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Extruder Users Group Meeting; Program - June 2-4. 1997
Lincoln Harbor, NJ
Hosted by: HfMI/Stevens

June 2, 1997

SESSION 1-8:30 a.m. - 12:00 p.m.
Ms. Eileen Heider - Welcome

Introductory Remarks - Dr. Joseph A. Lannon
U.S. Army, Picatinny Arsenal

Moderator: Mr. Kirk Newman [8:45 a.m. - 12:00 p.m.]
1. — = David F. Fair, "Army Program Overview.”

2. —e* Mark Michienzi, "Continuous Processing of Composite Propellants
(CPOCP): US Project Overview"

3. — = Jim Baker, "Production of Air Bag Propeliant at UPCO",
BREAK - 10:00 - 10:30 a.m.

4. — » Vincent Gonsalves and Eileen Heider, Picatinny Arsenal, U.S. Army Base,
"Processing Energetics Materials Using the Twin Screw Mixer/Extruder.”

5. — » Richard Muscato, "LOVA Twin Screw Processing and Propelling Charge
Development Gun Firing”

6. — *» S. Railkar*, A. Lawal and D. M. Kalyon, "Three-Dimensional FEM Analysis
of Regular Flighted Single and Twin Screw Extruder Screw Elements.”



SESSION 1T [1:30 to 4:30 p.m.]
Moderator: Ms, Eileen Heider

7. — « R. E. Carter and G. J. Privelt, "On A New Purpose-Built Capillary
Extrusion Rheometer for the Study of the Rheology of Energetic Materials.”

8. - ¢ Fevzi Zeren, "A New Multiple-Slit Rheometers for Energetics Processing.”

9. — o E. Kucukpinar® and D. M. Kalyon, "Viscoelastic Material Functions and
Extrudability of BAMO/AMMO TPE."

BREAK - 3:00 - 3:30 p.m.

10.— A. Haaland, "Twin Screw Extrusion Processing of Gun Propeliants at
Thiokol."

11. —e Mitch Gallant, "Calibrated Microencapsulated Sensors (CAMES)."

DINNER AT SITFACULTY CLUB - 6:45 p.m. - 10:00 p.m.



SESSION I
June 3, 1997
Moderator: Mr. David Fair [8:30 a.m. - 12:00 p.m.]

12. — » Kirk Newman, Steve Jones, and Neal Cowan, "Correlation of Extruder
Residence Time with Screw Speed."

13. — @ Jianya Cheng, D. Bigio and R. Breyer, "On the Effect of Shear Flow on
the Devolatilization of Filled Polymeric Materials."

14. — ¢ Salvatore J. Monte, "Compounding and Shaping with Neoalkoxy
Organometallics for Propellants and Explosives.”

15. « James Kowalczyk, "Mechanisms of Wear and Materials that Enhance Wear
Resistance in Mixers and Extruders.”

BREAK - 10:00 - 10:30 a.m.

16. — ¢ Kirk Newman, Steve Jones, Suzanne Williamson, Neal Cowan, and Jim
Gusack, "Injection Loading of PBX into Various Munitions and Components.”

17. — + S. Koven*, Z Cao, R. Yazici, S. Railkar, E. Kucukpinar and D. M. Kalyon,
"Twin Screw Extrusion Based Recovery, Recycle and Reuse of Grains Using

Energetic TPE Binder."

LUNCH 12:00 - 13:30 p.m.



SESSION 1V
Moderator: Mr. Mark Michienzi [1:30 - 5:00 p.m.]
18. -9 R. Yazici*, E. Birinci, D. F. Fair, W. Ansley and D. M. Kalyon, "X-Ray
Based Degree of Mixedness Analysis of Extruded Grains: Ramifications for On-

Line Control of Continuous Processing.”

19. — = David Dillehay and David Turner, "informal Comments on Black Powder
Substitute Extrusion; Safety Factors."

20. —e H. McSpadden, "Demixing and Weld-Line Formation in Casting and
Ramifications on Ballistic Properties”.

BREAK
— ¢ Panel Discussion on Process Control, Modeling and Sensors [3:30 - 5:00p.m.]

June 4, 1997
Demonstrations at Stevens *[8:45 a.m. to 12:00 p.m.]

8:30 a.m. - Meet at lobby of Ramada to go to Stevens.

8:45 a.m. - Start the tour; at bth Floor Conference Room of McLean Chemical
Sciences Bldg.

*A map of Stevens is attached. Please register with Kathy for the SIT tour.
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TACOM-ARDEC

'R Overview of the ARDEC Program
|

B By

B . .

i Dawid Fair

: Warheads, Energetics, and Combat-support Armaments
] Center

[ |

E

B 2 June 1997

B

Continuous Mixer & Extruder User’s Group

U.S. Army Tank-automotive and Armaments Command -Armament
Research, Development & Engineering Center



Outline

& ARDEC Twin Screw *

m Goodness of Mixing

m Twin Screw At Radford AAP
® Longhom AAP Twin Serew
m Zeren Research Rheometer

. B Programs

Goodness of Mixing (Cont’d)

m Observations
# Excelient Means to Screen Manufacturing
Procosses
+ Provides New Iasight to Micro Structure of the
Product
« Will Be Applied to Evaluating
+ Continuous Mixer Process Paramelers
+ Batch Mixer Process Parameters
4 Has Potential for On-line Quaiity Controt

e Y R N E RN L R LSV E T b B

Longhorn AAP Twin Screw

m Longhorn AAP Twin Screw is Being Moved to
Thiokol's Wasateh Plant

# Twin Screw belongs to Thiokol

B Army Owned Support Equipment is Being
Transferred with the Machine

w Longhorn AAP Programs are Being Transferred to
Wasatch Site
& Iixplosive Development
+ Propellant Development
+ Black Powder Substitute Development

- Goodness of Mixing

= Past Work
* M43 LOVA
+ M30AL
+ Bofors M39
* AA6 {(Navy)
m Portable Goodness of Mixing Devices

+ Contract Awarded to Stevens Institute of
Technotogy

- Twin Screw At Radford AAP

B Approved to Begin Design
®m Prototype Production
@ Flexible
+ Nitrecellose Based Propellants

+ Solvent & Solventless
* Lomg Barrel / Short Bamel

# Remote Feeding and Take Away

o
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Zeren Research Rheometer

m Small Business Innovative Research Project
W Status

+ Demonstration Planned for June 1997

m Portablc

w Designed for Use on:

& ARDEC’s Twin Screw Machine

@ 4 Inch Vertical Press

WARARANMREN AT AT RN




Zeren Rescarch Rheometer (Cont'd)

m Series of 3 Rheomeoters
+ Variable Gap Section
+ High Shear Section
* Variable Configurations
m Material Behavior Can be Captured at Exireme
Conditions
+ 100,000 tscconds
. m Continuous Measurements

® Application fo Non-energetic Materials

© Zeren Research Rheometer (Cont’d)

. Programs (Cont’d)

+ Products
+ Validated Life Cycle Environmental Benefits
+ Demonstrated Product Quality
+ Demonstration of Remote Process Monitoring
« Vatidation of Economics

+ Team
« Stevens lstitute of Technology
+ Massachusetts Institute of Technology or other
+ Thiokel
+ ARDEC

3
¥
n
3
]
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W
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]
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&
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- Programs

B PAX-2A
¢ First Composition Developed to Be Processed in a
Twin Screw
4 Supcricr Performance Characteristics
+ Insensitivity
+ Environmental Life Cycle
¢ Qualification is in Progress
® TIME (Totally Intcgrated Manufacturing Fntorprise)
¢ Optimization & Modceling
+ Twin Serew Processing
+ Bateh Shury Mix Processing

Programs {Cont’d)

B ESTCP (Environmenial Security Technology
Certification Program)

« Extension of Twin Screw Process Demonstrated on
PAX-2A 1o Existing Pressable Compesitions
+ Completely Closed System
+ Applicabic 10 Lalex Based Systems
+ Demonstrated High Degree of Uniformity

T



Continuous Processing of
Composite Propellants

U.S. PI'Oj ect Overview

Connie Murphy
Project Manager




Continuous Processing of
Composite Propellants

U.S. Project Overview

Connie Murphy
Project Manager

Hivdl Surlats Wlark Contes
LA HEAD OHILION
Nrad Sed Sems Command

Accomplishments

@ Finalized the feedstream scenario and
conducted testing to optimize metering accuracy

o Completed the inert twin screw processing
phase

@ Demonstrated deaeration of the live propellant

@ Initiated the development of a practical
technique to understand mixing using CAMES

o Completed the NIR off line testing and model
development

Continuous Processing Facility

e U.S. Project Team

Continuous Protessing

Connie Murphy | ©@E{¥Mitch Gallant
Rich Muscato Mark Michienzi
Bili Newton Sharp Johnson

The Highty FillelPMBi8y stitute at Stevens

institute of Fechnology (HIMI/SIT)
University of Maryland at College Park (UMCP)

Applied Ordnance Technology, Inc. (AOT)

Accomplishments

® Characterized the rheology of several propellant
formulations

# Validated the mathematical modeling approach
for die design

& Completed the design and fabrication of the
2.75" propellant grain extrusion die

@ Manufactured inert propellant grains with the
new 2.75" extrusion die

g Extruded Composite
Propellant Grain

& Propellant Grain Cross-sectional

- Nominal diameter of 242" View
of Propellant

~ Nominal length of 30"
- 11 point star perforation
8 Propellant formulation
- HyTemp binder 0.501
- Bimodal AP distributicn
- Isocyanate cured
& Batch process uses
approximately 10 - 15%
solvent to manufactare

2420

Pagel




Feedstream Scenario ey HyTemp Feeding

# Most challenging material to date

~ Shear sensitive - particles rejoin easily to fout
serens

® Two liquid feedstreams

~ Bonding agent/plasticizer
~ Prone to bridging - very luw hopper fills

- Curative/plasticizer reduce this effect

- 100% yrfeedahle in virgin form
"

® Three solid feedstreams .
® Solution

~ Hytemp coated with

N — Cryngenic separation of elastomer with 2%
graphite praphite toating
- AP preblend -~ Switched from twin screw to single screw
: f feeder
. f]::::;)el(é':x(;od:fier Exteuder Tap Vie - Overstzed feed tubc (18 mm serenf27 mm tube)
sxtruder Tew

.} ¥ - dlweh higher hopper losdt {up te 4 hours)
Tron $-200 ]:vt‘"" No agitator (evaluating ar in-house design)

HyTemp Feeding Data

I-Tron 5-200 Feeder Test Data

@ Features
Same Test-{Comparison of Data
at Three Intervals
©o@is0 ser ¢ gl gses - gif sec

~ Twin screw
~ Vertically agitated

40 d ~ Maximum feed rate of
35 100 Ib/hr
gy - s .
; @ Conclusions
25}
Mass/ , | k: - Electropolished finish on
interval steed chute required
15 E : : " :
. ~ Chute vibration with cycling
L T P L RTPWE i
5 '5’,:“. it .“:‘\"-‘ﬁ“:i".:‘?*""..',.‘t;*,‘:,?gj’ﬂ” Pfyen 1 is necessary
e R L:T:,J :" -:‘-;'-\ ':h""‘;("e“.a.hr‘ . - Non dusling
[ D Lot g .
00 1,000 1,500 2,000 2,500 3,000 3,500 ~ Na particle size segregation
Feed rate of 0044 kg/hr Time {sees) in hopper
Metal cinte

Fuell fiopper
Nongitittor

A A

AP Preblend Feeding Data ESEBE Mixed Modifier Preblend Feeding

AY Teeding Study (60 Ib/hr)

Comparison of Vibration Times
300 ; : s . Y : +

& Features

- Twin screw

PR
e 2

PR R

- Horizontally agitated
~ Maximumn feed rate of 10 lky/hr

. 100 # Conclusions
Miass (gFTime Interval

200 ~ Achieving very low feed rates

{ <0.5 ib/hr)
- No separation in biend

~ Minimal adhesion to
electtopolished chute

- Vibration is not necessary

o 7os 464 #90 KGO 1.69¢ 1,200 1,490 4,62

Time (eocs)

5 sec ON/ 35sec OFF 3 sue ON/ST0 se0 O

Page 2



Inert Processing

& Staged mixing approach
- Phase 1 - Binder Plasticization

® Objectives
~ Minimize solvent
required
- Define operating

parameters for live
processing

I ~ Optimize screw
AN Y configuration
xtruder Set Up

E

Phase 2: Filler Incorporation

@ Successfully processed
without solvent

@ Developed an oatmeal
purging technique

@ Finalized the screw
configuration for live
processing

# Performed a design of
experiments (DOE} to
determine the effect of
process parameters on
mtixing

R S 5 e

Txtrusion of Inert Extruded
Composite Propellant

Live Processing

¢ Obtained management
approval for live processing

@ Conducted five solventless
processing trials to date

9 Manufactured propellant
crumb for rheology
characterization

* Successfully demonstrated
deaeration

® Preliminary analysis has
revealed a shift in bum rate

® First extrusion of a live 2.75"

propellant grain is scheduled
for June 1997

Composite Prapellaat

Page 3

SN Phase 1: Binder Plasticization
Material Pressure Inside Extruder

Lot Binder

PHEXSURE THARSPULER )
Pl

bearion o FRESSURE RANSUTCRS £
\\\H] Serew Speed (rpmy
t 40,

Prcssurc‘"
{psig) |

Geoet hindur

“Blaticiranen
]

Fasog : R

Binghta i

Plasticicution”

Inert Processing Results

Temperature Rise in Filler Mixing Section

1 & Larger AT with:
Temp 2 - Higher screw
Rise CFig speed
' - Larger
£ throughput
o

20,40 30,48 10,100 o ro0

Process Conditlons {1/hr. tpm)

