-psi tensile material
(filaments, membranes) to Technology Readiness Level 4 (laboratory demo).

This would be a major accomplishment:

A Results in material with 2X strength/weight ratio of Kevlar and 5X tensile
strength of very high strength steel (4340 alloy).

A Inaugurates a paradigm shift in material development.

A Lays the technical foundation for rapid
materials and materials by design.

Enginoer Research and Development Centar .

5 BUILDING STRONG,

®




Carbon Nanotubes

Promise

A Carbon nanotubes (and graphene)

are the strongest molecules ever ShOI’tCOmIHQS
discovered.
A Strength and stiffness properties
A Tensile strength of ~110 Gpa (15.5 exist only at the molecular level.
million psi, 150 X high-strength
steel). A Carbon nanotubes suffer brittle
failure.
A Density 1/6 to 1/3 that of steel
(multiwall versus single-wall). A Carbon nanotubes have weak
) intermolecular bonds.
A Youngbébs modulus 1 TPa (150 million
psi, 5 x that of steel). A Carbon nanotubes are expensive

(costs are falling dramatically).

A Strength/Weight Ratio i 450X to
900X steel.

Enginoer Research and Development Centar .
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7 Effects of Molecular Defects
i on CNT Tensile Strength

3 A CNTs display amazing strength and stiffness even with
Vacant Atoms
Clustered d efeCtS .
A Most carbon nanotubes suffer brittle failure at room
temperature.

A Simulation results were substantiated in Peng et al., 2008.

Vacant Atoms
Dispersed

Brittle
~ 15.5 Million PSI Tensile Strength Failures
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MD Simulations Using
Statistical Models of
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(Cornwell et al., 2009)

Methods to overcome CNT
brittle behavior by chirality and
pre-twisting (Welch et al., 2006;

Majure et al., submitted )
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Interstitial Carbon Atom Bonding
Between CNTS - Preliminary Results

A Experimentalists report interstitial carbon atom-CNT bonds created via
irradiation (e.g., Kis et al., 2004, Peng et al., 2008).

A Interstitial carbon atom-CNT bonds are several orders of magnitude

Ve

stronger than van der Waals forces.
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Million PSI, Scalable CNT Fiber Design (Cross-Linked Fibers)

THE MHURNAL OF CHEMICAL PHYSICS 134, 204708 (2011)
Very-high-strength (60-GPa) carbon nanotube fiber design based
on molecular dynamics simulations
Crares F. ComwelP! and Charles R. Walch™
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Cross-link densities varied from 0.125 % to 0.75%
(Cornwell et al., 2010, 2011)

Simulations were perhaps the first to identify a scalable molecular
design, and predict mechanical properties, for a many-million-psi fiber.
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Building the CNT Fiber
Some ERDC Contributions - CNT Material Synthesis
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Building a Scalable, Cross-Linked
1-Million-PSI (Plus) CNT Fiber

ERDC vacuum system with argon plasma
A ERDC is performing radio frequency plasma optimization experiments at CERL, Champaign, IL.

A ERDC, in collaboration with Army Research Lab (Dr. Daphne Papas, Dr. Michelle Fleischman) is
performing additional plasma irradiation experiments in Aberdeen.

A ERDC, in collaboration with U. of IL. (Prof. Bezryadin), is exploring metal infiltration for alternate
cross-linking based strengthening methods and conductivity enhancement.

A Northwestern U. (Espinosa and Schatz Groups) leads a consortium that is using e-beam
radiation to attempt to build a very strong scalable CNT fiber (ARO-funded MURI).

A Cambridge U. (Windle Group) is using e-beam irradiation to attempt to build very strong scalable
CNT fiber (Natick and ONR funded).

ERDC, and others, are close to producing a lab demo of a scalable carbon
nanotube fiber with atensile strength of over 1-million psi.
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ERDC Advanced Material Initiative

Super Ceramic

ERDC
' ®
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CeramicsT The NnNAIlI most Gr e

SiC Grindin AT . .
o e S Blogk. R ts|c| ‘ Polycrystalline
) PR e Il?.s €4 structure of SiC |
SIC Y MY (lvashchenko, 2007) :
. Q| :_\\‘V
Diamond .

