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Questions or
Comments?

“Why am I muted?” 
Don’t worry. Everyone is 
muted except the Presenter 
and the Host. Thank you 
and enjoy the show.

Type them into the
questions box!

www.acs.org/acswebinars
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Chat
Announcements and

hyperlinks from our team

1
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linkedin.com/company/
american-chemical-society@amerchemsociety@AmericanChemicalSociety@AmerChemSociety

Let’s Get Social!
Follow the American Chemical Society on Twitter, Facebook, 
Instagram, and LinkedIn for the latest news, events, and 
connect with your colleagues across the Society.

Contact ACS Webinars® at acswebinars@acs.org

www.acs.org/acswebinars
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Where is the Webinar Recording?

All Registrants
Watch the unedited recording 
linked in the Thank You Email 

for 24 hours.

www.acs.org/acswebinars

ACS Members w/Premium Package

Visit the ACS Webinars® Library 
to watch the edited and 

captioned recording.
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ACS Industry 
Member Programs

• ACS Industry Matters

ACS member only content with exclusive 
insights from industry leaders to help you 
succeed in your career. #ACSIndustryMatters

Preview Content: acs.org/indnl

• ACS Innovation Hub LinkedIn Group

Connect, collaborate and stay informed about 
the trends leading chemical innovation.

Join: bit.ly/ACSinnovationhub
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A Career Planning Tool For Chemical Scientists

ChemIDP is an Individual Development Plan 
designed specifically for graduate students and 
postdoctoral scholars in the chemical sciences. 
Through immersive, self-paced activities, users 
explore potential careers, determine specific skills 
needed for success, and develop plans to achieve 
professional goals. ChemIDP tracks user progress 
and input, providing tips and strategies to 
complete goals and guide career exploration.

8www.acs.org/careerconsulting

Career Consultant Directory

• ACS Member-exclusive program that allows you to arrange a one-on-one appointment with 
a certified ACS Career Consultant.

• Consultants provide personalized career advice to ACS Members.

• Browse our Career Consultant roster and request your one-on-one appointment today!
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“The ACS Scholars Program provided me with monetary 

support as well as a valuable network of peers and mentors 

who have transformed my life and will help me in my future 

endeavors. The program enabled me to achieve more than I 

could have ever dreamed! Thank you so much!”

REGISTER TODAY 
ABCChem.org
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ACS Career Resources

https://www.acs.org/content/acs/en/careers/personal-career-consulting.html

https://www.acs.org/content/acs/en/careers/developing-growing-in-your-career.html

12

The Office of Diversity, Equity, Inclusion & Respect (DEIR) 

is the central hub at the American Chemical Society that 

coordinates, supports, and guides all efforts by staff, 

members, and governance toward Strategic Goal 5, 

“Embrace and Advance Inclusion in Chemistry.” The Office 

of DEIR at ACS is committed to empowering everyone, 

irrespective of lived experience and intersectionality of 

identities, to fully participate in the chemistry enterprise. 

The Office of DEIR welcomes comments, suggestions, 

and questions around issues of diversity, equity, inclusion, 

and respect from members at any time. Please do not 

hesitate to reach out to the Office through this form.

Get in touch with the Office of Diversity, 

Equity, Inclusion & Respect

https://fs7.formsite.com/acsdiversity/ACSMemberFeedback/index.html

Please do not hesitate to reach out to the Office of 

DEIR at diversity@acs.org
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https://www.acs.org/content/acs/en/careers/personal-career-consulting.html
https://www.acs.org/content/acs/en/careers/developing-growing-in-your-career.html
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If you are a student from a group underrepresented in the chemical sciences, we 

want to empower you to get your graduate degree!

The ACS Bridge Program offers:

• A FREE common application that will highlight your achievements 

to participating Bridge Departments

• Resources to help write competitive grad school applications and 

connect you with mentors, students, and industry partners!

Are you thinking of Grad School?

Learn more and apply at www.acs.org/bridge

Email us at bridge@acs.org

ACS Bridge Program

13
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Register for Free Browse the Upcoming Schedule at www.acs.org/acswebinars

Starting a Company: How to Set Up 
Equity and Securities Structures

Thurs., June 16, 2022 | 2:00pm–3:15pm ET

Co-produced with ACS Division of Small Chemical Businesses 
and ACS Division of Business Development & Management

How to Approach Gender, 
Language, and Intersectionality

Wed., June 23, 2022 | 2:00pm–3:15pm ET

Co-produced with ACS Office of Diversity, Equity, 
Inclusion & Respect 

Chemistry and the Economy: 
2022 Mid-Year Review

Wed., June 29, 2022 | 2:00pm–3:00pm ET

Co-produced with ACS Industry Member Programs

13
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ACS POLY Exclusive Member Benefits

https://polyacs.org

• 1st Year Free Membership!

• Eligibility for awards (including Member of the Month!)

• Alerts for academic, national lab, and industrial job opportunities shared through the POLY list serve

• Networking and professional development events at local/national ACS meetings and local POLY/PMSE chapters

• Industrial scientist support and networking through IAB (Industrial Advisory Board)

• Polymer science-related conferences and workshops advertised through the POLY list serve

• Online educational webinar and webshop series covering cutting-edge polymer research

• Opportunity to vote for the executive committee (annually)

• Recognition for membership (5th, 10th, 20th, and 30th anniversaries)

• Student support – student awards, student symposia, career panels at ACS meetings, support for student chapters.

• An excellent support group for building strong networks in the polymer community!