Understanding Mixing

Lalibrated
Microancapsulated

Sensors (CAMES ™),
High Co

= HyTemp
resreraton RTD Sumphe
ey ;
N H Ll
o Numerjcally characterize | ! “
the effects of screw ; 2N
geometry s %» b i
- Residence time wasd Y
i i
- Shear history BRI TR rarar

@ Quantify process effects




Capillary Rheology

¢ Modified ram extrusion press with gzja"“['i_”i
seven capillary dies W ”g;/'
/J,‘,;: . g
o Controlled determination of §jj:;ﬁ : ;i] Pressure
pressure drop (AP) vs. volumetric & o Probe

flow rate ()

& Allows for the calculation of the
shear stress over a wide range of
temperatures and shear rates, n(yT)

© AHows for the calculation of wall
slip

@ Inert and live testing completed ~ Diameter

Mathematical Modeling

N
& FEM source code
-~ Based on the HB constitutive
equaticn

~ Used to design internal die profile
to mect » {arget AT

Hgsye
© Extrusion die design
~ Validated methodology with

small scale dies using inert twin
screw processing data

- Incorporated manufacturing
considerations

@ Die fabrication is complete

MR Rheological Characterization

Herschel-Bulkley Equation (for gencralized Newtonian fluid)

Shear Stress at Wall (Corrected) versus
Shear Rate at Yall {Corrected)

veeom

Crvevetrd Shms Sirm, %
E)

:

- o
A Corrmnd Shese nte, ¥
oy

Extruded Composite
Propeiiant

@ w 27°C BPF):  tw= 150.000 4 38,6457
@ = 66°C (I50PF): Tw= 150.000 + 31,8127 1

¥ New Extrusion Die

/ On-line NIR Spectroscopy

# Phase 1: Initial calibration and model development
off line

# Phase 2 Testing and validation on line
# Phase 3: Development of proceas control strategies

i

Page 4



Summary of Results to Date

@ Depth of penetration is 2504

o Propellant does not foul probe sapphire
[ens

¢ Correlations developed between spectra
and propellant properties

2 NIR is sensitive to variations within a
formulations

Third Year Plans

2 SNPE

— Manufacture rocket motors

= Test rocket motors
- Prepare finak report
« IHDIV, NSWC

-~ NIR system on-line and tested

- Manufacture rocket moters

- Test rocket motors

Page5

] NIR Absorbance Spectra

.
[~ High Selids Loading

[ Transition 1o Low
Soligds Loading

I Low Solids Loading
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Production of Air Bag
Propellant At UPCo

.

History of Facility

Joint venture with Wemer & Pfleiderer
Compounder arrives 1987
High Presswre Extruder arrives 1988

« First live 1989

UPCo purchase 1993

What Have We Processed?

What is the Composition?

Live Inert » otassium perchlorate
~ PVC/ED ~ HIPBAKC
- PVCIAP ~ PBANACI » PYC
- Smekey Dewil - PGAKCL » Plasticizer
- CTPRIAP - e . oy
;\[:B Al CAB LOVA = Stabilizer
- TPELOVA « Chioride scavenger
~ TPEKP « Opacifier
Flowchart

Walking the Tightrope

Stoithismatic

{1 b Nunibiei of Cracks

Fuel fuch Qmidieet RIch




Compounder Sideview

Facility Layout

Wm\m&%m\%

-

=
'. -]

! ml "

The Many Feeds Problem

< All feeders “hunt” Y n

+ Average composition f 3k
is “right on the
monay”

.

[ndividual portions of
run may be “rich”or
Hlean™ 2

a

L)

-

Conclusion

UPCo’s facility is “state-ol-the-art”
Fantastic mixing device

Quality requircments determine number ol
[eed streams

Set-up and clean-up require large voluaes

For some products, there is no substitute




9th Annual Twin Screw_'
Mixer/Extruder User’s Group

June 2-3, 1997

Overview of
Twin Screw Processing at TACOM-ARDEC

Presented by:

Ms. Eileen Heider
US. ARMY, WECAC, ASPD
Picatinny Arsenal, NJ
201-724-3637



BUILDING OVERVIEW

@ Equipment

- Capabilities

2 Deluge System

- [ightning Protection |
~:aWaste Water Collection System



ARDEC FACILITY




APV SE-1600 TWIN SCREW v
MIXER/EXTRUDER

2 ¥ 40mm
¢ 16:1 L/D ratio

@ Clam shell barrel
design

e End bearing design
with side "di's_charge




APV SE-1600 TSE
(CON’ T) '

ét2 Sohd Feed Ports |

8] Vacuum Port |
@4 Zone Heating/Cooling Capabilities
*s-Separate Heating/Cooling for the Die
‘22 Liquid injection ports"A - |

:a.5 surface temperature/pressureAi;"ljdicators

5 water Thermocouples



L.OSS-IN- WEIGHT FEED
SYSTEM

:a AccuRate LIW Feeder O
o Three Solid Feeders {8
~ « External Agitation R .f' | | . R ,uith

fﬁ "ulw R

 Single Screw Feed

~* Flexible Wall | |
— Two feeders with 1001b
capacity
~ One feeder with 441b
Capacity

ll




LOSS- IN-WEIGHT FEED
SYSTEM

ca AccuRate Liquid LIW -

One Liquid Feeder =il
Designed for highly . &%
viscous material =~ |8
Zenith Gear Pump T
Ten Gallon Capacity - &




METAL DETECTION
SYSTEM

:a. Safeline Design
« K-tron LIW Feeder

- Minimizes Operator
Exposure

- Detects to 0.012”
ferrous material




TAKEAWAY/CUTTER-jﬁj’:-‘-';_’ﬂ-;',[} 'j-jj '

SYSTEM

?tGulllotme Cutter | S

- @Nobel Chematur Long Strand Cutter |
:aNobel Chematur Short Strand Cutter
- aaConveyor |

nRotary Collection System - :



CONTROL SYSTEM =~

s Allen-Bradley PLC-5
& WonderWare o
283 Monitors and VCRs
o Editing Capabilities




CURRENT
MODIFICAT IONS

| Hydrauhc Drive System Upgrade

Control & Metering Feeder Purchase

Control System Upgrade |

X-Ray Diffraction On-Site Device

- Task Order Contract with Stevens Institute of Technology
Zeren Rheometer |

Re-Certification of the Deluge System -



INERT PROCESSING

STUDIES

:a-Material Characterization _Stildy o
@ Lacquer Study |
aaFeeder Study |

:a Temperature/Pressure Study

- :a Mathematical Modéling of Process
:a-.Screw Configuration Study |

:a Take-away/Conveying Study

@ Die Design Study



LIVE PROCESSIN G
STUDIES

?&Feeder Study
@ Temperature/Pressure Study
~ aScrew Configuration Study
@ Mathematical Modeling of Process
wwProduct Analysis



CURRENT PROGRAM SCOPE AND

OBJECTIVES

# An Integrated Product Development Team (IPDT)

has been developed. Key members include:
e TACOM-ARDEC
o Thiokol Corp.
o Stevens Institute of Technology

o lLawrance Livermore National Labs
& The purpose of the team is to establish a
methodology for the development and transition of

Energetic Formulations to a flexible
manufacturing Facility

o Reduce Technology Transition Time
e Improve Product Quality
e Reduce Production Costs



Energetics Sub-Project Work BreadeWn

Structure

Project Executive
Tom McWilliams

Project Team Leader

Mark Mezger

Small Scale Processing
Alan Alired

Pilot Scale Processing
Eileen Heider

Explosive Formulations
Steve Nicolich

Slurry Emulsion Coating

40mm TSE Development

Explosive Characterization

19mm TSE Develoment

Process Modeling

Dé_tonation Properties

Explosive Processing

Material Characterization
and Product quality

Warhead Performance




SUMMARY

& Automated Continuous Processing will enhance
environmental compliance by reducing in-process
solvent requirements, eliminate batch-to-batch
variation, and minimize the waste or scrap material
being produced.

@ TACOM-ARDEC i1s committed to supporting the twin
screw mixer/extruder technology and plans to
continue the current liaisons that have been
established for the TIME Program, and hopefully be
able to expand the current team.
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Continuous Mixer and Extruder Users’
Group Meeting
2 -4 June 1997

Richard S. Muscato
IHDIV, NSWC



Noral Ses Nyderes Command

Narsd Nex Nirtems Commant

Objectives

Batch vs, Continuous Processing Schematics
Solid Preblend Processing Technique
Experimental Approach

Continuous Mixer and Extruder Users’ Test Results

Group Meeling f
2-4 June 1997 Conclusions

Richard S. Muscato
IHOIVY, NSWC

Narat Nea Npstern Commmand

% ﬂ*'-‘ BLOCKE*—{ E!ILLET]‘-—A--II EXTRUDE%*{ CUT‘

Xa Mprieent Camand

* Doevelop a Solid Preblend Process ¥ MI‘MI e
I Lo . |
@ Define Twin Screw Extruder Lower and Upper Sofid and Liquid Ingredions [DRYI"'I GLAZE |
Processing Parameters to be used for Processing Solvents o
L.ova Gun Propeliant Manufacturing Batch Processing Schemalic for Lova Gun Propefiant
* Process a Sufficient Quantity of Lova Gun \ TWIN SCREW EXTRUDER ] CUTI
Propellant with a Twin Screw Extruder [
to Perform 5"/ 54 Propellant Charge Development ? ;
Gun Fiting - Solid Ingredient Feed
DRY|-= GLAZE
~Processing Solvents Feed

Continuous Processing Schematic for Lova Gun Propelfant

Water Extraction Solid Preblending Process « Use Design of Experiments (DOE)

Approach
-
Lacquer of Extrude Through a 0.454 inch Die with 7
Binder Perforations
ingredients in a RDX
EA/Acetone = in | Decant |- Dry L
Mixture Water Manufacture 180 pounds for Propelling
Charge Development Gun Firing in the
5 "/54 Navy Gun
High Shear Mixing




Naval Sea Npriems Cammand

DOE Processing Parameters:

» Total Throughput
¢ Solvent Percentage
* Screw Speed

*  Temperature Profile

DOE Materfal Responses;

Visual Homogeneity

Scanning Electron Microscope (SEM)
Temperature Rise

Pressure Rise

Torgue Measurement

Dimensionless Volumetric Flowrate Q*
HOE, Density, Closed Bomb

>0 20 8 e

Naval Ned Spterts Uaririsnd

Lavn Banga. Einal
Salid
Pasttind L enes Total Throughput -
En i preiond ) 2;?2&32'.‘. (lb!hr)g P 15-30 30
“"" A Cho w! 7 parfs
Y / i / Solvent Percent 10.5-12.5 12.5
{by wreight}
T n*.-‘n‘rm -n:;m B:rsm: e Screw Speed 40 - 100 50
A . 1 ) of fhaw {rpm)
I S HTEAE el e
Temperature 80/100 - 80120 701120
Profile (F)
Naval M2 Naereie Comrrand .t-uJ'u\ﬂtnl'Jmf
NSVIC i
Test Performed..  Agceptable Range Besults
Batch Twin Screw ¢ Successfully Developed a Solid Preblending

Process
HOE(catigm) 955 +/-10 955 + Successfully Determined Lower and Upper
. . . Processing Parameters for Lova Gun Prepellant
Density ( gmice) 163-1.66 1.657 -1.659 using a 40’ mm Twin Screw Mixer/Extruder

Closed Bomb TBD ¢ Successtull

- ; ; . ¥ Processed 180 pounds of M43 Gun
(infsec at 40 Kpsi) (-6.2} {-5.8) Propeilant for the 5 “/ 54 Navy Gun
g;%%?g'ﬁe?‘?arge T80 See Graphs * Performed Propelling Charge Development Gun
Gun Firﬁng Firing Meeting Ballistic Requirements
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3-D ANALYSIS OF
FULLY FLIGHTED SCREWS OF

CO-ROTATING TWIN SCREW EXTRUDER

A. Lawal, S. Railkar, and D. M. Kalyon
Highly Filled Materials Institute
Stevens Institute of Technology
Hoboken, NJ 07030

There are two principal methods of mathematical
modeling of the twin screw extrusion processing. In the
lirst method Finite Element Method is used in
cenjunction with a mesh which duplicates accurately
the channel geometry without unwrapping. This
technique which our own  rescarch
championed [[-5} in spite of the computational
difficulies involved, has been successful in describing

group  has

the fow and heat transfer occurring in such complex
shaped screw elements as the leaticular kneading discs
{1-7]. In the second method the channefs are unwrapped
and the conservation equations are solved employing
cither FEM {8-12] or methods fike the Flow Analysis
Method {13,14]. For the regular flighted screw clements
of the co-rotating twin screw extrusion process the
popular method has been the unwrapping of the screw
channel [8-12]. Here we show how our FEM techniques
can be applied to the simulation of  flow and
deformation occurring in the regular flighted screw
clements of the twin screw extrusion process  without
unwrapping of the screws.

The co-rotating screw elements, used for the
purpose of modceling, were double flighted and with
relatively smail flight width as compared with the
channe! width as shown in Figure, 1. The [ully-flighted
screw  elements are considered to be a stack of
mfinitesimally small thickness kocading blocks

staggered at almost zero stagger.

As consistent with our earlier work a singie mesh
is used and we differentiate between the fluid and the
screw as a function of time as the screws rotate and as
the boundary conditions change {1-5].

Flow Equations

The inertia effects can be ignored, because of the
highly viscous nature of the materials generally
processed in continuous processors and the creeping
nature of the resulting flow. Here, we consider the
isothermal creeping flow of an incompressible fuid in a
twin screw extruder with two-tipped co-rolating screw
elements as shown in Figure 1.