Material Properties of Ceramics Compared with Those of Steel and Aluminum

Yo un g p €ompressive Densit Fracture Bending Maximum
Material Modulus Strength (Ib /ftg)y Toughness Strength Service Temp
(million psi) (ksi) (MPa m0-) (ksi) (F Degrees)
Silicon Carbide (SiC) 59.5 566 194 C46) Ce0) 3000
Boron Carbide (B,C) 63.8 560 157 3.1 62 1112
Aluminum Oxide
43.5 305 230 3.5 47 3092
(AlL,O,)
Very High Strength i Melting Point -
Steel (4340) 29.7 160 - 200 490 50 160 to 200 2600
Aluminum 7075-T6 10.4 74 - 78 170 o4 7478 Meltlngolgomt I

ACeramics have very high compressive strength and modulus.

ACeramics are highly corrosive resistant and operate at very high temperatures.
ASilicon Carbide (SiC) has been mass produced since 1893.

ASiC is made from abundant materials (e.g., silicon sand and carbon).
ACeramics have low tensile strength and fracture toughness (so does concrete).

14 BUILDING STRONGg,



SiC monocrystal
(LMGP Lab,
Grenoble, France)

Long-Term Goal:
Super Ceramic

Whisker of CNTs
(Marsh et al., 2007)

Development approach:

A Use silicon carbide (SiC) or other ceramic as matrix (compressive member).
A Employ CNTs or graphene for tensile strength/fracture toughness.
A Material design is similar to steel-reinforced concrete but at molecular scale.

A Experimentalists report 25% to 75% improvement in ceramic toughness via
inclusion of CNTs, e.g., Xai et al., 2004; Wang, 2006; Karandikar, 2007; Yamamoto,
2008.

15 BUILDING STRONG,




Bonded CNTs
(Cornwell, 2008)

Super CNT/Graphene -

Silicon carbide
(Wikipedia)

Ceramic Composite

A Performance goals for CNT/graphene-ceramic composite are (5X tensile strength/toughness):

Density of ~175 Ibs/ft31 same as aluminum.

Mi n. Youngo0s moduliusameassieel. mi | | i on psi
Min. compressive/tensile strength ~ 300,000 psi.

Min. fracture toughnessi 25 MPam?? -same as aluminum.

N N N W

A  Given the above, the CNT/graphene-SiC composite would have:

3 3Xstiffness-to-weight ratio of aluminum or steel.
3 4Xstrength-to-weight ratio of high-strength aluminum (e.g., 7075-T6).
3 9X strength-to-weight ratio of high-strength steel.

A CNT/graphene super ceramic would be made of carbon and silicon, abundant materials.

A CNT/graphene-SiC could result in 2/3 weight reduction (or more) for Army steel and aluminum
equipment for designs constrained by maximum deflection or maximum load.

Warning: not known to be impossible, but considered very challenging
goal s. One ceramic researcher res|

16 BUILDING STRONG,



Super Ceramic Impact on Army Logistics,
Infrastructure- and Equipment-Weight Reduction

Rapidly Emplaced Bridge System
Weight 1 10,600 Ibs
CNT-SiC weight i 3,500 Ibs

Heavy Expanded Mobility Tactical Truck
(HEMTT) on Scissors Bridge

HEMTT Weight i 58,000 to 98,000 Ibs
CNT-SiC Weight i 19,000 to 33,000 Ibs

A Weight savings leads to additional weight savings.

A Lighter Army equipment leads to lowered requirements for bridging, air
transport, and fuel.

A Lower fuel requirements lead to still lower logistics requirements.

A Super ceramic has major ramifications for DoD and U.S. economy (bridges,
buildings, ships, planes, cars, trucks, etc).