16

THIS ACS WEBINAR® 

WILL BEGIN SHORTLY…

🖐 Say hello in the 
questions window!

www.acs.org/acswebinars

15
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https://polyacs.org/
https://polyacs.org/awards/
https://polyacs.org/poly-electronic-discussion-list/
https://polyacs.org/iab/
https://polyacs.org/poly-electronic-discussion-list/
https://polyacs.org/webinars/
https://polyacs.org/awards/
https://polyacs.org/student-chapters/
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DAVIDE SIMONE, PhD

This ACS Webinar ® is co-produced with the ACS Division of Polymer Chemistry.

JOSEPH L. LENHART, PhD 

Senior Research Chemist, 
Air Force Research Laboratory

Chief, Polymers Branch, Weapons 
and Materials Research Directorate, 

DEVCOM Army Research Laboratory

How Polymeric Materials Protect Our Armed Forces

Peter Zarras, PhD

Research Chemist, Naval Air 
Warfare Center Weapons Division

Download the Presentation 
Slides Under GTW 
Handouts Section

U.S. ARMY COMBAT CAPABILITIES DEVELOPMENT COMMAND –ARMY RESEARCH LABORATORY

Polymeric Materials for Army Applications

Joseph L. Lenhart

Chief, Polymers Branch

Weapons and Materials Research Army Research Laboratory 

Aberdeen Proving Ground, MD

Approved for Public Release

Approved for Public Release

ACS Webinar 

June 15, 2022

Distribution A: Approved 

for Public Release
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Approved for Public Release

ARL / ABERDEEN PROVING GROUND (APG)

Fun life stuff
• Centrally located

• On the Chesapeake Bay

• Cultural, sports, outdoor activities

Fun work stuff
• Chemistry to processing

• Proto-type development

• Full-scale assessment

Baltimore / Washington

APG

Approved for Public Release 19

Approved for Public Release

POLYMERS BRANCH OVERVIEW

backer

Current State:

▪ ~20 staff

▪ Skilled workforce (PhD)

Overarching Polymer Expertise:

▪ Physics – structure / property relations (mechanics and functional)

▪ Synthesis – new materials through chemistry and additives

▪ Processing – new materials through chemistry and structural control

▪ Modeling – insight and guidance (quantum, molecular, meso-scales)

ARL laminate control

Vehicle Protection: 

Complex laminates, novel 

mechanisms
Approved for Public Release

Soldier Protection: 

Body armor, signature 

management

Long Range Weapons: 

Small and large caliber 

munitions, propellants, 

survivability, range, lethality

Underpinning Research Thrusts:
1. Polymer Processing: semi-crystalline, highly particle

loaded, multi-material, new feedstock
Mc

2. Resins / Adhesives: fiber and particle loaded 

composites, complex laminate structures, 

dynamically responsive feedstock

Targeted Applications:

ceramic

20

19

20



6/14/2022

11

21

Have you considered a defense laboratory as a career option?

* If your answer differs greatly from the choices above tell us in the chat! 

• Yes, I already work for a defense laboratory

• Yes, I am very interested

• I knew it was an option, but did not consider it

• I never knew it was an option

ANSWER THE QUESTION ON THE INTERACTIVE SCREEN IN ONE MOMENT

Audience Survey Question

• Armor 25-30 lbs

• Helmet 4-5 lbs

• Gun 6 - 25 lbs

• Ammunition 7-30 lbs

• Batteries 5-20 lbs

• Water 10-15 lbs

• Uniform, ruck sack, boots, glasses, light,

radio, food, grenades, shovel, first aid, ….

Electronics
• Night vision

• Optics

• Radio

• Batteries

Uniform
• Camouflage – visibility

• Thermal management

• Boots / pads

Approved for Public Release

POLYMERS FOR THE DISMOUNTED SOLDIER

Protective Equipment
• Body armor

• Helmet

• Fabrics for extremity /

groin protection

• Eye protection

Lethality
• Small caliber weapons

• Ammunition

• Grenades

Soldier carries 70 to 130 lbs

depending on their job, mission 

type, and mission duration

Approved for Public Release 22

21

22



6/14/2022

12

Approved for Public Release

POLYMERS FOR GROUND VEHICLES

Protection systems
• Passive protection

• Active protection

• Laminate composite 

armors packages

• Transparent armors

• Coatings – chemical 

protection and visibility 

control

Electronics systems
• Ruggedization

• Sensor and electronics 

protection

• Packaging

Lethality systems
• Large, medium, and 

small caliber munitions

• Missiles

• Lightweight composites

• Propellants

Structural systems
• Historically metallic

• Opportunities for 

structural composites 

laminates

• Composite track pads

1. Many types of ground vehicles: tracked vehicles (Abrams 

Bradley); Wheeled (Stryker, Humvee, transport vehicles)

2. Opportunities: Unmanned systems for fighting and resupply

Approved for Public Release 23

Approved for Public Release 8

Approved for Public Release

CHALLENGE OF EXTREME ENVIRONMENTS

1. Environmental Durability
• Temperature

• Humidity

• Life-time

• Fuel, solvent, dirt, mud

• Chem / Bio / Radiological

• Electrical, optical, …

• Cycling

2. Mechanical extremes

• Quasi-static, impact, 

ballistic, blast strain rates

• High pressure

• Launch conditions

Humans

100 s-1 104 s-1 106 s-110-4 s-1

Quasistatic Testing

Cars Airplanes Bullets

Standard
102 s-1

Impact Tests Ballistic Testing

Strain 

Rate:

• Complex composites and structures are critical

• Understanding deformation / failure processes for both the

individual materials and the composites is critical
24

23
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Approved for Public Release

Approved for Public Release

POLYMERS RESEARCH RESINS

Introduction to Polymers Research for Vehicle 

and Soldier Protection Applications:

1) Resins and adhesives

25

Approved for Public Release

POLYMER NETWORKS: FUNDAMENTAL

AND APPLIED RESEARCH

Mc

S
O

F
T

Armor (Vehicles, Rotorcraft, Body Armor):

