Processing, Properties and Reliability of Molecular Hybrids
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WMF 2017 - designing high value solutions at minimum cost.
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Processing, Properties and Reliability of Molecular Hybrids
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Outline
« Hybrid Molecular Design Strategies

* unexpected elastic and thermal expansion
properties

* Hyperconnected Network Architectures Q

* designing network connectivity for exceptional &-—e-&s
mechanical properties S

* Hyper Confined Molecular Hybrids

» fundamental limits on toughening and
strengthening

* Emerging Applications for Molecular Hybrids
« thermal barriers and battery electrolytes
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Hybrid Molecular Materials
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Hybrid Molecular Materials
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Mechanical and Thermal Properties

Elastic Modulus, E CTE, o Fracture Energy, G_
“stiffness” “response to AT” “toughness”

G =G, (J/m?)

G = energy release rate (driving force)

_____ | E / idL/dT 1
o = 1/L(dL/dT) 1 1
. >
strain, € temperature, T bond rupture  crack tip plasticity
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Are Elastic Properties Different in Compression

stress, O

and Tension?
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Elastic Properties Assumed the Same in Compression and
Tension — AND EXPERIMENTS CAN'T DISTINGUISH

nanoindentation

stress, O
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Asymmetric Elastic Behavior
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J.A Burg & R.H. Dauskardt, Nature Materials, 2016.
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Atomic Free Volume Change Under Loading
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Asymmetric Thermal Expansion Properties
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Effect of Other Common Terminal Groups
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J.A Burg & R.H. Dauskardt, Nature Communications, in review, 2017.
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Effect of Other Common Terminal Groups
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Implications of Asymmetries for Device Reliability

film stress, O

* residual
. applied substrate

* thermal (a)
a: coefficient of thermal expansion

GoE'

O failure = 7h

Garitagoitia et al (2014)

G.: fracture energy, E: elastic modulus
Z: crack configuration, h: film thickness

2um

Papadatos et al (2007) Sierros et al (2009)
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Implications of Asymmetries for Device Reliability
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Designing a Hyperconnected Network Architecture
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J.A Burg et al, Nature Communications, in review, 2017.
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Designing a Hyperconnected Network Architecture

network connectivity
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Prediction of Exceptional Mechanical Properties
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J.A Burg et al, Nature Communications, in review, 2017.
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Validating Model Predictions through Synthesis
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Hyperconnected Molecular Network Enhances
Nanoporous Hybrids
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Hyperconnected Molecular Network Enhances
Nanoporous Hybrids
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Hybrid Nanocomposites Materials System

Matrix

* nanoporous organosilicate glass
(ethylene oxycarbosilane, Et-OCS)

e cylindrical pores, 7 nm diameter

* porosity: 50 vol. %
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Hybrid Nanocomposites Materials System

Fil

er

* polystyrene

 acrylics
* polyimide thermally crossllnkable)
 others

&

Second phase backfill strategy for porous hybrids

spin coat
polymers

—

polymer/solvent

Isaacson, Dauskardt, et al. Nature Materials, 2016.

Stanford | ENGINEERING

AT

—

polymer
infiltration

Phpge—

n

W O R L L
& VATERIALS



Uniform and Controllable Pore Filling

Precise control of fill level

Uniform filling
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Polymer Confinement in Hybrid Nanocomposites
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Polymer Confinement in Hybrid Nanocomposites
bulk confined
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Polymer Confinement in Hybrid Nanocomposites
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Polymer Confinement in Hybrid Nanocomposites

=

= bulk
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* entanglement ~ 0
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Molecular Toughening in Hybrid Nanocomposites
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Molecular Toughening in Hybrid Nanocomposites
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Tuning Polymer-Surface Interactions
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Polyimide Hybrid Nanocomposites Coatings

...need for high temperature thermal
barrier coatings for plastics

Polyimide Filler

* high temperature organic phase
- stiff molecular backbone, high T,
* poor solubility

* reactions in nanoscale confinement

polyimide
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Simultaneous Filling and Confined Imidization
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Polyimide Crosslinking in Nanoscale Confinement

polyimide crosslinking reaction
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Reinforced Solid Polymer Hybrid Electrolyte

anode terminal resin cover

N ...need for high-energy and safe
.fgﬁzﬁ"

fet I i '
sarety valve Li-anode batteries

polymer-based electrolytes attractive
* low density
* low cost

_ solid electrolyte . gxcellent processability
" interphase

anode

case

cathode

...however, lower ionic conductivity for reasonable kinetics and too mechanically
weak to suppress Li dendrite formation

solid electrolyte T
interphase (SEI) \4 l;' _ _

e e ¢ Lidendrites | [+

SEl layer \ \

Li dendrites

Copper Steven Chu, Yi Cui Nat. Nano. 2014 L
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Reinforced Solid Polymer Hybrid Electrolyte

anode terminal resin cover

|

...need for high-energy and safe
Li-anode batteries

e

safety valve ..

polymer-based electrolytes attractive
* low density
* low cost

_ solid electrolyte . excellent processability
" interphase

anode

case

cathode reinforced composite polymer electrolyte with

high ionic conductivity and high modulus
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Reinforced Solid Polymer Hybrid Electrolyte

anode terminal resin cover

|

...need for high-energy and safe
Li-anode batteries

e

safety valve ..

polymer-based electrolytes attractive
* low density
* low cost

_ solid electrolyte . excellent processability
" interphase

anode

case

cathode reinforced composite polymer electrolyte with

8 I ! I ! I ! I . . Il . . I

T . m high ionic conductivity and high modulus
?5 7k A -
w 6L : organosilicate (OCS) polyethylene oxide (PEO) w/ Li+
@ 0.3f '
S 02} g B
o 0L >100x | 1
'..% 002_ Increase
& 001 | -]

0.00— | ' ' porosity = 44%, t ~ 480nm

PEO AG AG+PEO OCS v O R
Stanford | ENGINEERING Dauskardt, Cui, et. al. In review, 2017 o MATERlAL§



Processing, Properties and Reliability of Molecular Hybrids

light-weight venhicle touch display wearable microelectronics  energy

WMF 2017 - designing high value solutions at minimum cost.

Progress through scientific innovation in materials design and processing...
Use less Use longer Use smarter

... for inexpensive and durable materials with robust operational
lifetimes!
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