The penalty/Galerkin Finite Element Method is
employed in the discretization wherein the continuity
cquation used as a constraint on the equations of
conservation of momentum, and the pressure p s
approximated by using a large positive aumber lp

{penalty parameter) such that [1-5]:

dv. Ovy ]
p::?kl,n GAL SRS (—)‘V,_ (h
ax% dy 07

The cquations of moementum are:

e
_(2_ s )n .m_x B .__\L + f.)..‘./_/_
ax| Pl ax o 9y o

' S (v, vy Y
4 an?,‘ﬁ;‘&)#;a‘_ n flibﬁ Py (2
ox % dy dy 0x

a v, dv, ]
A I A S PO
8?{“[ Jdz dx

__Q_ Kpn _a‘i + ifj_ + Q_\’_/_
dy dx  dy Iz

, v 30 vy
Wi 1 gu\_..).@.._{.‘_y_ _.ﬁwq_. 2;],(._.\..,& ('{)
dx Jy Jx Jy y

dv .
J ]1(_(.\_y_ + QLL.J = {)
Jdz Jy

gz T ax dy 7.

J dvy  dvy,
——— PO, ST R /R 4
dx {ﬂ( dz T H @

HJ.._{E.J_ n _(‘.)._\:!_..i;gii __9_"(2]]avz}:()
dy dv.  dy a7 o7

In dimensioniess forms of these cquations the screw
radius, Rg. screw rotational speed, , and the

i A 1][avx .}J.E..}:’l..}.. f—_)_v_‘f..]

volumetric flow rate, QQ, are used.



Results

Typical simulation results for the
plastic fluid using a clearance between the screws and
the barrel surface of 0.8 % of the screw radiug are
shown in Figure. . Here the vclocity vectors are

Bingham

indicated by the arrows. The length of the arrow is
proportional to the magnitude of the velocity vector and
the directions are the same. The clearance was  varied
and the pressurization versus mass {low rate history was
ochtained. As the clearance s increased the
pressurization ability of the extruder drops for a constant
volume flow rate. Typical results were  also obtained
for the power law type generalized Newtenian {luid as a
function of the power law index, n. The results were
used for comparisons with analysis results where the
channel was unwrapped [8-11]. The total flow rate, Q¥ is
given as a function of the axial distance (not helical).

" Q ()
21R wCoshy WH
and
Ip" H "H
d__|__ B __['Hd ©)

d _?.IcRscuCoseb m dz

where, By is the helix angle of the screw at the tip of
the flights, W and H are the channel width and channel
depth, and dp/dz s given along the axial and not helical
channel direction and Q is the total flow rate.

Comparisen of these results to carlier published
two dimensional FEM solutions using unwrapping of
the screw clements [8-[[], reveals good general
agreement between the 2-D and 3-I> results explaining
the reason as to why the 2-D approach has been so
popular at least for screw geometries where the light
width 1s small in comparison to the channel width of the
screw element. However, the 2-D approach is expected
to break down for cases where the ratio of the flight
width over the channel width becomes appreciable and
the intermesh and the relative velocily between the two
screws can ne longer be ignored.
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VISCOELASTICITY AND PROCESSABILITY OF A BAMO/AMMO
THERMOPLASTIC ELASTOMER

R. Esra Kii¢iikpinar and Dilhan M. Kalyon
Chemical Engineering Department and Higlhly Filled Materials Institute
Stevens Institute of Technology
Hoboken, New Jersey

ABSTRACT

Yarious viscoelastic material functions of
BAMO/AMMO based thermoplastic clastomer melt
were characterized using small amplitude oscillatory
shear, step strain and steady torsional flows. The
relaxation spectrum and relaxation modulus data were
used to fit the parameters of a K-BKZ type integral non-
linear viscoelastic constitutive equation. The predictions
of the constitutive equation were comparcd with the
results of other viscometric experiments, including shear
stress growth and relaxation, and were found to agree.
The use of the constitutive equation lo predict
cspeciatly the shear viscosity materfal [unction over a
broad range of temperaturcs and shear rates, te., o
enable calculations regarding the processability of the
thermoplastic clastomer in various molding and
extrusion processes to be made, was also demonstrated.

INTRODUCTION

Thermoplastic clastomer based formulations are
used widely in varicus applications, traditionally served
by vulcanized rubbers and other thermosetting polymers.
The ability to use conventional polymer processing
equipment iacluding injection and transler molders and
extruders and recyclability provide additional
incentives. However, such processing operations also
require detaifed information on the rheological behavior
of the thermoplastic eclastomer and processability
anatysis. In this study, we provide extensive data on
various viscoelastic material functions of a melt of a
BAMO/AMMO based thermoplastic elastomer used in
conjunction with a non-linear constitutive equation to
enable predictions of rheological behavior and
processability under conditiens relevant to various
molding and extrusion operations.

MATERIALS

A recently introduced thermoplastic clastomer
based on a BAMO-AMMO copolymer was procuced
from Thiokol Corporation. BAMO-AMMO is an
alternating block copolymer obtained from the
polymerization of BAMO and AMMO monomers.
BAMO (3,3-bis(azidomethyDoxetane) is a crystalline
homopolymer forming the hard block and AMMO (3-
azidomethyl-e-methyioxetane) is an amorphous
homopolymer forming the soft block of the cnergetic
thermoplastic clastomer. In this study BAMO-AMMO
with a 25% BAMO is characterized. The melting

temperature of BAMO-AMMO is 74.8 9C. This
thermopliastic elastomer has a number average
molecular weight of 10600 and a weight-average
molecular weight of 45400, as reported by the
manufacturer, Thiokol Corporation,

RHEOLOGICAL CHARACTERIZATION

The BAMO-AMMO thermoplastic clastomer was
lirst charvacterized in terms of its linear viscoclastic
properties, storage (G% and toss (G") moduli employing
a Rheometric Scientific System 1V in conjunction with
25-mm diameter parallel-plate fixtures, The experiments
were carried out in the 85-100 9C range. The material is
stable under the employed temperatures. The small
amplitude oscillatory shear experiments covered the
0.01 to 100 rps frequency range. The magnitude of the
complex viscosily, M* was determined from:

)] = (@) 4 (G “)

The Rheometrics System [V was again used for
steady shear, stress growth, and stress relaxation
experiments, in conjunction with 25-mm cone and plate
fixtures. Furthermore, a series of stress refaxation alter
sudden shearing displacement experiments were carried
out in the 25-1200% strain range to determine the
relaxation moduli, G(t, Yo):

G{tYo) = txy(0 / Yo {(2a)
where Tyy(1) is the shear stress and ¥ is the mmposced
shear strain. In these experiments paralicl-plate fixtures
were employed. The paralle! plate data were corrected
by employing {1,2)

(G Ly,
G{LYR)=Calt, 7R) | 1+ —————F— | (2b)
4  dlnygp

where Y is the strain at the edge of the disk, R, and t
is time. The apparent modulus Gy (4, ¥ ) is given as:

2Y(t,
Ga(t7R) = L IR) (2¢)
TR YR
and strain at radius R;
bR
A, o — 2 1
'R " (2d)

ax



where 6 is the angular displacement, R and H are the
radius of the disk and the gap separation between the
two disks, respectively, and Y is the torque excrted by
the thermoplastic elastomer on the disk. The rise times
involved in the umposition of the strain, TR were not
negligible in our experiments and varied between 0.1 to
0.8 s. The relaxation modulus values were corrected for
the rise time on the basis of the procedure suggested by
Laun (3).

CONSTITUTIVE EQUATION

To gain insight inte the processing behavior of
these engineering thermoplastics the experimental data
were employed to determine the material-dependent
parameters of the following integral Lype, network-based
equation fitting the general form (4):

L=

= My, 000! + Mz(s,s],zz)c,};s
0 (3)

where C{'l and Cyare the Finger and Cauchy tensors,
respectively, and My and My are the memory functions
which are given as functions of the first, I, and second,
I invariants of the Finger tensor and the clapsed time s,
Here we have followed Wagner's postulate (5) by
setting Mo to zero and assuming that the memory
function, M can be cxpressed as a product of two
functions:

M (s, I, I2) = Mo(s)h(Iy, 1) (4)

where h(I1, In} £ 1 is the temperaturc-independent
damping function which tends to unity for small
deformations and Mg(s) Is the Lodge’s rubberlike-liquid
memory [unction (0): -

Mg (8) =X (Ggi / Ajdexp(—(t=t )/ A;)

i (5)
where Ggj and A are the relaxation strength and time,
respectively and {1-U'} is the elapsed time, s. We have
cmployed a double expenential dependence of the
damping function to strain (3,5) namely,

hiy)= fexp(-n;V)+(1-Dexp(-n,7) (6)

where f, ny, and ny are material parameters. Various
material functions predicted on the basis of this
constitutive equation are reproduced here for
convenience in Table §.

RESULTS AND DISCUSSION

The storage and loss moduli of the BAMO-
AMMO (25% BAMO) are shown in Figure 1. The data
were collected at 83, 90, 95, 100 °C. Assuming that the
material is a thermorheologically simple fluid, the
variations in temperature basically corresponds to a shilt
in time scale. Accordingly, all relaxation times change
with temperature proportional to the shift factor, a (7).

M(T) = aphi(To) %

The relaxation strengths remain constant and the
shift factor ap is determined from the temperature
dependence of magnitude of complex viscosity values
determined at fow {requency:

ap(T)= exp((Eo/RY/T-1/To)) (8)

where Ey is the activation energy and R is the gas
constant. The activation energy for BAMO-AMMO
(25% BAMOQ) was determined as 13.9 kecal/g-mol  on
the basis of equation (8). A reference temperature, Tg of
90°C was selected. The discrete relaxation spectra for
the resin were determined [rom the dynamic data
cmploying a pattern search method that minimizes the
objective function, F defined as:

CONp C
= _L [({Gi.cxp =Gy )/ Gi‘cxp}w] *
=l 9)
(€G] o = Giud O g ?]
LeXp i, tit Lexp
where N is the number of data points, (G'j exp. G cxp)
arc available from the dynamic experitnents and G gis.
G i denote the best fit values on the basis of Egs.
{11y and (12). The best fit of storage and loss moduii
are shown in Figure | for the discrete spectra given in
Table 2. The relaxation strengths Ggi represent the
contribution to rigidity associated with relaxation times
of the thermoplastic clastomer which lie in the interval
tn® and InA+ dini.

The results of the step strain experiments are
shown in Figures 2 and 3. In these cxperiments the
broadest 935% confidence intervals determined
according to Student’s t-distribution were observed for
the modulus values determined at smatl strains. This
observed scatter should be related te the relatively
small torques measured in this range, In the linear
viscoelastic region, the shear refaxation modulus values
can be related to the relaxation spectrum through:

G{l)=260i exp(—t/ Ay (1)

{

The refaxation moduli determined on the basis of
Eq.(10) are indicated by the solid curve in Figure 2, The
relaxation data pertaining to the lincar viscoelastic
range are further shown in Figure 3. The relaxation
modulus values, which were determined according to
Eq. (10) in the lincar viscoelastic range, agree well with
those determined employing step strain experiments.,

The relaxation moduli values of BAMO-AMMO
were determined up to a strain of 12, where the behavior
is highly nonlinear. The relaxation moduli were
separated into a time dependent modulus, G(i)
determined in the linecar viscoelastic range, and the
strain dependent damping function, h(y), on the basis of
Lq. (4). The damping function describes the destructive
effect of the deformation in the entanglement density of
the TPE meclt. The damping function is given by the



vertical shift required to superimpose the curves of
relaxation modulus at various strains on the reference
curve representing the linear viscoelastic region, For
this TPE the curves of aonlinear relaxation modulus as a
function of time for different strain levels were generally
paratiel for all times, as required by the time and strain
separability. The factorization of the nonlinear
relaxation modulus requires that the slopes of dG(L,7)/dt
be constant over the strain range. This is [urther
clucidated in Figure 4 where the best fit of the damping
function values collected at 0.25, 0.5, 0.753 ¢ are
compared. Mean values of the damping function values
were also determined based on the best vertical shift of
the nonlinear relaxation modutus curves over the entire
experimental time range. The time dependence of the
damping function is not strong. The three patameters of
BEq. (6), which describe the surain dependence  of the
mean damping function values in shear [lows, arc
reported in Table 3.

Figure 5 shows the typical comparison of the
experimental shear stress growth behavior versus the
predictions of the Wagner model. The comparisons of
experimental and predicted stress relaxation upon the
cessation of steady shear are reported in Figure 6,
Overall, the agreement between the experimental and
predicted time-dependent material  functions s
excellent,  The predicted shear viscosity values are
compared to the experimental values determined with
cone and plate in Figure 7. The experimental magnitude
of the complex viscosity values are also reported.
According to the empirical Cox-Merz relationship (8),
the magnitude of the complex viscosity approximates
the shear viscosity at corresponding values of shear rate
and frequency at relatively small delormation rales.
The ability to predict the shear viscosity material
function over a broad range of shear rates and
temperatures, applicable to various molding and
extrusion flows, provides the basis necessary to predict
the rheological behavior and processability of the TPE
under relevant processing conditions and geometries.