• 30% weight savings for glass based 

transparent armor

• Transparent and non-transparent

ARL laminate control

Vehicles:

• Fuel hose and storage

• Fuel tank ballistic / fire

Appprorvoedtefocr tPiuobnlic Release

Weapons:

• Propellant coatings for 

temperature compensation

• Insensitive munitions

• Structured propellants

Protection Assessment:

• ARL Room Temperature 

Insensitive Clay (ARTIC)

• Environmentally stable gel 

for assessment of Pelvic 

Protection System

• Anthropomorphic forms

Armor Durability:

• Processing protocols

• Materials solutions

Crosslinking 

junction 

points

Some Key Factors:

• Mc

• Interactions

• Stiffness

• Packing

Crosslinking

chains

26

25

26
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Approved for Public Release

IMPACT TESTING WITH MODEL SPHERICAL BB:

IMPORTANCE OF GLASS TRANSITION

DGEBA/

D-2000

DGEBA/ 

PACM

DGEBA

PACM

Shear plug failure (rubber)

Extensive spall zone

Small radial cracking (low Tg glass)

Small spall zone

Extensive radial cracking (high Tg 

glass)

(Low V50)

(High V50)

(Low V50)

Tg ~ -40 ºC

Tg ~ 50 ºC
DGEBA/

D-400
D400 x=6.5

Tg ~ 175 ºC

Knorr DB, et al, Polymer, 53, 

5917 (2012)

D2000 x=33

27

Approved for Public Release

SEGMENTAL RELAXATIONS NEAR TG ARE

CRITICAL FOR IMPACT PERFORMANCE

• Impact temperature relative to Tg is dominant

factor in epoxy network ballistic response

• Temperature dependent response correlates 

with Vogel Temperature
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DGEBA/D230 

DGEBA/PACM

Structural resins

PACM

D230, D400, D2000, D4000
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Knorr DB, et al, Polymer, 53, 5917 (2012)

1

Approved for Public Release

2
KE50 = M Vp 50

2
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Approved for Public Release

ROMP RESINS FOR STRUCTURAL PERFORMANCE

AND TOUGHNESS

Simons R., J Polymer Science A: Polymer Chemistry, 50, 89 (2012)
D230, D400, D2000, D4000

DGEBA

EPONEX

DDS

PACM

DGEBF

b)

Extension of “rigid” and 

non-polar chain

“Rigid” crosslink

formation

a)

Approved for Public Release

Bulky pendant 

chain on backbone

1. Weak chain-chain interactions and high Mc provides ductility

2. Stiff junction points and chains enable higher Tg

Ring Opening Metathesis Polymerization (ROMP)

29

Approved for Public Release

UNIQUE BALLISTIC FAILURE FOR P-DCPD

COMPARED TO GLASSY EPOXIES
Knorr DB, et al, Comp. Sci. Technol., 114, 17 (2016) Bain ED, et al, J. Mater. Sci, 51, 2347 (2016)

a) DGEBA/PACM

Approved for Public Release

b) Rubber 

toughened Army 

Standard

c) DGEBA / D230 

5% CSR

d) DGEBA/D400 e) DGEBA / 

PACM / D2000

f) pDCPD

pDCPD exhibits a ductile like failure during ballistic

impact with no large scale radial fracture
30

29

30
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Chain extender Cross-linker Control effective 

crosslink density and 

Tg with co-monomer 

content

CONTROLLED CROSSLINK DENSITY

-100 100 150 200 250
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50%ENB

25%ENB 

pDCPD 100000

pDCPD 5000

pDCPD 3000

5% HDMN3000

10% HDMN3000

20% HDMN3000

30% HDMN3000

40% HDMN3000
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A)

Effective Mc

𝑀𝐶,𝑎 =
3𝜌𝑅𝑇

Approved for Public Release

𝑟𝐸
′

TR Long, et al, Soft Matter, 14, 3344 (2018)

31

Approved for Public Release
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CRITICAL Mc FOR BRITTLE-TO-DUCTILE TRANSITION

0 1

4.2

4.0
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2.4
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2.0

pDCPD
High Cure Temp

ENB/DCPD

HDMN/DCPD PC 175 oC

HDMN/DCPD PC 220 oC

Tg-75°C

N
o
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a

liz
e

d
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E
5
0

0 200 400 600 800 1000 1200 1400 1600

M
c,a

(g/mol)

• Critical effective Mc (400-600 g/mole, 6 units)

• As Mc effective approaches persistence length 

resin becomes brittle (lose orientational 

correlation around 6 monomeric units)

A)

ductile

mixed

1 2 3

brittle

TR Long, et al, Soft Matter, 14, 3344 (2018)

Series of ROMP resins with: a) no radial fracture; b) Tg 120-145oC; c) 3.5-4X 

impact resistance relative to structural epoxy with similar Tg
Approved for Public Release 32
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MOLECULAR DYNAMICS INSIGHT INTO

a)

b)

) glassy
3

(Å
e rubbery
lum
o
v
id
o
v
e
rag
e
v
A

c)

d)

pDCPD TOUGHNESS
Knorr DB, et al, Comp. Sci. Technol., 114, 17 (2016) 
Elder R, et al, Soft Matter, 12, 4418 (2016)

Approved for Public Release

RM Elder, et al, Soft Matter 14, 8895 (2018)

1) Polar epoxy void formation is energetically 

unfavorable. Non-polar ROMP void formation 

is energetically neutral

2) Atomic fluctuations (relaxation processes) are 

faster around voids than in bulk

3) Atomic fluctuations are suppressed with

increasing crosslink density and polarity

• ROMP resins are more tolerant to formation 

of molecular voids during deformation

• Increasing crosslink density and polarity 

suppresses local relaxations around the voids

33

Approved for Public Release

Approved for Public Release

POLYMERS RESEARCH RESINS

Introduction to Polymers Research for Vehicle 

and Soldier Protection Applications:

2) Polymer gels

34

33
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• Need: Tissue “simulants” to evaluate blast / ballistic effects

• Tunable modulus, toughness, and ballistic penetration depth

𝐹𝑒𝑒𝑓𝑓 =
𝑠𝜌 − 𝜌𝑓 𝑒𝑓𝑓𝑣2

𝐺
Shear modulus

Velocity after 

penetration

POLYMER GELS FOR TISSUE SIMULANTS

Density difference 

between projectile 

and gel

RA Mrozek, et al, J. Mech. Behav.. 