17 BUILDING STRONGg,




Preliminary Simulations of Fracture in
Nano-Crystalline 4H-SIC

Columnar supercell of 20nm crystals
viewed along the [1120] direction.

Crystals are variously rotated around
the [1120] axis. Stress is applied in the
(1000) plane.

Normal atoms are invisible for clarity.

Black atoms are under-coordinated at
grain boundaries and surfaces.

Tan atoms are in a distorted crystal
orientation (HCP instead of FCC).

[1 1§0] Stress ——>

Enne ‘ (B. Devine, 2011) / gt;: Ginc i
Engineer Research and Development Center ®
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National and Global Trends In
Material Development
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Molecular Design Approach to CNT Materials
I What About Other Countries ?

A Search on key words fAcarbon nanotubeso ret
3 U.S.71 9,600 articles
3 Chinai 9,100 articles
3 59% of articles published since 2007.

A Search on fimolecular dynamicso returned 12
3 U.S.71 30,100 articles
3 Japani 12,400 articles
3 56% of articles published since 2004.

A Search on ficarbanmfimahecuwubaso dynamicso retu
3 U.S.T 647 articles
3 China’i 456 articles
3 55% of articles published since 2007.

- Worldwide, other researchers are taking similar approaches.
Enne o Most research occurred within last 4 years.
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White House Announcement i 24 June 2011

P errarspeeeee el Materials Genome Initiative: A Renaissance of
American Manufacturing

About OSTP | OSTPElog | Presscoom | Divisions | R&D Budgets | Resource

Posted by Tom K3l and Cynes Wada on June 24, 2041 a1 05003 AM EDT

AToday, as paAdvanaed Manufestiunmg Martnership, the President is announcing an
ambitious plan, the Materials Genome Initiative, to double the speed with which we discover,
devel op, and manufacture new material s. é The Hre

launch the Materials Genome Initiative, with funding for the Department of Energy, the Department
of Defense, the National Science Foundation, and the National Institute of Standards and
Technology. The initiative will fund computational tools, software, new methods for material
characterization, and the development of open standards and databases that will make the process
of discovery and development of advanced materials faster, less expensive, and more
predictabl eéo

AThe | engthy time frame for materials to move fror
discovery to market is due in part to the continued reliance

of materials research and development programs on ERDCOs Advanced Mat:e
scientific intuition and trial and error experimentation. has produced an early example of

Much of the design and testing of materials is currently using atomistic computations to
performed through time-consuming and repetitive accelerate the development of an
experiment and characterization loops. Some of these advanced material, a multi-million
experiments could potentially be performed virtually with psi fiber, providing validation of the
power ful and accurate comput alt|Materials Genome Initiative.
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DARPA AExascaleo (Ubiguitous Hig
Program - Impact on Computation Materials Research

A DARPA Exascale Program goals: develop/demonstrate technologies to

improve computing by 1000-fold across computing platforms by 2018.
ERDC-DSRC

A A few users will have accesstotop-end AExaFl opo (1000 Machines
machines.

A Other users are predicted to get 1000-fold improvement in their comparable
machines.

A We use primarily DoD Supercomputing Resource Center (DSRC) at ERDC.

A ERDC-DSRC current capability is ~ 438 TFLOPS in 3 systems.

3 Cray XE6 (Garnet) i 20,160 cores, 194 TFLOPS - #51 (TOP 5001 June
2011)

3 SGI Altix ICE (Diamond) i 15,360 cores, 172 TFLOPS - # 48

3 Cray XT4 (Jade) 1 8,584 cores, 72 TFLOPS - # 200

A Our typical large Molecular Dynamic (MD) simulations use ~ 2000 processors
and 4-day compute (~0.2 million CPU hours).

A To gage Exascale Computing i-folfiaprovemente 0 I SIS L
Ennc- Jadei 72 TFLOPS

BUILDING STRONGg,




Large Scale MD Simulations of SIC
Sintering and Densification

A Sintering is used to manufacture polycrystalline SiC.

A Largest sintering simulations contain 20 million atoms and
requires over 1.7x10° cpu hours (4-day compute).