CONCLUSIONS

The rheological behavior of BAMO-AMMO (25%
BAMO) was studied. The relaxation spectra and the
damping function data were fitted in terms of a Wagner
type BKZ model. The predictions of this model were
compared with varicus viscometric material functions
determined experimentally in this study. The reporied
experimental data and the model parameters should be
helpful in defining the processing window of this
clastomer and demonstrate techniques which are
applicable to other types of thermoplastic elastomers.
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TABLE 1
Small Amplitude QOscillatory Shear Flow and Steady Shear Flow:

GO) = I (GoititoH) (1417 0%) (11
1

G0y = 5 (Goikio(1+hi%w%))  (12)
H

MY =3 Goihi /(L4 0707 + (1= DS Gk /(14127207 (13)
i 1

1

Start-up Flow and Cessation of Steady Shear Flow:

. Gk .
A7) = £ U [ e explety )0 = )]

i L+ npvag)”
- v . .l.
where ¢ S g P R ]

v 1

N (LY =2 FG A7+ nyvhy )2 A (1= 3G giA; £ (142724 )2 expl{=t/ )=

]

+{l -1

t and l]+(t,"'():

Goi?“i y
—A Ll —exp{~to; |~ ngVAilg ;i (14)
i(l'f‘]]’_)_“:(?\,i)?'[ " . ,l}

= s
fpth) (15)



TABLE 2

Relaxation Time A; and Strength Gy at T=90 °C

Aiss G i, Pa
1000 1.00E-04
100 2.00E-02
10 7.42E-01
i 1.82E+02
0.1 1.82E+03
0.01 2.38E+04
TABLE 3
Parameters in Double Exponential-Type Damping Function
f 0.0870
nq 113-05

7 0.1627
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Fig. 1. Storage and loss moduli of 25% BAMO-AMMO
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Correlation of Extruder Residence Time with Screw Speed

Kirk Newman, Steve Jones, and Neal Cowan
Energetic Materials Research and Technology Department
Naval Surface Warfare Center
Indian Head Division
Yorktown, VA 23691-0160

and

Prof. David Bigio and Dr. Chi-Tai Yang*
Department of Mechanical Engineering
University of Maryland
College Park, MD 20742

The success of twin screw compounding and casting of plastic bonded
explosives (PBX), or extrusion of composite propellants, is dependent upon
process control. We demonstrated that the residence time of an extruder is a
key component of process control algorithms, because it allows feeder data to
be used in feed forward control strategies. However, the residence time of an
extruder may not be constant for all materials and is definitely not constant for
all screw speeds and designs. Therefore, a means of measuring or estimating
the residence time as a function of screw speed would be useful for each screw
design planned. If the extruder is to be utilized as an agile manufacturing
facility, there may be numerous screw designs. We propose a two parameter
correlation for residence time as a function of screw speed and volumetric
flowrate. We conducted residence time experiments {o fit the parameters of
this correlation for one screw design we use for compounding and casting
PBX at Yorktown. We have plans to continue this work for other screw
designs. We believe that integration of a robust correlation for residence time
estimation into our process control algorithm will produce significant cost
savings in future process designs and demonstrations for new materials.

* Currently at Formosa Plastics, Corp., P.O. Box 320, Delaware City, DE 19706
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Characterization & Correlation of Extruder Residence Time
A Cooperative Effort to Improve Process Controf Algorithms

OUTLINE

INTRODUCTION
~ [A] Process Development
- [B] Process 1mprovement

APPROACH
- [A] Correlate residence time with
percent drag flow
[Bl Use correlation in process
control aigorithm L

RESULTS (for a specmc screw desngn) -

- [A] Inert PBXs'
[B] - Live PBXs -

:__APPL!CATIONS / DEMONSTRATIONS
- [A]l: SLAM ER warhead . '
- [B] 554 ammun:tlon '

CONCLUS%ONS

NSWC Twin screw compounding and casting process for PBX materials.
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Characterization & Correlation of Extruder Residence Time
A Cooperative Effort fo Improve Process Control Algorithms

INTRODUCTION
Typical feed forward strategy for process controf of a
. twin screw compounding and casting (TSCC)
Process control algorithms for twin screw operation based upon using loss-in-weight (LIW)
compounding and casting highly filled . feeder data and extruder residence time.

- suspensions are dependent upon the -
residence time of the extruder.

Most users tend to assume that the
residence time of their extruders is about

_ W DATA
constant for the parameters they use. FEEDERS | o =
¥ \
At best; most users tend to measure the DATA
- extruder residence time as a function of COMPOUNDER; —
the material being processed. And they"
“try to force either the residence time, or hi PROCESS
. . DATA CONTROLLER
the flow rate to be constant. DENSITOMETER -

We propose a correlation that can be - \
used to relate dependent variables, and VISCOMETER DATA
provide dynamic processing limits for
these variables inreal time. : 3

CONTROL

“Therefore, we believe thié':c::oi’_r'elaiibn has
potential to improve process control - ¥ ¥
algorithms for agile processing facilities.

WASTE CAST
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PROCESS DEVELOPMENT

The twin screw compounding process for castable PBX was

" developed by NSWCIHD code 930 with NAVSEASYSCOM funding
from the IMAD]HE program

The pro_cess featur_es a feed fo_rward strategy and control algorithm
based upon a running average of LIW feeder data, using the
extruder residence time as the basis (U.S. Patent 5,114,630).

i

R ; ol K:]
q . CXN-RD 8, .
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Four typical residence time curves for cxtruder
processes {see text for discussion)
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NSWCIHD Code 930 has a process

control algorithm for TSCC based upon |

a residence time of the form: -

e s(..V/.Q')

"where Vis the voiume of the twin screw ;

-compounder, Q is the. volumetric flow
~rate of the product, and ¢ is the degree
- of fill of the compounder -

UMCP has proposed a new approach to |

analyzing residence time and mixing in
~a co-rotating twin screw extruder. This
- relation correlates residence time with
; _screw speed and ﬂow rate: o

(aIQ) * (bIN)

" This hnear correlat;on is. much easier to

~derive the re&dence time from
experimental data, and it gives some
information on the influence of
processing variations.

PROCESS IMPROVEMENT

®

G measurcment

t.

feed point’ - K b : i LR
residence.-

o px:'oduct X product
travel C avels
time to. 0 ltime te 0L

S : . density Cjviscosity o
syatem : determrﬂticn determmtmn

(S determination |residence -
{2 min avg). time

" oontroller

s : delay for o |-
(@) determination i cmpositioar*—
(30 sec avg} . :
" SR :. mtroller
o |delay for o
s ldensity
determination | - Lo o4 Ceoo oo odl s S centoller:
{305903"9) ' S detay for T
- Ll L ooty
' dwert point-ﬁf’—-". S e e T T

y==305ecslugm (memarebenmsecﬁlugsmthasystem)
cmwmmidmmm*zm '
sryst:mzesxmtbm——smin :

The existing algorithm for TSCC of PBX at NSWCIHD Code 930
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APPROACH
| : : ZBN :
Notional (or prototype) agile processing Poa Jf‘LL LIW
facilities being proposed (or developed) to ﬂ%idmj Cam?m_&‘.n‘f'
prodgc_e.t energetic materials for future DOD '?ow'c\ o Feeders
acquisitions will probably be automated.

We believe that twin screw compounding

represents a viable means to mix many of : OR
these energetic materials. The NSWCIHD |
Code 930 concept of a agile facility would
have a twin screw compounding {TSC) : .
operation as a fundamental unit operation. “Twin
The TSC process then would be followed Serew
other unit operations, such as: :
[1] extrusion - S C’OMPW"A“
{2} vacuum casting; or = . o

-[3] injection loading, 5 \

-depending upon the material and application. | oR

We believe each unit operation should be *’ v *
controlled using a versatlle PC/PLC . Y X
archItecture S R j:i"uer.hom V&cu‘.u,m _Hxﬂ i
Therefo_re, we need to understand and : LOM mj CAS‘I';hj ' A
describe the relationships between variables. | EX‘}*“‘" tr




Characterization & Correlation of Extruder Residence Time
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APPROACH
- The experimental matrix for data collection is similar to most residence time studies, except
that it can be accomplished with fewer data points.
[1] Bracket the processing range of interest in terms of N and Q.
[2] Determine the percent drag flow from an extruder design equation.
[3] Plotlinear correlations for residence time.

[4] Attach physical meaning to the correlations, and use the results in the process control
strategy.
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CORRELATION OF RESIDENCE TIME WITH DRAG FLOW

- The design equation for correlating twin screw compounders and extruders that has been expessed by
Denson & Hwang (and others) can be simplified o give the 100 % drag flow condition as:

Qpae = 20 -1)/21xDN(coso)y WH (Fy,)

We use the ratio of (Q / N) as a measure of specific throughput (vo! / rev), and we also consideritas a
measure of channel fill. We calculate the specific throughput for 100 percent drag flow as:

(Q/N)yo = 120 -1)/2]xD(cos ) WH (F,.)

Therefore, we calculate the percent drag fiow in terms of the specific throughput as:

(Q/N) = [(Q/N)yp ] [x/100]
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USE CORRELATION IN PROCESS CONTROL ALGORITHM

Researchers at UMCP have noticed that the residence time increases with increasing drag flow.
However, the material in the extruder tends o spend more time on the conveying elements and less time
in the mixing zone. This indicates that:

Degree of mixing o« [ % drag flow ]

NSWCIHD Code 930 believes the % drag fiow is useful in screw design and in defining operational limits.
However, we believe the influence of Q and N upon extruder residence time is an issue for real time
process control. Instead of assuming the residence time (1 ... is constant, use the calibration curve to
update the algorithm for on-line composition QA:

Composition of component “I” = [Z (MFA),]/[Z ((scan rate)( ....) ;]

This could result averaging LIW feeder data over + 6 scan times to determine if the PBX in the extruder
will be acceptable or not.
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RESULTS FOR INERT PBX
- Screw Speed Product Time elapsed to first Meas_ufed Resid_encé
N Mass Flow Rate appearance of tracer - Time
(rpm) (Ib/hr) Lhea (s€C) Uean (88C) -
50 65 40 100
50 75 35 90
75 85 30 80
100 65 27 75
100 100 50 80
~ Screw Speed | Product Volumetric |  Drag Flow N/Q I o) (]
N Flow Rate (%) (revimly (rev)_ L
(rom) Q (mi/min) _
50 307 21.26 0.16 83.3
50 354 24.53 0.14 75.0
75 402 18.54 0.19 100
100 307 10.63 0.33 125
100 472 16.35 0.21 133




Data for Residence Time Analysis of Inert PBX
"What is the effect of N and Q upon residence time?"

/
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RESULTS FOR PBXN-109

- Screw Speed | Product Volumetric Drag Flow N/Q (e (N
N Flow Rate (%) (rev/ml) T (rev)
(rpm) Q (ml/min) - '
50 307 21.26 0.16 150.0
50 354 24.53 0.14 137.5
75 402 18.54 0.19 156.2
100 307 10.63 0.33 266.6
100 472 16.35 0.21 200.0

Linear correlation is about 0.98 for the expression t = (@/Q) +(b/N)
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RESULTS FOR PBXC-129

- Screw Speed | Product Volumetric Drag Flow N/Q (e (NDT
| N Flow Rate (%) (rev/mi). S (rev)
(rpm)- Q {(ml/min) | B
50 307 21.26 0.16 179.2
100 307 10.63 0.33 208.3
100 472 16.35 0.21 200.0

Linear correlation is about 0.89 for the expression t = (a/ Q)+ (b/N)



Data for Residence Time Analysis of PBX Materials
"What is the effect of N and Q upon residence time?"
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RESULTS

The results for extruder residence time correlation for the three materials examined indicate that different
materials behave differently, even if the screw design is the same.

Inert non-aluminized polyurethane PBX: t = (255/Q)+ (51/N)

PBXN-109 (aluminized polyurethane filled with RDX): t = (6895/7/Q)+ (39/N)

PBXC-129 (non-aluminized polyacrylate filled with HMX): t = (152/Q) + (160 /N)
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APPLICATIONS

The Stand-off Land Attack Missile (SLAM} combines an imaging
infrared seeker, inertial GPS-aided guidance, and data link control
to provide. stand-off preCISlon strtke agamst land targets and
selectwe ship attack

The Expanded Response variant of this missile (SLAM ER) will
provide greater target coverage, destruction, penetration and range.

NSWCIHD Code 930 was asked to develop an

automated pilot plant process to load the SLAM ER
warhead with PBXC-129.

The automated twin screw compounding and casting
(TSCC) process was then to be compared to a traditional
vertical planetary batch mixing and casting operation.

The question of interest is: At what point is a TSCC process
more economical than the traditional batch process ?

NAWCWPNDIV has solicited industry contractors to bid
on the E&MD of SLAM ER.

SLAM and SLAM ER provide the F/A-18
Hornet with precision strike capability

SLAM has demonstrated exéeptionai
reliability and has combat-proven
effectiveness in defeating a variety of targets.



APPLICATIONS

The tWin screw compounding pr'ocess' for castable PBXC-129 was

recently developed by NSWCIHD code 930 with NAVAIRSYSCOM

__fundrng from the CMP program office.

In performing this project we discovered that the residence time
profile for this polyacrylate PBX was different than that for most of
our prevrous work with polyurethane PBX materlals




STRATEGIC ENVIRONMENTAL RESEARCH & DEVELOPMENT PROGRAM

CAMPEP PROCESSING TECHNOLOGY ASSESSMENT

CONTINUOUS TWIN SCREW COMPOUNDING AND CASTING PBX

s Using a special plumbing fitting, we can split the flow and
stifl obtain empirical data for apparent viscosity during
casting operations. This provides another data point for
the process control algorithm.

% We maintain fulf vacuum in the warhead (and in the waste
container), and use a PID controller for the product valve to
maintain 25 psi pressure drop.

< We maintain a dynamic seal in the compounder using a new
screw design based upon a NSWC solution to a set of design
equations devioped by University of Delaware. The design
equation for each section of the compounder is of the form:

Q =1(N, cos 8, n, AP)
where N is the screw speed, 0 is the helix angle, 1 s the

viscosity, and AP (s the pressure drop. We measure n and
AP. We controi N to maintain constant calculated Q.




STRATEGIC ENVIRONMENTAL RESEARCH & DEVELOPMENT PROGRAM

CAMPEP PROCESSING TECHNOLOGY ASSESSMENT

CONTINUOUS TWIN SCREW
COMPOUNDING AND CASTING PBX

s Maintaining the pressure drop
necessary for continuous vacuum P LT
casting by installing static mixer P 2 . o N
elements in the cylindrical plumbing. - S G R

“» Volumetric flow to be modelled by:

Q = {{(mne W3+ DI{raP y/(2L.m))

for n=0.81and m = 2.29 kp, we need
to maintain AP = 25 psi to produce
about 100 Ibs/hr of PBX across a

10 inch run of 2 inch diameter plumbing.