Biomed. Mater, 44, 109 (2015)

Styrene Styrene
Ethylene-co-

Butylene

SEBS:

35

Approved for Public Release

POLYMER GELS FOR TISSUE SIMULANTS

8” width 18” length

Sand Cannon Test

Detailed 

Damage Zone

Individual 

Sand Grains
• Material has better time, temperature, humidity 

stability than ordinance gelatin

• Enabling testing that is difficult with ballistic gelatin

Summertime testing

No backlighting

Instrumented gels

Pelvic Protection 

System (PPS) 

evaluation

Use gel for unique testing protocols that require long times in outdoor ranges

Approved for Public Release 36
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POLYMERS RESEARCH PROCESSING

Introduction to Polymers Research for Vehicle 

and Soldier Protection Applications:

Approved for Public Release

3) Thermoplastic processing (~7000 ft2 of 

processing laboratories)
a) Processing as tool to make new materials 

(chemistry and structure in-situ)

b) Facilitate transition by enabling scale-up for 

engineering evaluations (coupon to pilot scale)

c) Engineering controls for safe and reproducible 

processing (clean rooms)

37

Approved for Public Release

COMPOUNDING AND COUPON PREPARATION LABORATORY

(CLEANROOM)
Compounding / Mixing

• Capability from grams to 100 Kg/hr

(11, 16, 24, 35 mm twin screws)

• Up to 52 L/D

• Heated, cooled, high shear / torque

Fiber, filament, tape processing

• Single screw extruders

• Coupon scale continuous (1- 6 inch width)

• Uni- and bi-axial stretching

Safety and room design

• Powder handling laminar flow hoods

• Ionizers / stainless steel - static control

• Temperature and humidity control

• Emergency exhaust
Approved for Public Release 38
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FIBER AND FILM PROCESSING LAB (CLEANROOM)

Tape processing

• 5 layer cast film line

• Multi-layer forced assembly co-

extrusion processing (MLFACE)

Tape rolling, drawing, and

high pressure lamination

• Machine direction orientation 

on cast film line

• High pressure roll mill

Fiber and filament processing

• Water or air cooling

• Single or bi-component

• Flexible dies and drawing

(U)

We can use COTS or in-house 

developed formulations from 

twin screw extruders
39

Approved for Public Release

Approved for Public Release

HOW DO WE USE FIBERS AND FILMS IN 

BALLISTIC COMPOSITES

SOA: UHMWPE and Kevlar-based composites arranged in a 0 – 90 configuration

Limitations with current composites:

• Fibers are macro-scale

• Resin starved composite with voids

• Poor mechanical binder (~ 15% parasitic)

• Poorly designed binder-fiber interface

• Solvent heavy fiber processing is high cost

Gap: Manufacturing strategy to enable all of these improvements

What we would like

• Fine scale fibers – near theoretical

• Intimate binder-reinforcement contact

• Tough binder with lower content

• Designed interface

• Low or solvent-less process

40

39
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Concept: 1) Fine scale (sub-micron) fibers and films are stiffer and stronger 

than macro-scale; 2) quality binder and interface will enhance performance

Gap: Cost effective continuous manufacturing

WHAT ARE WE TRYING TO DO?

Strike face

(metal or ceramic)
Polymeric Fiber

Sub-micron 

fibers

Micron

fibers

Coleman JN, et al., ACS Nano 2010

Dzenis YA, et al., ACS Nano 2013

Park and Rutledge, J Mater Sci 2018

Greenfeld et al, Macromolecules 2016

41
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Approved for Public Release

MULTILAYER FORCED ASSEMBLY CO-

EXTRUSION (MLFACE) COLLABORATION WITH

CWRU – PEAK NANO
Courtesy of Dr. Ponting at PeakNano

4000 layers

30 nm thick

Ponting M, et al., Macromol. Symp., 294, 19 (2010) Layered or

fibrous

(U)

✓ Tapes with fine scale reinforcement 

structure (sub 100 nm dimensions)

✓ Intimate binder content due to co-

extrusion process

✓ Suitable for melt or gel casting

operations (cost and performance)

Gary Wnek 

Eric Baer 

Mike Ponting

Baer E, Prog Polym Sci, 102, 101210 (2020)

42

41
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WHAT DO WE NEED TO DO TO MAKE MLFACE WORK FOR ARMY?

