Advanced Manufacturing and Materials

US Department of Energy, Office of Fossil Energy
Transformational Carbon Capture Technology Workshop

September 23, 2014

Presented by Christopher M. Spadaccini

Lg Lawrence Livermore
National Laboratory

Roger Aines, James Hardin 1V, William Bourcier,
Joshua Stolaroff, Sarah Baker, Carlos Valdez,
Joshua Kuntz, Eric Duoss, Todd Weisgraber,
Andrew Pascall, Cheng Zhu, Rayne Zheng, Joshua
DeOitte, Chris Harvey, Tom Metz, Marcus Worsley,
George Farquar, Tammy Olson, Sergei Kucheyev,
Chris Orme, Kyle Sullivan, William Smith, Maxim
Shusteff, Luis Zepeda-Ruiz, Scott Fisher, Seth
Watts, & John Vericella

Academic Partners: Professors J. Lewis (Harvard),
N. Fang (MIT), D. Tortorelli (UIUC), J. Hopkins
(UCLA)

LLNL-PRES-646626 LLNL-PRES-555917

This work was performed under the auspices of the U.S. Department
of Energy by Lawrence Livermore National Laboratory under contract
DE-AC52-07NA27344. Lawrence Livermore National Security, LLC




New approaches are enabling components and materials

for next generation solutions

Modeling and Design
HPC, multi-scale, multi-physics, topology
optimization, analytical design

— =

Synthesis
Tunable nanomaterials, nanopatrticles, crystal
growth, polymers, aerogels, feedstocks

— =

Manufacturing Processes
Commercial tools, custom AM processes,
microfluidics, etc.

- =

Certification
Process modeling, in-situ characterization

By integrating optimization, design and modeling, tailored synthesis, and additive

manufacturing methods, we can enable high performance materials and components.



Control of microstructural architecture offers the potential for
designed material properties and new functionalities
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Control of microstructural architecture offers the potential for
designed material properties and new functionalities
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Control of microstructural architecture offers the potential for
designed material properties and new functionalities
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Computational and analytical design of microarchitectures are
key elements of the overall effort

Freedom and

Topology optimization constraint topologies
A computational design method An analytical design method

B A
M ABS

== -

V
Unit Cell Periodic Material k)

/
VAN

Lattice of unit cells

Multimaterial microlattices with prescribed thermal expansion coefficient

LLNL is developing new manufacturing technologies and using HPC to

deterministically design and fabricate architected materials.
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Topology optimization can be used to deterministically

design for multiple properties

B Aluminum

'
N

-
Q

f '
[a7]
T T T TN T

—_
Q

Therrmal expansion, o [m/m-K]
=

B

Natural
Materials

Composites

Technical
Ceramics

-
o

10

2

10" 10" 10" 10° 10°

Young's modulus, E [GPa]

Constraints:

» Minimize CTE subject to lower bound on

stiffness

* Maintain vol. fraction ~25% for solids
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3D designs and multi-physics are now possible

Topology optimization is being used to design microlattice-based materials
for specific applications requiring additional physics and constraints.

« HCopper/MPMMA system

« CTE =-1.3e-6 ustrain/K

« Thermal conductivity = 57 W/m-K
« Density of 2600 kg/m?3

« Stiffness =21.3 GPa

« Manufacturing constraints are
included

« Copper phase is continuous due
to thermal conductivity constraint

LLNL’s computational resources make 3D designs and additional

physical constraints possible.
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We are utilizing LLNL's HPC capability to further refine
these 3D designs

Unit cell architecture at various heights

3D unit cell with refinement

Actual fabricated component
(2 polymers)

We are advancing the state of the art in topology optimization beyond currently

available capabilities by utilizing HPC



Projection Microstereolithography (PuSL) - a photochemical
and optical technique
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Direct Ink Writing (DIW) - utilizes unique flow and gelling

properties
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Electrophoretic Deposition (EPD) - electric fields transport
nanoparticles
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Microfluidic Flow Focusing and Assembly — microfluidic
channels create double emulsions
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LLNL has been developing a combination of advanced micro-
and nanomanufacturing technologies

Projection Microstereolithography (PuSL)
A photochemical and optical technique

Microfluidic Flow

Focusing
Microfluidic assembly

Direct Ink Writing (DIW)
Utilizes unique flow and
gelling properties

Electrophoretic Deposition (EPD)
Electric fields transport nanopatrticles
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The “Octet Truss” microlattice has been fabricated with PuSL
and compared to bend dominated architectures
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LLNL paper - Zheng, et al., “Ultralight, ultrastiff

mechanical metamaterials,” Science, June 20, 2014.
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Nanoparticle suspensions and ALD have been used to broaden
the material palette and achieve ultra-light weight lattices

Solid polymer Hollow tube Ni-P Hollow tube Al,O; (ALD)  Solid (sintered) Al,O,
p ~ 80 kg/m3 p ~40kg/m3 p~0.9kg/m3 p ~ 320 kg/m3

(11% rel. density) (0.5% rel. density) (0.025% rel. density) (8% rel. density)

LLNL paper - Zheng, et al., “Ultralight, ultrastiff mechanical metamaterials,” Science,

Lawrence Livermore June 20, 2014. "
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The theoretical structure-property relationship has been demonstrated
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This architected material has orders of magnitude higher stiffness than any other

Lawrence Livermore

material in this low density regime.
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Production requires balanced fluid properties —almost any
polymer and fluid can work

Outer Flyid A e - Middle Fluid
Size control: shell diameter & M innerEitid
. >0 1 e (@ OO0 00 2 S TP PP ERPTS RRPPPPRPRTS AP
thickness P

Encapsulates ~100% of
inner fluid

Core fluid can also have
solids, or no liquid at all

Production rate: 1-1000 Hz

Injection 50 870 Inner Fluid 10-50 1200-2500
Collection 500 870 Middle Fluid 10-50 800-1700
Square 900 1000 Outer Fluid 100-500 2000-5500

\‘il 1 )\.i' e
Lawrence Livermore I 18
National Laboratory



Double emulsions can be used as recyclable, high surface area
reactors for CO, concentration

Absorption Desorption

Capsules are designed and fabricated to
absorb CO, through the wall — silicone shell
with liquid carbonate + catalyst core

O,9) CO,(q)

High surface area result
from large number of
spherical capsules

typical amine tower packing
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Capsules + catalyst increase carbonate capture rate by 10x compared
to same volume of liquid.
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Encapsulation results in improved handling and other
reactor/process concepts

Time: 580min ¢ ey
R Carbon dioxide atmosphere

- Sodium bicarbonate " " ™ with 60% relative humidity
precipitates inside '
shell

= Water is expelled

= Shrink wrapped solids 4
Microcapsules with semcosil shell

are a” Identlcal andSOwt%s‘odiumcar a)t(eggss

= Other reactor concepts such
as fluidized beds may be ideal

= |nitial demonstrations
conducted

= Process design and cost
analysis underway
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