COMPARISON BETWEEN BATCH AND "CONTINUOUS" PROCESSING
Comparing 150-galion VPM fo 2-inch TSCC
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COMPARISON BETWEEN BATCH AND "CONTINUOUS" PROCESSING
Comparing 150-gallon VPM to 2-inch TSCC
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CONCLUSIONS

[1]
(2]

The linear correlation of extruder residence time with Q and N is useful.

The residence time is a stronger function of product than originally believed.
The simulant used does not simulate either PBXN-109 or PBXC-129.

Future work will be done to assess this correlation for different extruder screws.

Future work will be done to assess the impact of this correlation upon on-line QA
algorithms.



ONTHE EFFECT OF SHEAR FLOW ON DEVOLATILIZATION OF FILLED
POLYMERIC MATERIJALS:

Jianya Cheng, David I. Bigio
Department of Mechanical Engineering
Robert M. Briber
Department of Nuclear and Material Engineering
University of Maryland, College Park, MD 20742

Abstract

This is the second part of a systematic program
to investigate the onset and mechanisms of
devolatilization of filled polymeric materiais. The object of
this work is to study the effect of shear flow on the
devolatilization of filled polymers. It is found that shear
flow cnables abrupt foam growth at relatively high
absolute pressure in comparison to the cases without shear
flow, The shear flow also reduces the threshold pressure
which distinguishes two regimes of gradual and abrupt
foam. In addition, an oscillatory foam growth phenomena
was observed. The foam growth and develatilization
cfficiency are found to depend on the imposed shear rate .

Introduction

Devolatilization in polymer processing is used to
remave residual volatiles. Extrusion processing of filled
polymers has been used in a range of industries such as
automobile, acrospace, etc. Specific aspects of filled
systems such as orientation of solid particles, rheology of
the system, interactions between particles and matrices,
etc., are expected to make the devolatilization processing
very complex. We have been performing in a range of
experimental work to obtain comprehensive information
to better understand the devolatilization process for filled
polymers. The first part of the work was to investigate the
effects of solid fill level, vacuum level, rheology of the
matrix and mixture using a batch device without flow [1).

One of the factors which can influence the foam
enhanced devolatilization in an extruder is the nature of
fiow field. Shear and extension flows are expected to
change the process considerably. Flow and/or shear stress
may induce bubble nucleation {2]. Shear and/or
clongational deformation may change the early stage of
foam growth by enabling quick detachment pre-existing
bubbles from their surrounding [3,4]. Deformation
imposed on bubbles is expected to generate more
interfacial area for the transfer of volatiles from the matrix
to bubbles. Deformation may also accelerate the bubble

coalescence and rupture. Complex rheological behavior of
filled polymers will tend to make the devolatitization
process under flow more unpredictable.

One of the goals of this work is to simulate the
devolatilization process during extrusion using a simple
shear flow field and determine the effect of flow ficld on
the onset of devolatilization for filled polymers in terms of
the foam growth, bubble structure and devolatilization
efficiency.  This paper will report the results of
experiments under simpte shear flow,

Experimental
Experimental set-up

A concentric cylinder apparatus was used to
impose a simple shear flow. The experimental set-up is
shown schematically in Figure 1. The inner cylinder and
outer cylinder were placed on a plate which was connected
in the center to a rotational shaft. The rotation of the
inner cylinder was driven by a AC motor through a series
of gear-belt conveying systems. The bottom of
devolatilization chamber was sealed using two bearings.
The diameter of outer cylinder was 2.5, Two different
sizes of inner cylinders were used (2 1/8” and 1 1/2”,
respectively). The shear rate can be calculated from the
following equation:

. 3 [vgj 20
ATV {H
where  is the angular rotational speed and & =
onee’dosier. THE dinner aNd dyp,r are the diameters of inner
and outer cylinders, respectively.

The vacuum pressure level is controifed by side
valve (A) and is measured by a vacuum presswre gauge (P)
(sec Figure 1}. Foam growth behavior was videotaped and
the variation of foam expansion volume with time was
determined by analysis of the videotape. The fraction of
volatile removal was measured by condensing the volatile
vapor using a series of traps immersed in liquid nitrogen,



The samples were placed in the gap area between
the two cylinders. The model Newtonian polymer matrix
is polybutadiene with molecular weight of 2800 (viscosity

pn = &4 poise at 23 0C, ELF Atochem). The inert solid
filler is potassium chloride (KCL} with a mean particle
size of 177 mm. The solid fill percentage used varies from
0 to 65 weight %. Toluene (ELF Atochem} was used as
the volatile component. The volatile concentration ranged
from O to 5 weight %. Samples were prepared by pre-
mixing fillers into the matrix polymer already containing
the volatile solvent. The air bubbles entrained in the
polymer KC! mixture during blending were removed
using ultrasound vibration and/or centrifugation. The
removed volatile was condensed in the traps using liquid
nitrogen.

Rheology of Filled Systems

Simmple  shear fiow and small amplitude
oscillation tests were conducted for both the Newtonian
and viscoelastic matrix systems. The shear viscosity data
for filled materials in the Newtonian polybutadicne matrix
at different solid loadings are shown in Figure 2. The
filled materials exhibit a shear independent viscosity up to
0% solid loading. As shown in Figure 2, the viscosity
increcases with increasing filler percentage.  Shear-
thinning behavior is cbserved for the 65% solid loading
sample. At low shear stress, the viscosity at 63% solid
loading is substantially higher than the viscosity of the
40% solid fill sample. This may be due to interparticle
interactions [3]. Agglomeration of filler particles can
result in a sharp increase of the low shear rate viscosity.
The interfacial propertics and particle size may also
contribute to the viscosity increase. The shear-dependent
viscosity obscrved for the 65% fill material can be
represented by the Carreau-Yasuda four-parameter model
HIE

o« n=Da
w”w—{nw)“} )

o

The values of the regression parameters, 70, 4 # and a,
for fitting the data in Figure 2 by Eq. 2 are 208.5 (Pa.s),
0.314 (s, 0.368 and -191.1. The Newtonian shear
viscosity for 0% 20% and 40% solid loadings are 8.57,
12.43 and 20.87 (Pa.s)

In addition to shear thinning behavior, 63% fill
Newtonian matrix material also exhibits elastic behavior,

The primnary normal stress difference is defined as:
2 o

Ny=—(ty~tp)=Yy =my (3)
Where N, is primary normal stress difference, 71 and
are the primary and secondary normal stresses, 'y is the

primary normal stress difference coefficient and y is the
shear rate.

RESULTS AND DISCUSSION

Devolatilization  experiments  have  been
performed for 20, 40 and 60% filled pelymers in a
Newtonian matrix (polybutediane) at different vacuum
levels under different shear rates. Typical foam growth
volume expansion versus time is plotted in Figure 3 for
40% solid loading at 40 mm Hg. Without shear flow, the
sample started to grow gradually after vacuum was
applied.  After about 2 min, the foam reached its
maximuin foam expansion volume. After shear flow was

applied for a few minutes (¥, = 5 5™ foam would grow
immediately upon the introcuction of vacuum. The foam
would then rupture after a short period of time (about 1
min). Then sample would have a second period of foam
growth and collapse again. This oscillation phenomena
remained for rest of the experiment with the amplitude of
foam expansion dampening.

Similar phenomena was observed for same
sample {(40% solid loading) at vacuum of 80 mm Hg (see
Figure 4). Without shear flow, the material grew very
slowly after vacuum was introduced. The foam reached its
maximum foam expansion volume after about 5 minutes.
However, the foam started 10 grow abruptly under shear
deformation at shear rate of 5 s after the vacuum was
applied.  Within few seconds, the foam rzached its
maximum foam expansion volume and collapsed a short
time later. This cycle of growth and collapse repeated but
with a decreasing amplitude compared to the previous

cycle.

Figure 5 shows the foam growth for 20% solid
fill samples at 10 and 40 mm Hg with and without shear
flow. The foam growth behavior for cases under shear at
both 10 and 40 mm Hg is similar. Abnupt foam growth
was observed under shear deformation with a shear rate of
5 s at 10 and 40 mm Hg. However, gradual foam
expansion was found at 40 mm Hg without shear. These
results are similar to results obtained for 40% solid
loading.

Next a set of experiments were conducted to
determine the effects of shear flow on the onset of the
threshold pressure that distinguish the different regimes of
foam growth dynamics. During batch devolatilization we
found that, for a given polymeric system, the material may
not foam under very low level of vacuum pressure (¢.g.,
high absolute pressure). After increasing the vacuum
level, the material begins to foam. There are two distinct
foam growth phenomena. One is called “gradual growth”



and other is “abrupt growth”. For gradual growth, the
bubbles start to form after vacuum was introduced to the
devolatilization chamber and continue to grow gradually.
In contrast to the gradual foam growth regime, the bubbies
grew abruptly at higher vacuum levels, Then the foam
reached its maximum expansion volume within very short
time period (at most only few seconds). In previous batch
devolatilization work, we found that, for a given
polymeric material, there is a threshold pressure that
distinguishes these two different regimes of foam growth
We also found that abrupt foam growth occurred at lower
vacuum levels for a given filled material under shear flow
in comparison to the cases without shear {1}].

Figure 6 shows the dependence of the maximum
foam cxpansion volume as a function of vacuum pressire
for 63% solid loading in the Newtonian matrix at shear
rate of 55, As seen in Figure 6, abrupt foam growth
induced by shear flow occurred even at 120 mm Hg
vacuum pressure. In contrast to the cases without shear
flow, even at 10 mm Hg vacuum, only gradual foam
growth was observed for 63% solid loading, The
maximum foam expansion volume ¢43V7/Vy) a, Observed for
abrupt growth remained relatively constant at around
1.03, while the 4V V.0 value decreased with decreasing
vacuum pressure (e.g.: increasing the absofute pressure).
When the absolute pressure excesses 360 mm Hg, no foam
growth was cbserved for 65% solid loading samples. As
mentioned previously, the foam growth was gradual even
at 10 mm Hg vacuum without shear deformation.
However, at 10 mun Hg vacuum, abrupt foam growth was
observed for 63% solid loading under shear deformation
with a shear rate of 5 5™

The value of the maximum foam expansion
volume for 20% and 40% solid loading in a Newtonian
matrix varied over wide range {shown in Figures 7. 8).
Abrupt foam growth for 20 % and 40% solid loading
under shear flow was cobserved even at 300 mm Hg.
Without shear deformation, the abrupt growth was
observed for both 20% and 40% solid loading only at 20
mm Hg. This indicates that the shear deformation plays
an important role in the foam growth process.

It was observed that shear flow tended to clongate
and break bubbles aggressively in comparison with the
cases without shear [9]. Shear flow may constrain the free
growth of bubbles. Under shear, the bubbles are stretched
and form long elliptical shapes. This occurs when
deformation or clongation rate of the bubbles is large
compared to that for large initial size of the bubbles. For
small bubbles, the matrix fluid can stifl be considered a
continuous phase and the flow field is close to that of a
pure fluid. However, for the systems with large bubbles,

the matrix may no longer be a continucus phase and the
momentum flux can be very different.

One of the possible explanations may be the
quick detachment of nucleated bubbles from their
nucleation site under shear flow. The existence of solid
fillers can provide sites for heterogeneous nucleation, A
nucleated bubbie in the cavity of rough solid surface may
require a critical force to detach from its cavity [3,6]. The
shear flow may provide this force. At a given vacuum
pressure, shear flow will produce extra forces on the
bubble, which can lead to detachment of the bubble.
Without shear, some bubbles may not be able to detach at
a given vacuum pressure. Biesenberger and Lee {3] also
observed a similar phenomena in devolatilization of
unfilled polymers in a drum type devoiatilizer, They found
that a large swarm of bubbles formed after drum started to
rotate, compared to the case where no bubbles were
observed without the rotation of the drum. Feaming time
was also found to be shorter with increasing screw speed
in an extruder for unfilled materials {4},

Deformation of a bubble in a flow ficld can give
rise to a large interfacial area compared to the undeformed
spherical bubble. This interaction between the bubbies
may enhance interfacial renewal for volatile mass transfor
from fluid matrix to bubbles. The tensile stresses in the
highly filled samples may be enhanced at same shear rate
relative to lower levels of solid fill due to the enhanced
viscosity (sce Figures 2 and 9). These tensile stress may
cnable the nucleated bubblc to detach quickly Foam
growth was observed duc to the shear cven without
application of vacuum. This indicates that the shear flow
does impose extra forces enabling the detachment of
nucleated bubbles.

The maximum foam expansion vojumes under
shear flow is lower than that without shear., 1t was
observed that shear flow tended to elongate and break
bubbles aggressively in comparison {o cases without shear
[9] Shear flow may constrain the free growth of bubbics.
After shear, the bubbles were stretched to form long
ellipses. The deformation or elongation rate s
considerably large than the initial size of the bubbles. We
can use Tylor’s deformation parameter, D: [10]:

I-b
P=1% <)
where b is the minor axis of the ellipse. The values of
deformation parameter, D, for smali bubbles are
considerably larger than for big bubbles. This phenemena
may be induced by different flow fields for two different
systems, even at same apparent wall shear rate.



The rheology of filled polymers may change
under different flow conditions. The dependence of shear
viscosity with filler percentage is shown in Figure 9. The
shear viscosity remains constant for 0, 20 and 40% filled
samples. However, the shear viscosity decreases
considerably for the 65% filled materials with increasing
shear rate. This change of rheological properties may
contribute to the higher threshold pressure for the 63%
filled samples.

The effect of shear flow on the fraction of
separation  is shown in Figure 10, The fraction of
scparation under shear flow is higher than without shear
at a given time interval. This may be due to quick
detachment of nucleated bubbles and large interfacial area
due to the deformation of the bubble. The fast interfacial
renewal under shear flow may also contribute to the
higher values of the fraction of separation, the interfacial
renewal will reduce the resistance of volatile mass transfer
from matrix to bubbles.