TASK 1: Feedstock for high performance MLFACE tapes
• Reinforcement phase: HDPE and HDPE/UHMWPE blends

• Binder phase: PE copolymers (co-crystallize at interface)

• Temperature and shear dependent viscosity

LDPE – low crystallinityLLDPE – low crystallinity

HDPE – High crystallinity

Mw ~ 80K – 500K (Entanglement) 

Melt processable

Identified highly linear PE feedstock

UHMWPE – High crystallinity

Mw ~ 500K – 12,000K (highly

entangled) Gel spinning 43

Approved for Public Release

Approved for Public Release

TASK 1: HDPE PROCESSING DEVELOPMENT

AND PERFORMANCE ASSESSMENT

• Extrude 6 inch wide tapes

• Cut out dog-bones

• Draw with controlled rate

and temperature

✓Draw coupons 20-40X

✓40-60 GPa modulus

✓600-900 MPa strength

(lower than we expected)

✓Feedstock and properties 

are OK but not great

44

43
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IMPROVING FEEDSTOCK PERFORMANCE: 

HIGH MW TAIL

Ma J, et al., Europ Polym J., (2015)

We are here 

(increasing lamellae 

organization with draw)

Solution: Blend UHMWPE 

to create “shish” to get here

Hsaio Polymer, 2005 46(10), 8587

Drawing

• Scattering shows that we are orienting 

lamella and increasing crystallinity

• Not forming extended chain crystals

45
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TASK 1: IMPROVING FEEDSTOCK PERFORMANCE: HDPE /

UHMWPE BLENDS

Approved for Public Release 46
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TASK 3: INITIAL DRAWING AND MECHANICS OF MLFACE

FILMS

• Successfully MLFACE processing with our

feedstock materials

• Numerous multipliers to get pre-drawn fiber and 

tapes with ~ micron dimensions

• Initial tape drawing with 20% binder

• Good mechanics but still need to improve

• Semi-continuous structure

1. Challenges with tape uniformity

2. Refining feedstock

3. Moving to larger processing systems for

compounding (52 L/D) and tape casting

(better processing controls)

4. Good progress – long way to go
Approved for Public Release 47

Approved for Public Release

LONG TERM RESEARCH OPPORTUNITIES?

Long term research opportunities for ARL –

academic – industry partnership in polymers

• Higher risk, longer term, more labor than 

ARL can invest in by itself

1) Dynamically responsive rigid systems

2) Complex multi-material processing

Approved for Public Release 48
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WHY DYNAMICALLY RESPONSIVE POLYMERS

Cycles

microsecond

Approved for Public Release

second

1’s 1000’s

Magnitude of Change

Challenge: Broad range of potential performance parameters that are dependent on the

applications

Objective: Map out this space. What is possible under what conditions?

Major Gap: Dynamic response in rigid systems

millisecond

Response Times

10’s 100’s

JM Dennis, et al, Polym. Internat., 70, 720 (2021)

49
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CHALLENGES TO THE LAYERED MATERIALS 

AND STRUCTURES COMMUNITY
Particle loaded multi-layers

• Near jamming limit (50+ vol%)

• Continuous processing

• Controlled porosity

• Complex form factors

Multi-material processing

• Adapted to other materials

• Co-processing of metals

ceramics, polymers

• In-situ interfacial control

• Down-stream drawing / shear 

deformation to refine and align 

microstructures

Automated design

• Robotic assisted materials design

• Automated composite assembly

• Complex multi-material structures

• AI/ML integrated manufacturing

Bradley, et al, Nature Chemistry, 11, 578 (2019)

Processing directed cellular assembly

• Synthetic Biology and Cellular synthesis

• Polymer processing of cellular structures

Thick multi-materials

composites

• Interfacial control

• Curved and complex shapes

• High pressure consolidation

Approved for Public Release 50
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TAKE HOME MESSAGES / AUDIENCE

QUESTIONS

1. ARL is great place to work and live

2. Work on fundamental and applied programs

3. Excellent facilities for chemistry, processing, analysis, and 

engineering evaluation

4. Polymeric materials are important for Army systems: soldier, 

vehicles, weapons

• Are you interested in working or 

collaborating with ARL?

• Needs: Generically in polymer science

• Specifically: processing, mechanics

• BS-PhD

Contact me at: joseph.l.lenhart.civ@army.mil
Approved for Public Release 51
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RESPONSIVE MATERIALS APPROACH

1) Temperature / 

Segmental relaxations

2) Molecular weight

between crosslinks (Mc)
3) Non-covalent 

interactions (polarity)

4.0

3.8

3.6

3.4

3.2

3.0

2.8

2.6

2.4

2.2

2.0
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A) 4.2

1

ductile

mixed

brittle

1) 2) 3)

If we can change temperature, Mc, or polarity dynamically then 

we can make dynamically responsive polymer network glasses

Questions

• How many responsive groups?

• How should we organize them?

• How fast is local response?

• How does local response perturb 

surrounding polymer and how fast?

• How does the response depend on 

the polymer and environment?

Diels-Alder 

(thermal Mc change) Azobenzene

(optical shape change)
Approved for Public Release 52
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Materials Discovery and Development of 
Aerospace Composites
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AFRL at a Glance

Edwards

AFB

VIRGINIA

Kirtland
AFB

HAWAII

INFORMATION

 Ft. Sam Houston 

AF OFFICE OF 

SCIENTIFIC RESEARCH

NEW YORK
 USAF School of Aerospace 

Medicine

 Human Systems 

Integration

 Airman Systems

Wright-
Patterson

AFB

*AEROSPACE 

SYSTEMS

MATERIALS & 

MANUFACTURING
HEADQUARTERS 

SPACE VEHICLES

DIRECTED ENERGY

Eglin 
AFB

TENNESSEE

MUNITIONS

FLORIDA
NEW MEXICO

OHIO

Rome

Arlington 

CALIFORNIA 

TEXAS

Arnold AFB

 London, UK

 Tokyo, Japan

 Santiago, Chile

Las Vegas

AFWERX

Austin

NEVADA

 Las Vegas, NV

 Austin, TX

 Washington D.C.