A Simulations are limited to 20 nm crystals and 1 ns of time.

A Longer times are required for larger crystals to allow for
comparable densification:

3 Rotation in smaller particles increases the number of
I oW en ergy | ntel’faC es The Effects of Nanocrystal Size on

Densification Rate
3 Increased fraction of higher energy surface atoms in
smaller crystals.

0
—
17

*'5nm'

+'10nm'

Denisty (g.cm3)

A Exascale computing will allow simulation of 20-nm crystals
and 1 micro-second of time (greater densification).

-<'15nm'

2.10

0 100 200 300 400 500

A Exascale computing will allow simulation of 100-nm crystals Time (ps)
and 200 ns of time (extend crystal parameter space effects).

Emlc ] (B. Devine, 2011)

®
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Large-Scale MD Simulations of Fracture in Columnar
Nanocrystalline Silicon Carbide (SiC)

A 2D MD simulations reveal an effect on crystal size on fracture
above 50 nm crystal size.

A 3D MD simulations are more representative.

A 3D model of 20-nm crystals contains 10 million atoms and is
practical working limit (4-day compute, 0.2 million cpu hours).

A 3D models exploring effects above 50 nm are not practical.

A Exascale computing turns a 3D, 4-day computation into 6-
minute computation, allowing SiC parameter space for
strengthening and toughening to be explored quickly.

A Exascale computing allows 3D models up to 200 nm crystals
(optimize crystal size).

A Exascale computing allows strain rates to be reduced by 1000
(better match to material experiments).

Enginoer Research and Development Centar

e e

g
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2D, 75-nm SiC crystalline
structure under tensile loading

®
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Exascale Computing i Effects on Computational
Materials Science

A Exascale computing will increase the size and computational
complexity of the material models resulting in more realistic
physics-based simulations.

A Exascale computing will accelerate the trend for Molecular
Dynamics simulations and materials experiments to operate at
common length and time scales, allowing for greater verification
and feedback between simulations and experiments.

A Exascale computing will further enable simulations to provide
understanding of material response where experiments are
Impossible, dangerous, or too costly.

A Exascale computing will accelerate the trend for simulations to
guide the design of materials and the methods of material
manufacture.

A Exascale computing will accelerate material development.

eer Re / .

esearch and Development Centar ®

Engin
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A

ERDGC = Revolutionary improvements in materials are occurring.

The material development paradigm is changing (design first; then build):
3 Atomistic/multiscale simulations used to guide material design.
3 Exotic molecules/crystals, e.g., carbon nanotubes, silicon carbide.
3 Evolving nanoscale diagnostics and experiments to validate simulations.
3 Evolving synthesis methods.

ERDC and others are making rapid progress toward a multi-million-PSI CNT-fiber (lab demo)
using these technologies.

ERDC is using these technologies to develop a ceramic composite to replace aluminum and
steel with 2/3 weight reduction (lab demo).

The international community is adopting similar strategies towards material development with
much of the work occurring within the last 4 years.

The Presidentds recent Materi al Genome | nitiat.i
material development via the use of simulations.

DARPAGs Exascale Computing progr a+tbasedimateriaf ur t her
development.

®
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Carbon - May 2011
ERDC Cover Article

Engineering and Nanotechnology

Webve reached the conclusion that many
about are strongly influenced by phenomena at the nanoscale, for example:

Some macroengineering areas affected or
controlled by nanoscale phenomena:

Macromaterial strength & stiffness
Friction

Combustion and detonation
Macromaterial synthesis

Chemical properties

Heat transmission
Lubricants/coatings performance
Photovoltaics

Ice formation and adherence
Corrosion, weathering, aging
Fluid-structure interaction ASCE Civil Engineering Magazine
Electrical and magnetic material ERDC Cover Article xNovember 2008
properties

Cellular and subcellular behavior
3 Life.

N NN WHW KWW L

Nanotechnology is the big frontier for
engineering technology advancement
for the next several decades.
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