CONCLUSIONS

Abrupt foam growth was observed under shear
flow at the same vacuum pressure where the foam grew
gradually without shear. This phenomena was found for
all filled samples. Oscillatory foam growth was observed
during the devolatilization of filled polymers under shear
flow. The maximum foam expansion volume under shear
was somewhat lower that without shear. Shear
deformation was found to constrain the free growth of
bubbles. The fraction of separation under shear is
somewhat higher than without shear at same time interval.
The maximum foam expansion volume under shear was
somewhat lower than without shear. The threshold
pressure, which distinguishes the different foam growth
phenomena, is strongly dependent on the shear
deformation.  Without shear flow, the threshold pressure
is much fower than shear flow. For 63% solid loading,
abrupt foam growth was observed under shear
deformation, in comparison to the gradual growth
observed at low vacuum pressure without shear flow,
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COMPOUNDING AND SHAPING WITH NEOALKOXY ORGANOMETALLICS
FOR PROPELLANTS AND EXPLOSIVES

by

Salvatore ], Monte
Kenrich Petrochemicals, Inc.
140 East 22nd Street
Bayonne, New Jersey 07002

ABSTRACT

Previous papers by the author proposed that minor amounts of thermally stable neoalkoxy
titanates and zirconates {cf. Table 1} provide: a method for coupling {(or bonding) via a proposed
proton coordination mechanism to a wide variety of energetic and non-energetic particulate and fiber
substrates heretofore considered non-reactive with silanes; and for in-situ  metallocene-like
repolymerization catalysis of the filled or unfilied polymer during the compounding, extrusion and
blow or injection molding plastication phase resulting in significantly faster production cycles at lower
temperatures of thermoplastic parts having better finish and equal or better mechanical properties,
For example, both 40% CaCO3 filled PP and unfilled PP compounds will experience 35.5% and
42% respective reductions in cycle time and 22% and 11% respective reductions in process
temperature using 1% Ken-React CAPS L12/1.

The effect is not fimited to CAB but to most polymers and is permanent and recyclable since
the neoalkoxy titanate or zirconate ester remains permanently in the polymer as a repolymerization
catalysis agent as opposed to Ziegler-Natta or metallocene (titanocene or zirconocene) derived
polymers wherein the benefits are obtained when the monomer is only exposed to the mixed metal or
biscyclodienyl derived titanium or zirconium complex catalyst during macromolecule formation
(polymerization). For example, HDPE regrind from blow molding operations can be regenerated to
virgin-like properties or PET/PC polyblended in a twin screw extruder will show significantly increased
HDT, melt flow, tensile modulus and elongation using LICA 12 at 0.2% by weight of the polyblend
against a control.

The discussion will also serve to review the commercial literature as to the 1200 references
now in the ACS, CAS file discussing new and novel organometallic applications contained in significant
technical papers or primary, first issued, non-subdivisional patents with an emphasis on new
information not provided by the author in previous ADPA and JANNAF papers. For example, patent
data will show use both as a catalyst to synthesize improved polyester polymers such as PET and PBT
(Korea Institute of Science and Technology, Patent U.S. 5,237,042 dated August 17, 1993) as well
as process aid and mechanical property improver in FR PBT (GE, Patent EP O 547 809 dated June
23, 1993) wherein it is noted that the use of LICA 12 has the surprising effect of increasing melt
flow and the stress strain properties of the polymer above the Ty thereby suggesting to this author that
not only is improved rheology made possible but also controlled gas bubble formation at the activation
temperatures of the nitrogen gas generator resulting in smaller bubbles and lighter and better foamed
parts exhibiting a 2 to 22 fold increase in foaming agent efficiency. In addition to bonding
characterization, changes in the morphology of energetic polymer binders such as CAB (Cellulose
Acetate Butyrate) at explosive initiation temperatures containing titanates should be studied to better



understand LICA 12 performance in LOVA (US Army Patent 5472531 dated 05 December 1995)
and High Energy Plastic Explosives {Union Espanola de Explosives SA ES2067367 dated 03 March
1995).

Data will be reviewed showing: up to 40% faster injection and biow mold and extrusion cycles
at 10 to 15% reduced temperature on a wide variety of unfilled and filled thermoplastics; aromatic
amino zirconate effects on adhesion of Keviar to Phenolic; stronger graphite/epoxy propellant casings;
fiberglass/epoxy bonding; aged caustic resistance of fiberglass/vinyl ester; a method for the sizing of
graphite; significant viscosity reduction of particulate in water slurries (0.25% LICA 38 emulsified
with an equal amount of ethoxylated nonyl phenol reduces 80% CaCOz/H20 viscosity from
3,600,000 to 3,000 cps); and the viscosity reduction effect caused by varied efficiency of atomic
monolayering on the particulate. |t will be suggested that organometallic phosphatization in atomic
monolayers on aluminum powder fue! during burn will allow conurol of burn rate and burn rate
exponent to provide a new generation of more powerful (5X) and accurate solid rocket fuel,

INTRODUCTION

This paper is written as a supplement to References 1-10 and is divided into three segments:
claimed performance benefits (why they are used); application considerations (how to use them}; and
characterization {why or how they work). Tables 3, 8, 9, and Figure 3 are repeated here from the
SPE RETEC injection molding paper (cf. Ref. 1} so that this paper can stand alone or be read in
conjunction with Reference 1.

DISCUSSION
Claimed Performance Benefits (Why They Are Used)

The following listed (numbered 1 to 10} performance benefits for the thermoplastics
compounder and processor using subject neoalkoxy titanates and zirconates are based on years of
experience obtained through research and development, plant trials, customer and investigator reports
{patents, published articles, technical papers and private communications), For example, Table 2 is a
summary of an ACS, Chemical Abstract Search for a typical one year period which has generated
since 1974 over 1400 patents and technical papers reported by others using organometallics of the
type invented by the author.

1.  Profit - Faster Cycles, less Energy - 1% Ken-React CAPS L12/L (cf. Table 1 for
description of pellet masterbatch form) on average will reduce injection and blow mold cycle
times by 19% and process temEeratures by 9% {(cf. Table 3). Up to 40% cycle time
reductions have been achieved. 15 Typically, a 4% cycle time reduction for a fully employed
production capital equipment setup pays the cost of the additive and further reductions fall to
the bottom line as profit (cf. Table 4).

2.  Quality - Stronger, Better Parts - Mechanical properties and dimensional stability are
maintained or improved because 0.2% Ken-React LICA 12 provides process rheology
advantages by a claimed in-situ metalfocene-like catalysis mechanism which Kenrich has
patented worldwide under the title of "Repolymerization™ (Li.S. 4,657,988)6.

In the "Repolymerization" EP patent (European Patent Application No. 87301634.9-2109)
peer reviewed by the EPO in Munich in November, 1996, examples 6 to 16 showed the



physical property effects of six neoalkoxy titanates (LICA's 01, 09, 12, 38, 44 and 97) and
six neoalkoxy zirconates (NZ's 01, 09, 12, 38, 44 and 97) in powder form at 3 to 5 dosage
levels in eleven thermoplastics (ABS, Acetal, Acrylic, CAB, Nylon 6, PC, PP, HDPE, PBT,
PPO, and PS}. The "best” titanate or zirconate and "optimum" dosage was reported (cf. Ref,
1 - Fig. 4). Table 5 compares the mechanical property effects of 0.3% CAPOW L12/H
(equivalent to 1.0% CAPS L12/L} and 0.3% CAPOW NZ 12/H on the mechanical
properties of the eleven aforementioned thermoplastics.

As a practical matter, most injection molders and thermoplastic processors handle many
different polymers and prefer to handle pellets over liquids and powders. Accordingly, the
20% active masterbatch pellet form of the liquid coupling agent LICA 12 identified as CAPS
L12/L dosed at 1 part per 100 parts of total polymer weight has become the general purpose
commercially recommended additive for a wide range of polymers. For those compounders
who cannot tolerate silica or who want to hold polymer carrier "contamination" to a
minimum, a 60% active pellet form identified as CAPS L. 12/MPL-60 and 80% active powder
form using Akzo Nobel's Accurel® MP series polymers was introduced in 1997.

Some other reported quality benefits are:

Flatter surfaces for hot stamping derived from cooler processing temperatures (cf, Ref, 3 -
Plant Trial #28).

Better part definition such as sharper holes, indentations and texture to plastic surfaces from
"complete mirroring” of mold designs due to improved flow (cf. Ref. | - Fig. 6).

Elimination of shrinkage cracks along weld lines where there is usually little reinforcement (cf.
Ref. 1 - Fig. 10},

Use Less Plastic - Use less plastic to equivalent strengths - particularly in blow molded
thermoplastics where outer dimensions are unaffected by thinner gauging. For example, a
HDPE marine fuel tank produced by Flambeau Corporation, Baraboo, Wisconsin, USA uses
1% CAPS NZ 12/L to reduce cycle time from 186 to 116 seconds at lower process
temperature while reducing part weight from 1745 grams to 1500 grams to equivalent drop
weight impact strength (cf. Ref. 1 - Fig. 14). The strength tests consisted of 31 meter drop-
weight impact of water filled containers and two year Florida Everglades LIV exposure of fuel
filled containers.

Table 6 shows the use of 1% CAPS L12/L and alternately 0.3% CAPOW NZ 12/H for a 30
gal. (112 Liter} blow molded drum to allow the reduction of: average temperature of all zones
13% from 213 to 184°C; cycle time 21% from 191 to 151 seconds; and weight 8% from
6.0 t0 5.5 kg. The drum passed proprietary internal pressure and external stacking tests.

Table 7 shows 1% CAPS NZ 12/1. allows a blow molded HDPE container to have a cycle time
reduction of 18% from 52,50 to 42.94 seconds (extruder speed increased 44% from 45 to
65 rpm). However, in this instance, average process temperature was reduced only 2.6%
from 228 to 222°C.

Process Engineering Plastics like Commodity Plastics - Diamond Machinery Technology
Inc. makes whetstones for knife sharpening using 40% fiberglass reinforced polycarbonate as a
base (cf. Ref. 1 - Fig. 11) which they buy already formulated from a custom compounder.




Stanley A, Watson, Electroplating Manager/Chemist stated in a letter dated May 16, 1994
{cf. Ref. 1 - Fig. 10): "This reply is in request to your query for feedback
information regarding our sample requisition number K-70972 which
contained one pound samples of Ken-React CAPS L12/E and KR 1345/K and
sample requisition number K-71013 containing one pound samples of Ken-
React CAPS KR 134S/K, NZ 44/E, [12/E, NZ 12/E, NZ 97/E.

Our application is in molding 40% Fiberglass filled high molecular weight
polycarbonate resin onto a perforated sheet of 16 gauge cold rolled steel,
our problem has been with shrinkage cracks along weld lines where there
really is very little glass content - see enclosed examples. To aid our problem
we've gone through a long process of molid solutions to change internal radii,
hold down pin size, gate configuration, etc.

In general, we have seen a reduction in the severity of cracking with the
highest degree of success being with L 12/E additive.

We have, as your Reference Manual indicates, experienced a significant
decrease in barrel temperatures from as high as 580 F without coupling agent
to as low as 370F with agent. Qur initial tests had such drastically altered
rheofogy that most of our testing involved an attempt to regain prior flows
and characteristics.

All our tests were done with coupling agent at 1% weight of CAPS and with
red colored polycarbonate. We were able to reduce cure time by
approximately 4 seconds with most of the agents”.

On March 27, 1996 | met Mr. Watson in person for the first time when he visited our stand
at MASSPLASTIC '96 in Fitchburgh, MA and he confirmed that after two years of product in
the field, they are the best looking and best performing whetstones DMT has ever produced.
The reduction of the injection mold temperature requirements of polycarbonate by 116°C
from 304°C (580°F) to 188°C (370°F) reported by Watson with just 0.2% LICA 12 is
significant.

in confirmation of Watson's work, a Ford 40% fiberglass/polycarbonate injection mold study
of the effects of 0.2% LICA 12 on a 57 gram F-Series Fuse Cover (F2TB-15045D64; 4426-
2056; PC-WSB-M4D627) truck part showed: a 60 to 45 sec reduction in mold cycle time; a
52°C reduction in process temperature; a3 45% SPC (Statistical Process Control) reduction in
out of tolerance measurements (i.e., improved dimensional stability); and an increase in
minimum specific property requirements: tensile strength at yield (54.5 MPa), notched izod
(44.6K]/m2) and melt flow (22.9 g/10 min.). Table 8 lists the control conditions for the
fully automated injection molding machinery set-up and then the five (I to V) trial tests run to
establish the new conditions for the 1% CAPS L12/E containing material,

Seven test runs were necessary for a PC electrical outlet plate cover (cf. Table ?) to achieve a
cycle time reduction of 40% from 47.5 to 28.5 seconds, at half the injection pressure and at
15% lower temperature from an average of 267 to 223°C.



6.

it would appear obvious to me that gas assisted injection molding technology would be
synergistic with subject additive technology because polymer flow is facilitated at lower
pressures,

Engineering resins such as polycarbonate need to be dried and are placed in a hopper dryer
normally run at about 120°C. At these temperatures, CAPS made with EVA binder softened
and created lumping problems for investigators such as Mr. Wawson. A switch to 20 melt
LLDPE binder solved the problem.