*AEROSPACE 

SYSTEMS WEST

AIRMAN SYSTEMS

*AEROSPACE 

SYSTEMS

DIRECTED ENERGY

 Maui Research Site

**HUMAN 
PERFORMANCE

**HUMAN 
PERFORMANCE

SENSORS

Employees

1,100 Military 

(USAF/USSF)

5,400 Civilians

4,700 Contracted 

Personnel

3 in 5 Gov. Civilians 
are Scientists and 
Engineers (S&E)

79% of CIV S&Es hold an 
MS or Higher
33% Hold a PhD  

$3.76 
$3.60 

AFRL Budget 

AFRL Budget Authority

External Customer Funds

In Billions

DISTRIBUTION STATEMENT A. Approved for public release, AFRL-2022-2527, 5-27-2022. 
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Materials & Manufacturing Directorate

465 $M Total Resources (FY19, 2.2xCore)
400 ksqft, 9 Bldgs (55% Labs)

400 Gov. Staff (373 civ/27 mil, 50% PhD)
350 FTE On-site Staff, 50% PhD

Cost-Imposing Technological Superiority Begins with Materials & Processes

Accelerating 
Technologies, Industrial Base, & Capabilities 

Impose (Avoid) Tech Surprise via Leading Cutting-Edge Foundational Research

Risk-Abate with Industry to Insure Supply (materials, components, processes)

Expert Advice to DAF and OSD (operations, acquisition, policy, & planning)

19% core
19% total

23% core
31% total

57% core
50% total

DISTRIBUTION STATEMENT A. Approved for public release, AFRL-2022-2527, 5-27-2022. 
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Core Technical Competencies
Technology Applications for our Airmen

Aerostructures

Agile Manufacturing

Airmen Performance Assessment

Energy Efficiency and Assurance 

Hypersonics

Integrated Computational Materials 
Science and Engineering (ICMSE)

Intelligence, Surveillance, and Reconnaissance (ISR)

M&P Specification Standards

Mishap Prevention

Munitions

Nuclear Deterrence

Propulsion

Quick Reaction S&T Support

Space

Specialty Materials Affordability

Survivability

Sustainment

- SYSTEMS SUPPORT

- MANUFACTURING FOR ELECTRONICS 
AND SENSORS

- MANUFACTURING FOR PROPULSION 
AND STRUCTURES

- MATERIALS FOR SURVIVABILITY 
AND PROTECTION

- MATERIALS FOR ISR AND ELECTRONIC WARFARE

- MATERIALS FOR MAN-MACHINE INTERFACE

- CERAMIC MATRIX COMPOSITES

- POLYMER MATRIX COMPOSITES

- METALS

- MATERIALS STATE AWARENESS

DISTRIBUTION STATEMENT A. Approved for public release, AFRL-2022-2527, 5-27-2022. 
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Digital Manufacturing (RXMS)

Dr. Sean Donegan sean.donegan@us.af.mil

• Material Process Monitoring & Automation

• Data Analytics & Visualization for Manufacturing

Biological Materials & Processing (RXAS)

Dr. Nancy Kelley-Loughnane nancy.kelley-loughnane.1@us.af.mil

• Biomacromolecular-Material Interactions

• Synthetic Biology for Materials 

Polymers and Responsive Materials and Processing (RXAS)

Dr. Christopher Crouse christopher.crouse.1@us.af.mil
• Conformal & compliant materials

• Novel responsive devices and architectures

Integrated Opto-Electronic Materials & Processing (RXAN)

Dr. Robert Bedford robert.bedford@us.af.mil

• Infrared Detectors & Quantum Sources

• Integrated Photonics

Agile Electronic Materials & Processing (RXAN)

Dr. Mike McConney michael.mcconney.1@us.af.mil
• High Power & Frequency Electronic Materials

• Reconfigurable RF Materials 

Structured Optical Materials & Processing (RXAP)

Dr. Jonathan Vernon jonathan.vernon.2@us.af.mil

• Responsive Optical Material Systems

• Optical Thin Films and Coatings

Non-Linear EM Materials & Processing (RXAP)

Dr. Joy Haley joy.haley.1@us.af.mil
• Source Materials

• Broadband Nonlinear Materials

PMC Materials & Processing (RXCCM)

Dr. Hilmar Koerner hilmar.koerner.1@us.af.mil
• Composite Processing Science   

• Multifunctional Composite Structures

Ceramics Materials & Processing (RXCCM)

Dr. Mike Cinibulk michael.cinibulk@us.af.mil

• Fiber Reinforced Composites

• Environmental Effects

Composites Performance (RXCCP)

Dr. Craig Przybyla craig.przybyla@us.af.mil
• Continuous Fiber Reinforced Composite Behavior & Life Prediction  

• Ceramic Matrix Composite Durability in Extreme Environments 

Metals Materials & Processing (RXCM)

Dr. Eric Payton eric.payton@us.af.mil

• Metals Additive Manufacturing and Processing Science

• Discovery and Design of New Alloys for Extreme Environments

Metals Probabilistic Performance Prediction (RXCM)

Dr. Todd (TJ) Turner todd.turner.5@us.af.mil

• High temperature durability assessment

• Location-specific (microstruct.-sensitive) probabilistic property 

prediction

Characterization Sensing and Analytics (RXCA)

Dr. Mike Uchic michael.uchic@us.af.mil

• Materials characterization, with focus on nondestructive methods

• Analytics & uncertainty quantification

RX Research Teams

DISTRIBUTION STATEMENT A. Approved for public release, AFRL-2022-2527, 5-27-2022. 
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Enabling Capabilities Faster

Complexity

Exquisite

Limited Life

Now/Future

Biosynthesis
ML Aut

“New concepts are too high risk and evolve too slow for the 
next aerospace revolution …”(RX CS)

DISTRIBUTION STATEMENT A. Approved for public release, AFRL-2022-2527, 5-27-2022. 
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Graduate and Post-Doc
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Undergraduate

DISTRIBUTION STATEMENT A. Approved for public release, AFRL-2022-2527, 5-27-2022. 
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Student STEM programs (K-12)

DISTRIBUTION STATEMENT A. Approved for public release, AFRL-2022-2527, 5-27-2022. 
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Which Armed Service was to first to test air vehicles and in which 
year did they do so? 

* If your answer differs greatly from the choices above tell us in the chat! 

• US Air Force, 1947

• US Army Air Service, 1918

• US Army Signal Corp, 1908

• US Army Air Corp, 1927

ANSWER THE QUESTION ON THE INTERACTIVE SCREEN IN ONE MOMENT

Audience Survey Question

64INNOVATE, ACCELERATE, THRIVE – THE AIR FORCE AT 75

PMC M&P addresses the design and synthesis of specialty polymers, real-time 
sensors, processing science, and predictive modeling

• Materials Discovery

• Synthesis 600oF - 1000oF resins

• Resin discovery via ML/AI

• Geopolymers

• SynBio

• Agile Processing 

• Additive Manufacturing and Infusion

• Real-time measurements

• Process modeling & Integrated sensing

• Multifunctional 

• Boron rich epoxies (Nuclear)

• MXenes (CDEW)

DISTRIBUTION STATEMENT A. Approved for public release, AFRL-2022-2527, 5-27-2022. 

ML

Domestic, low cost routes 

towards high performance, resins

Process automation and part 

unitization

Agile, low cost 

processes

alignment, velocity

Aut

Resilient structures
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Hand Lay-Up of PMC’s

Autoclave Processing

3D Printed Composites

Rapid Prototyping
Complexity

Resin Transfer Molding
(RTM)

Solvent-Free/Imidized Resin
Unitized Components

Tolerances
⇓Cycle Time
3D Preforms

⇓Time, ⇓Cost

From Traditional to Agile Manufacturing

DISTRIBUTION STATEMENT A. Approved for public release, AFRL-2022-2527, 5-27-2022. 
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Key Metrics for Aerospace Resins

Toughness- Resins tend to be highly crosslinked “oligomers”. 

Temperature Capability- Extending usage time and temperature would be advantageous to the physical 
limit of bond strengths.

Balance requisite viscosities/TOS for RTM and AM applications.

Water uptake- One of the main root causes of failure in PMC’s. Dramatic loss in moisture during use 
initiates micro-cracks that lead to further ingress of moisture and oxygen.

No truly non-invasive in-situ monitoring tools during cure and post-cure.

DISTRIBUTION STATEMENT A. Approved for public release, AFRL-2022-2527, 5-27-2022. 
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Air Force Interest With Helically Chiral Molecules and Polymers

Hypothesis
• Thermally Robust monomers for high 

temperature applications.

• Large Dichroism along the helical axis, has 
implications for sensing.

Highly dichroic, non-planar, oxidatively robust fused aromatic rings.

Synthetic Hurdles
• Syntheses tend to be lengthy and low yielding.

• Enantioselective synthesis is key for some applications.

68

The Application: Strain Sensing

Silicone Elastomers

and

and

and

DISTRIBUTION STATEMENT A. Approved for public release, AFRL-2022-2527, 5-27-2022. 
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Optimization of Helicene Products

Thermodynamics 
vs Kinetics

Precursor Design

[4] + [1]

+

Refs:

1. Laarhoven, W. H., Prinsen, W. J. C., (1984) Top. Curr. Chem. 1984, 125, 63–130.  

2. Weber, J.; Clennan, E. L. The Journal of Organic Chemistry 2018, 84 (2), 817–830.

DISTRIBUTION STATEMENT A. Approved for public release, AFRL-2022-2527, 5-27-2022. 
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Inducing Enantioselectivity: Chiral Auxiliary Groups

Refs:

1. Vanest, J.-M.; Martin, R. H Recueil des Travaux Chimiques des Pays-Bas 1979, 98 (3), 113–113.
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Synthetic Futures: Multifunctional Helicene Precursors

Versatile 
Building Block 

Dihydroxy[11]-Helicene

DISTRIBUTION STATEMENT A. Approved for public release, AFRL-2022-2527, 5-27-2022. 
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DARPA-AMD Program Definition

https://www.darpa.mil/program/accelerated-molecular-discovery

Increase the Pace of Discovery and Optimization
Develop Closed Loop Systems that Exploit, Build and Integrate Tools for:

1) Extracting Existing Data from Databases and Text;

2) Execute Autonomous Experimental Measurement and Optimization;

3) Incorporate Computational Approaches to Develop Physics-Based Representations and Predictive Tools.

DISTRIBUTION STATEMENT A. Approved for public release, AFRL-2022-2527, 5-27-2022. 
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Prof. Martin Burke, 
UIUC

UIUC Molecule Maker Research: Modular Suzuki Couplings

Science. 2015 March 13; 347(6227): 1221–1226. 

Molecule Maker

MIDA Borane

Pd, Base
Aqueous 

or Organic

R or R’=Aromatic, Alkene
X= -I, -Br, -OTf etc..

Modular Synthesis and Purification Using LC-MS as a DOR Probe

Boronic Acid
(or Ester)

DISTRIBUTION STATEMENT A. Approved for public release, AFRL-2022-2527, 5-27-2022. 
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Molecule Maker ARES OS Dashboard

Autonomous Command
Lines

On Board Planner to Integrate All 
Autonomous Commands, Reaction 
Campaigns and Data Analysis Tools

Syringe Pump
-8 Valve Positions

-Draw and Injection 
Rate/Volumes

Hot Plate
-Plate Set Temperature

- Stir Speed

192 Valves

NMR 

DISTRIBUTION STATEMENT A. Approved for public release, AFRL-2022-2527, 5-27-2022. 