Virgin-like Recycled or Regrind Parts - "In-situ metallocene-like catalysis” or
"repolymerization" catalysis regenerates recycled and regrind thermopiastics to virgin or better
properties. A previous paper/ on recycled plastics offered thermoplastic processing benefits
for regrind and three examples are reviewed briefly here:

a) Blow Molded HDPE (Regrind) Ski Boards - (cf. Ref. 7 - Table 10 and Figure 11)
Results using 1% CAPS L12/E in Dow 25053P 100% HDPE regrind to produce blow
molded HDPE ski boards showed the average temperature for the nine zones to be
reduced 16% from 224 to 185°C while the cycle time was reduced 28% from 176
to 126 seconds. Also warpage was reduced or eliminated with the coupling agent;
flash was removed easier; and the time needed to clean the molds was eliminated.

b) Injection Molded ABS {Regrind) Carrier Case - (cf. Ref. 7 - Table 12 and Figure
13) An ABS Record Carrier Case made from 60% virgin and 40% regrind used 1%
CAPS L12/E o reduce the average injection molded cycle 13% from 165 to 144
seconds while running the zones between 10 to 15°C cooler. In addition flash was
removed much more readily from the parts containing the coupling agent.

¢) Extruded ABS (Regrind) Picture Frames - {cf. Ref. 7 - Table 13} 1% CAPS
LO?/K ailowed for an 8% reduction in zone temperatures while the line speed was
increased 16% from 17.5 to 20 meters per minute.

In-Situ Copolymerization, Alloying or Compatibilization of Polyblends - Thermally
stable neopositioned quaternary carbon based (neoaikoxy) organometallic esters allow for
"copolymerization" or "alloying" or "compatibilization" of dissimilar plastics such as in PET
and PC blends. For example, 0.2% LICA 12 in a recycled PET/recycled PC - 80/20 blend
provided a ten-fold increase in elongation and doubling of tensile modulus over a control
blend. Jan Schut, senior editor of Plastics World summarized the data derived from a preview
of a paper8 in her report {(cf. Figure 1) appearing in the September/October 1996 edition of
Plastics Formulating & Compounding magazine and the December 1996 edition of Plastics
World magazine.

Synergize Blowing Agent Performance - Endothermic and exothermic blowing agents are

made significantly more efficient to produce lighter polymers with more uniform cell structure
because, among other effects, titanates and zirconates at the elevated temperature where gas
generation (blow) occurs maintain or increase polymer stress (force/area) properties while
strain (elongation/unit fength) properties are doubled or tripled. Thus, polymer bubbles do
not break because of the greater stress/strain strength resulting in smaller and more uniform
cell structure, Since the effect is based on polymer morphology, the source of gas or blow can



be diverse such as butane or RDX {(cf. Table 2 for "High Energy Plastic Explosive" (ES
2067367) and "Insensitive Explosive Composition” (1S 5472531)).

Other examples have been provided: Cell size variation is reduced from 6 - 48 micron to 9 -
15 micron in an exothermic azodicarbonamide foamed PE (cf. JP 58 75,713 Showa Denka
Kk, Ref. 2 - pgs. 60 to 62 and Ref. 7 - Fig. 17); the density of an azodicarbonamide foamed
flexible PVC is decreased threefold from 0.408g/cc to 0.129g/cc (cf. Ref. 4 - Fig. 3); the
amount of endothermic sodium bicarbonate needed to foam SBR {Styrene Butadiene Rubber)
is reduced twenty-nine fold from 15 phr of powder to 0.68 phr of a 75% active paste
masterbatch containing a pyrophosphato titanate in the aromatic plasticizer phase (cf. Ref. 9 -
Fig. 14).

Some practical foamed applications reported are: added dimensional stability to 100% regrind
MDPE extrusion profiles; increased filler loads while not increasing density of recycled HDPE
extruded lumber boards; injection molded CaCOzx filled PP coat hangers having excellent
memory (return to original shape); injection molded crates having low specific gravity and
excellent strength (cf. Ref, 7 - Pg. 13).

Another obvious benefit for the compounder or thermoplastics processor wouid be using a
combination of coupling and blowing agent for the elimination of sink marks as is shown in
Table 10. Controlied blow eliminated sink marks at 12.9% lower temperature with just 2.5
parts of LICA 12 per 10,000 parts MIPS,

Brighter, Better Aging Composites and Colors and Reduced Pigment Plateout -
Monomolecular layer of an organometallic titanate or zirconate makes inorganic and organic
pigments and fillers hydrophobic and organophilic (cf. Ref. 2 - Pgs. 2, 3, 41 to 44) and
eliminates air and water at the pigment/polymer interface resulting in better dispersion (Ref, 2
-~ Table 118), more intense colors (Ref. 2 - Fig. 47B) and other benefits such as increased
adhesionm, reduced plate-out of fluorescent colors! 1 and better aging of filled and fiber
reinforced poiymers'z.

For example, investigators from Osaka University concluded!0: "The effects of different
coupling agents on the mechanical properties of the TiOp coated with a silane
coupling agent were compared with compaosites prepared by dispersing
titanate coupling agent-coated TiOp in epoxy. Young's mogulus and flexural
strength of the titanate coupling agent-treated composites were significantly
better than those of the silane coupling agent-treated composites.
Apparently a strong interfacial bonding between the filler and the matrix
existed when the titanate coupling agent was used".

A fluorescent pigment manufacturer concluded ! 1; "Most efficient reactive additives
were the Ken-React liquid and its powder grade equivalent. Other reactive
additives effectively requced plateout, but also caused brightness 10ss or blow
molaing problems.”

Functionalize Pigments and Fillers - Coupling permits much higher loadings (cf. Ref. 2 -
Fig. 126} and converts the filler to a catalyst support bed for reaction with the organic
phase ' £ to create a true continuous inorganic/organic matrix 3 for possible applications such
as:

6



10.

o Magnetic plastics or EMI/RF} shielding - Magneuc gamma ferric oxide foadings may be

increased with significantly enhanced performance and tsplcally metal oxides and pigments
dispersed in polymers exhibit decreased resistivity, i.e. 10 (control) to 105 (titanate) ohm-
cm for a 60% loading of a ZnO-Al9O3 mixture in PP. |

Non-toxic Flame Retardance - Phosphato and pyrophosphato functionality provides phosphato
and pyrophosphato intumescent synergism and high loadings of non-toxic ATHZ or
Mg(OH)2 16, For example, Robert Andy stated in U.S. 4,525,494: "The present
invention provia’es a polypropylene compaosition containing (649%) hydrated
alumina which has high Izod impact strength, increased flow, increased
elongation, increased deflection and increased Gardner impact values
compared with the original polypropylene, without 10ss Of tensile strength.,
The practice of this invention will give flame retardance to any polypropylene
system while enhancing the strength of the product. For example, the
practice of this invention has produced polypropylene products that have
Impact strengths which are increased four times and flow rates increased
seven times over the starting material without loss of tensile or any other
critical property". Note the Alcoa hydrated alumina, Lubral® coated particulate exhibited
improved mechanical properties only afier in-situ reaction with the phosphato titanate.

Impart "microwavability” or "X-ray detectability” to plastics due to high levels of BaSO4. For
example, 70% BaSOy filled PP fibers used as postoperative x-ray detectors in cotton swabs can
be produced on a spinneret under virgin, unfifled PP conditions (Ref. 2 - Fig. 172).

Couple or bond dissimilar substrates such as carbon fibre to PE!7 (0 make light but strong
thermoplastics and, of course, thermosets.

Transparent, Permanent, Non-Blooming and Non-Moisture Dependent Anti-Static
Plastic ~ The use of combined dissimilar thermally stable trinecalkoxy organometallic

zirconates (Ken-Stat® KS MZ100) dispersed atomically into the polymer to form bipolar
electrostatic dissipative layers so as to conduct electrons volumetrically through, as well as,
along the polymer surface creates transparent, permanent, non-blooming and non-moisture
dependent (U.S. and International Patents pending) antistatic parts.

Unlike the catalytic effect of 0.2% LICA 12 which simply requires good stoichiometric
distribution of its pellet masterbatch (CAPS L12/L) before the onset of melting and then
shear to disperse the titanate in the injection screw melt phase, the antistatic effect of KS
MZ 100 often requires ten times as much organometallic {1 to 2% by weight of polymer).
Optimum dispersion under high shear is needed to solubilize the combined zirconate esters
into the insulating polymer to create a molecular bipolar electron conducting network, It is
relatively easy to dissolve 1.0% KS MZIOO into xylene, then doctor blade the resultant mix
on to a PE sheet and achieve a 2.7 x 102 ohm-cm surface resistivity reading. It is more
difficult to achieve the same electron transfer circuit in a non-polar {and therefore low
solvating) polymer such as a polyolefin without intensive precompounding.

Many times, a compounder or formulator wants merely to eliminate frictional static buildup
caused by mixing, Just 100g of combined dissimilar thermally stable mononeoalkoxy



organometallic titanates (Ken-Stat KS N 100} per 4,400 kilos of blended polyurethane painted
sand eliminates separation problems caused by static electricity build-up differentials between
pigmented sand containing conductive TIO9 and non-conductive phthalo blue pigmentation
used in the PU paint.

Table 11 is a summary of instructive work done in various polyolefins by Robert Kerr of Furon
inc. conveyed 10 me in a fax dated July 20, 1995 wherein mean surface resistivity
measurements (six measurements per slab) using 0.5 or 1.0% Ken-Stat MZ100 for nine
polyolefin resins were provided. A general improvement of 1 x 102 ohm-cm surface
resistivity reduction was noted when Banbury mixing conditions were changed from 30
seconds drop after flux occurs at 50 rpm to 2 to 3 minutes mixing after flux occurs at 100-
125 rpm thereby indicating a performance relationship of the combined organometallics to
motecular distribution achieved via optimal mechanical dispersion conditions to achieve
maximum work energy. More crystalline materials appear to show better results than their
more amorphous counterparts.

An obvious application would be injection molded electronic packaging. Experience has shown
that although Ken-Stat surface resistivity readings are sometimes higher than 10! ‘, the plastic
is also volume conductive as well as surface conductive and, as a result, voltage discharge
performance is often superior to packaging plastics using hygroscopic antistatic agents having
10711 surface resistivity readings. Initial tests have shown that injection molded containers
containing Ken-Stat MZ100 exhibit significantly less voltage discharge than conventional
antistats.

The foregoing are some of the claimed performance benefits of subject organometallic titanates
and zirconates, Published efforts in metallocene (titanocene and zirconcene) chemistry by major
polymer producers appear to be centered around olefin polymers and copolymers. Effects of
neoalkoxy titanates and zirconates on metallocene derived polyolefins are incompletely determined.
Catalysis effects of subject additives often vary by filler as well as polymer. For example, in
wollastonite fllled PP 1.6% LICA 38 outperforms 0.5% LICA 12 or KR TTS because of
catalysis/mechanical property effects. Luo reported1 8 work under the direction of noted rheologist
Dr. Paul Han which showed at shear stresses above 200N/m?2 for 50% CaSiO7 filled Nylon 6 that
1% amino titanate (KR 44) treated filler composites exhibited melt viscosity at 230°C lower than
pure Nylon 6 and that an amino silane (A-1100) had a similar but fesser effect. The same effect on
rheology was not noted for titanates or sifanes when CaCO3 was substituted for CaSiO3.

In any case, the titanocene or zirconcene catalysts used in synthesis do not remain in the
polymer as do the titanate or zirconate ester forms to "anneal” scissored polymer chain lengths during
processing. Also, metallocene derived HDPE and engineering plastics appear to be still off in the
future while the titanate and zirconate esters appear to be efficacious to some degree in virtually all
polymers synthesized via various routes.

Application Considerations (How to Use Them)

The application art of thermoplastics processing such as injection molding with neoalkoxy
titanates and zirconates can be executive summarized with the general statement: "Tumble blend 1
part Ken-React CAPS L12/1 additive with 100 parts of polymer compound material and then reduce
injection mold machine temperature conditions by 10%". But as can be seen from Table 9, Edisonian
efforts are often needed and dealing with side effects are not uncommon as seven adjustments were



necessary for the injection molded electrical outlet plate cover part in order to control splay, part
dimensions and shear in the polymer melt.

Two principles govern the applications art: uniform distribution before the polymer melt phase
and specific energy input for maximum dispersive work energy during the polymer melit phase.

Uniform Distribution Before The Polymer Melt Phase - Subject organometallics work on
a stoichiometric catalytic principle and must be dispersed as thoroughly as possible throughout the
unmelted polymer composite materials before the onset of melting whereupon catalysis is initiated as
the titanate or zirconate solvates into the polymer organic phase. The pellet (CAPS) form is the
simplest and best for the typical injection molding set-up. The liquid and powder forms of the
coupling agent may also be used so long as there is no localization caused by polymer or filter surface
physiabsorption of the additive, Localization upsets the stoichiometry subjecting the polymer to
negative side effects from over or under catalysis. No amount of high energy dry powder blending
such as post hi-speed Henschel type mixing can materially undo the capillary attraction forces created
by physiabsorption of undiluted organometallic on to a filler. Dropwise addition of liquid coupling
agent on to a fluidized {(moving) bed of dry materials or dilution into a compatible liquid phase just
prior to dry powder blending is the preferred use method. Even with pure polymer pellets, it is wise
to add liguid coupling agent dropwise on to a fluidized bed of the pellets over a 2 Y2 minute period.

We will discuss briefly some considerations of uniform distribution of titanates (and zirconates)
on polymers and filers:

Polymers - The CAPS peilet form usually insures uniform distribution after simple tumble
biending with the polymer peliet. If the more efficient (higher % activity) CAPOW powder form is
used, the polymer in similar powder form may work better. A principle of like to like - or pellet
polymer to peliet coupling agent and likewise powder polymer to powder coupling agent should be
considered. Although pellets respond well to tumble blending, it is usually better to high shear mix
{Henschel, Pappenmeir, Wellex, Littleford, Patterson-Kelly, etc.) 50 as to intensively mix the powders
before melting.

See the discussion in the fifth paragraph of Figure 1 for the differences between success and
failure created by different compounding techniques in using LICA 12 as a copolymerization catalyst
for a recycled PET/PC blend. Recently, in an evaluation of Ken-Stat KS MZ60S powder antistatic
efficacy in PETQ, significant (proprietary) performance differences were noted when the PETG was
used in flake form (poor resuits) and in powdered form (good results).