73

74



6/14/2022

38

75

AFRL’s Version of the Molecule Maker

Reagents, Solvent, Waste

Hot Plate/Stirrer 
16 vials x 20 mL 

Workup and Silica Columns

4/8 Teflon 
Valve Array
(192 valves)

First Molecule Maker with Closed Loop (Autonomous) NMR Analytical Tool:
Direct Structural Evidence of Reaction Outcome(s)

8 Valve Syringe 
Pump

60 MHz(1.4T) 1H and 19F NMR
1D and 2D Capability 

Not pictured, Argon tank and inlet

Inert Gas Bubblers

Uv-vis 
Spectrometer

Fluorescence
Detector

DISTRIBUTION STATEMENT A. Approved for public release, AFRL-2022-2527, 5-27-2022. 

Power of Closed-Loop Iteration

• Autonomy: System designs its own 

experiments using AI & Machine 

Learning

• Automation: Execute experiments 

automatically Modeling: Integrate 

modeling & simulation directly in the 

loop

• Analysis🡪 Knowledge Representation

• Science through in-line hypothesis 

generation and testing

• More iterations >> More experiments

Autonomous Research Process

Stach et al. “Autonomous Experimentation Systems for Materials 
Development: A Community Perspective.” Accepted for publication in Cell 
Press Matter, 2021.05

Experimental Convergence

DISTRIBUTION STATEMENT A. Approved for public release, AFRL-2022-2527, 5-27-2022. 
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0 min

30 min

60 min

90 min

120 min

150 min

180 min

210 min

240 min

270 min

Reaction is complete within 3-4hrs.

Semi-autonomous, closed loop NMR acquisition

DISTRIBUTION STATEMENT A. Approved for public release, AFRL-2022-2527, 5-27-2022. 
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Autonomous NMR Data Workup and Analytics

Noise Reduction

Phasing

Data Fitting & Integration

Baseline Correction
Reaction Progression 

DISTRIBUTION STATEMENT A. Approved for public release, AFRL-2022-2527, 5-27-2022. 
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From Biotic to Extraterrestrial (Abiotic?) Organic Synthesis

Glavin D. P., Alexander C. M. O’D., Aponte J. C., Dworkin J. P., Elsila J. E., and Yabuta, H. 2018. The origin and evolution of organic 
matter in carbonaceous chondrites and links to their parent bodies. In Primitive meteorites and asteroids, edited by Abreu N.
Amsterdam, the Netherlands: Elsevier. pp. 205–271.

~109 kg/yr of organic carbon delivered to Earth

DISTRIBUTION STATEMENT A. Approved for public release, AFRL-2022-2527, 5-27-2022. 
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Extraterrestrial Sourcing of Organic Matter

Aromatic 
Hydrocarbons

Carbonaceous 
Chondrite

Sugar Acids

Can the Space Force harvest, extract, modify and utilize?

threonine
99% ee

serine
80% ee

aspartic acid
55% ee

glutamic acid
44% ee

aminoisobutyric acid isovaline

Terestrially Rare

adenine guanine

2,6-diaminopurine 6,8-diaminopurine

uracil

DISTRIBUTION STATEMENT A. Approved for public release, AFRL-2022-2527, 5-27-2022. 
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THE LIVE Q&A IS
ABOUT TO BEGIN!

Keep submitting your questions 
in the questions window!

www.acs.org/acswebinars
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ACS POLY Exclusive Member Benefits

https://polyacs.org

• 1st Year Free Membership!

• Eligibility for awards (including Member of the Month!)

• Alerts for academic, national lab, and industrial job opportunities shared through the POLY list serve

• Networking and professional development events at local/national ACS meetings and local POLY/PMSE chapters

• Industrial scientist support and networking through IAB (Industrial Advisory Board)

• Polymer science-related conferences and workshops advertised through the POLY list serve

• Online educational webinar and webshop series covering cutting-edge polymer research

• Opportunity to vote for the executive committee (annually)

• Recognition for membership (5th, 10th, 20th, and 30th anniversaries)

• Student support – student awards, student symposia, career panels at ACS meetings, support for student chapters.

• An excellent support group for building strong networks in the polymer community!

z

www.acs.org/acswebinars
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Register for Free Browse the Upcoming Schedule at www.acs.org/acswebinars

How Polymeric Materials Protect 
Our Armed Forces

Wed., June 15, 2022 | 2:00pm–3:30pm ET

Co-produced with ACS Division of Polymer Chemistry

Starting a Company: How to Set Up 
Equity and Securities Structures

Thurs., June 16, 2022 | 2:00pm–3:15pm ET

Co-produced with ACS Division of Small Chemical Businesses 
and ACS Division of Business Development & Management

How to Approach Gender, 
Language, and Intersectionality

Wed., June 23, 2022 | 2:00pm–3:15pm ET

Co-produced with ACS Office of Diversity, Equity, 
Inclusion & Respect 
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Edited Recordings
are an exclusive benefit for ACS Members with the 
Premium Package and can be accessed in the 
ACS Webinars® Library at www.acs.org/acswebinars

Learn from the best and brightest minds in chemistry!
Hundreds of webinars on a wide range of topics relevant to 
chemistry professionals at all stages of their careers, presented 
by top experts in the chemical sciences and enterprise.

Live Broadcasts
of ACS Webinars® continue to be available free to 
the general public several times a week generally 
from 2-3pm ET. Visit www.acs.org/acswebinars to 
register* for upcoming webinars. 

*Requires FREE ACS ID

www.acs.org/acswebinars
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ACS Webinars® does not endorse any 
products or services. The views expressed in 
this presentation are those of the presenter 
and do not necessarily reflect the views or 
policies of the American Chemical Society.

Contact ACS Webinars® at acswebinars@acs.org
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