Fillers - Reactivity with dry fillers such as CaCO 7 in the absence of any organic or polymer
phase and the importance of solubilizing or finely emulsifying the titanate for uniform atomic
distribution throughout the organic, polymer or water dispersion phase is demonstrated in Table 12.
Water insoluble LICA 38 was made water emulsifiable by preblending with varying amounts of a water
loving {(hydrophilic), oxygen containing ethoxylated nonyl phenol (ENP), emulsified into the water
with intensive stirring followed by addition of the CaCOz3. The viscosity reduction achieved from
3,600,000 to 3,000 cps is significant and underscores the need to obtain a fine emulsion of the
titanate and further points to the atomic nature of their reactivity with the filler interface. The physics
of mixing is as important as the chemistry of the interface.

From a compounder’s standpoint, filler pretreatment with neoalkoxy type organometallics is
not necessary because coupling/catalysis can take place in the polymer meit phase. See "Neoalkoxy
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Evolution" for further detailed discussion. In some instances, the filler or reinforcement producer may
want to "lock-in" performance by making the filler hydrophobic, organophilic and organofunctional
with pretreatment, Most fillers such as CaCO3 respond to a neoalkoxy titanate treatment technique
of dropwise addition of coupling agent over 2 % minutes to a fluidized or moving bed {1800 rpm in a
Henschel or Waring Blender will work) followed by a 30 second post mix. Spraying and dilution
techniques increase the statistical probability of uniformity of pretreatment.

Table 13 shows the effects of pretreatment and in-situ treatment of LICA 12 WE33 (Water
Emulsifiable 33% active LICA 12) on 1 and 5 micron CaCO73. For example, 82% 1 micron CaCO7
in water has a viscosity of 224,000 cps. Dropwise pretreatment with 0.5% LICA 12 WE33 reduces
viscosity to 51,200 cps while in situ treatment technique gives 64,000 cps. In situ treatment in
mineral oil yields 400,000 cps while Henschel pretreatment yields 192,000 cps and water slurry
pretreatment yields 80,000 cps in mineral oil demonstrating how technique and solubility have
different effects on coupling agent results. In Table 13, the water emulsifiable LICA 38ENP out
performs the water soluble quat LICA 38].

Table 14 provides further insight into treatment techniques. For example, 0.5% LICA 12 in
situ treatment of Mg{OH)9 reduces the control viscosity at 50% solids from 1,024,000 cps to
9,600 cps. Henschel pretreated Mg(OH) 9 using the same amount of undiluted LICA 12 dropwise
added produces 640,000 cps as compared to 2,600 cps for insitu. A small amount of 1:1 dilution
of LICA 12 with mineral oil provides significant pretreatment uniformity. For example, both 2 '
minute and 4 minute dropwise addition of 0.5% LICA 12 to dry Mg(OH)9 provided the same
640,00 cps viscosity response at 50% in mineral oif compared to 1,024,000 cps for the control.
The same 0.5% LICA 12, diluted 1:1 with mineral oil and dropwise added for 2 2 minutes
produced a 64,000 cps viscosity response at 50% in mineral oil. The difference between 640,000
and 64,000 cps response to 0.5% LICA 12 is due to physics and not chemistry.

Specific Energy Input During The Polymer Melt Phase -~ Once the polymer begins to
melt, work energy through mechanical shear creates the required intimate polymer/catalyst (coupling
agent) mixing. The area under the power curve formed by a plot of torgue vs. time is a measurement
of the work energy or shear on the polymer/catalyst matrix. The most efficient polymer mix cycles
generate peak torque in a short time. Torque is controlled by temperature, rpm's and back pressure.
High torque creates high polymer shear rates. Polymers are non-Newtonian in flow and their melt
viscosity decreases asymptotically with increasing shear, Under high shear rates, polymers exhibit the
fowest viscosity with the least amount of variation as compared to greater polymer viscosity variation at
fower shear rates - i.e. reproducible resuits. Most polymers {(except for heat sensitive PVC) are not
damaged by higher shear, Low shear rate melt indexes are not the way to measure the effect of
subject additives.

Effects on torque reduction and dispersion were ascertained in a study comparing a titanate
with conventional wetting agents in CaCO73 - filled LDPE blown film. The samples were prepared in
an electrically heated Brabender, wherein the LDPE, pigment, and wetting agents and the titanate (KR
TTS) were charged as one blend into the mixing chamber having the following conditions: rotor speed
82 r.p.m.; temperature 93°C; 0.5 kg. weight on the ram. Torque readings in grams per square
meter were performed every 30 sec, for 3 min., starting with an initial reading at 30 sec. elapsed
time.

The resulting compounds were cooled and ground in a Wiley mill, employing a 60-mesh
screen. The dry compound was dry-blended with a 2 melt index, high clarity, film grade LDPE in a
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ratio of 9 to f. Blown film of 1.5 mil thickness was produced from the dry blend on a 1.5 in.
extruder at a 2.5 to | blowup ratio and temperature profile of 143 to 160°C. The resulting 1.5-mil
film was examined for the number of undispersed pigment particles in 720 sq. in. of film., The results
of this examination are summarized in Table 15.

The KR TTS treated CaCO7/LDPE system reflects almost instantaneous torque reduction and
short mixing cycles for optimization. Dispersion is excellent with only 33% of normal power
requirements when compared to conventional systems. The dispersion of CaCO7 treated with KR
TTS in the LDPE would most likely have been improved if the temperature of the Brabender had been
lowered to increase the torque and therefore the resultant area under the power curve which is a
measure of the work energy. See the "Early Historical" discussion for references on the above work.
In retrospect, it is now obvious to me that 0.2% KR TTS is having a catalytic effect of the LDPE and
changing its intrinsic morphology independent of CaCO 3 content.

Typically in thermoplastic processing such as injection molding, machine rear zone
temperatures are reduced 15% and front zone temperatures 5%. Generally, the injection molding
plant trial begins by holding the injection molding machine's normal running conditions constant
except for the temperature which we begin lowering in increments of about 10°C across all zones
(front, middle and rear) until polymer flow is such that the part is incompletely filled--and then back
off by raising the front and center zones until part quality is acceptable. But, every machine and every
polymer behaves differently.

In the case of thermoplastic polyesters such as polycarbonate, the coupling agent's effect on
temperature is very significant. Besides the bottom line 40% reduction in cycle times, a close
examination of Table 9 shows the rear zone temperatures were reduced 20% from 258° to 202°C
and the front zone by 12% while injection pressure was dropped 53% from 10360 kPa to 5500 kPa
to achieve the desired part quality.

On occasion, injection pressure can be manipulated if temperature lowering does not fill the
mold properly. Usually, when 1% CAPS is added to the polymer and the machine's conditions are
"normal”, injection will create excessive flash and the pressure will have to be dropped significantly if
the temperature is not lowered. Since the cooling of the polymer compound in the mold is often the
limiting time factor in injection molding, because of the low thermal conductivity of polymers, it makes
more sense from an efficiency and non-Newtonian rheology standpoint to use the machine's high
pressure capabilities by maintaining the pressure settings and alternately dropping process
temperatures. High pressure assures less variability in the apparent melt flow of the shear dependent
polymer,

Generally, rpm's and temperature are more dominate control parameters in extrusion
processing as temperature and pressure would be in injection molding (I.M.). It is often a good idea
to increase rpm’'s when using neoalkoxy titanates because a wider torque window (before reaching
limiting Amps} is made possible. We usually do not adjust the rpm setting during .M. plant trials. Of
course, with the proper computer and software attached to an L.M. machine, the perfect balance of
temperature, pressure and rpm's could be achieved for maximum efficiency. But, even with
computerization, it is difficult for the human computer to handle more than two variables
simultaneously so for injection molding the dominant condition of temperature is dealt with first,
followed by pressure only when necessary and rpm's rarely,
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Other Considerations - Many thermoplastic resins require thorough drying prior to injection
molding or extruding to eliminate void formation or a degradation of the material at molding
temperatures and continuous hopper dryers are often used. Qur experience with the CAPS
masterbatches has shown that EVA and Kraton/Styrenic binder systems often "gum-up” while a 20
melt LLDPE appears to work satisfactorily for most applications.

Table 15 shows that 1% CAPS L12/L enabled Pentaforma Manufacturers C.A., Venezuela to
reduce the cycle time by 25% of an unfilled polypropylene syringe cylinder on a medium sized 250
Ton |.M. machine from 19.5 to 14.0 sec. while reducing the front and center zone temps. by 10%.
in this plant trial, it was not practical to lower the rear zone temperature more than 3% because the
feed pellets would not melt sufficiently when lowered below its normal setting of 185 to 190°C.

The biggest problem with this test run was that there was a slight yeltowing of the part due to
an assumed reaction of the titanate with the unidentified phenolic antioxidant (not lrganox 1010 or
1076) used in the undisclosed grade of PP. Titanates are usually used over zirconates because they
are less expensive. However, all materials have inherent natural limitations.

An area of concern in using titanates is the possibility of undesirable color formation
experienced when they come in contact with additives containing phenolic functionality such as heat
and light stabilizers {antioxidants) used in thermopiastic vinyl and polyolefin systems, alkyds and
urethanes. Phenolics are also used as chain stops in polyester systems, urethanes, alkyds and acrylics.
In common with virtually all Titanium IV derivatives, titanate based coupling agents (including
neoalkoxy and acetylacetonate) produce colored pigments on contact with phenolic containing free
hydroxyl groups. The color intensity developed is proportional to the increasing concentration and
conjugation of the phenolic hydroxyt from yellow through orange to red and burgundy.

Fortunately, since writing Reference | we have established that the LICA 12 titanate does not
form color bodies with popular antioxidants and thermai stabilizers such as Irganox 1010 (CIBA-3.5-
bis( 1, t-Dimethylethyl)-4-hydroxy- benzenepropanoic acid, 2,2-bis[[3-[3,5-bis( 1, i-dimethylethyl}-4-
hydroxyphenyl]-1-oxopropoxyjmethyli11,3-propanediyl ester) widely used in PP and Irganox 1076
(CIBA-Octadecyl 3,5-bis( 1, 1-dimethylethyl)-4-hydroxybenzene-propanoate) widely used in HIPS.
Not only are parts made with plastics using these antioxidants and LICA 12 neoalkoxy titanate good in
color, but no discoloration is observed when LICA 12 is mixed directly with either Irganox 1010 or
Irganox 1076 at 1:1 ratios.

Zirconates in general are not color body producers in contact with phenols other than
nitrophenols. Both the organotitanate and organozirconate coupling agents do not interact with
hindered amines (light stabilizers and/or antioxidants - HALS) under common operating conditions,
Zirconates would appear to have greater thermal stability than titanates. For example, when equal
amounts of CAPOW L12/H and CAPOW NZ 12/H were exposed to 235°C for 1 hour in a forced
air oven, the titanate powder turned from white to biack while the zirconate turned from white to very
light tan. However, since the titanate is used at 2 parts per 1000 parts of heat sink polymer, thermal
tolerance is higher than indicated in the forced air oven test.

in any case, since it was not appropriate to ask Mr, Ailen Austurias of Pentaforma to disclose
the PP specifications for the material being tested, a plant trial using the zirconate was run 6 months
later. In the less-than-laboratory perfect world of plant trials, the inside syringe plunger (and not the
cylinder as in Table 16) was being run on a different machine. Table 17 shows the effect of the
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zirconate {(CAPS NZ 12/L) on the unfilled PP wherein the cycle time was reduced by 30% from 23
to 16 secs. while the temperatures on this machine were reduced 14% in the rear zone and about 5%
in the front zone to get the proper balance of injection mold part quality for the polypropylene syringe
plunger. The color problem did not occur with the CAPS NZ 12/L.

Grival LTDA did not run into any color problems when using 1% CAPS L12/L to injection
mold PP toilet seats on an Asian Pacific Machinery Corp. {(Model SM650) and was able to lower cycle
times 16% on the first trial run setting (see Table 18). Leonardo Montano of Muldportes LTDA
injection molded PP chairs on an Ingersoll Rand 500-2135 machine and was able to reduce cycle
times 2 1% on the second trial (see Table 19). The chairs had good color also.

ABS parts run on an Engel injection molding machine at Unilemh LTDA had flow lines show
up at irregular intervals. The use of 1% CAPS L12/L eliminated the flow lines and provided a better
appearing part with higher gloss while reducing cycle time by one-third from 77 to 52 seconds at 5%
average lower temperature (see Table 20),

Polytac LTDA injection molds heels for ladies shoes using HIPS and a trial as shown in Table
21 showed a 31% reduction in cycle time by the second trial. This result would have been wonderful
for Humberto Pinilia if we had not encountered an incompatibility between the LDPE carrier in the
CAPS 1.12/1. and the HIPS. This incompatibility resuited in a loose film forming on the outside of the
part. There was a definite separation of materials, especially when the part was cooled in water. Trials
will have to be rerun using the CAPS L12/K to hopefully overcome the difficulty caused by the CAPS'
LDPE binder.

Characterization (Why or How They Work)

Significant inventions rarely start with a full understanding and characterization of why or how
they work. The Wright Brothers didn't understand all the principles or implications of their first or
subsequent flights, They just flew, It's only with the luxury of time and retrospection that one begins
to understand scientifically what's happening so that the art can be fully exploited.

Characterizing why or how they work can be done more effectively by reviewing the evolution
of subject coupling agent technology from the early 1970's mindset of "bonding or coupling agent”
to the current 1990's thinking of "metallocene-fike catalyst".

At this point in time we perceive and advertise commercially (see Figure 2) the performance
benefit effects to be functions of better bonding {or coupling) if fillers, pigments, reinforcements,
fibers or dissimilar substrates are present in the composite and metaliocene-like catalysis by the single
site titanium provided by the thermally stable organometallic titanate's structure, A structure similar
to the titanium provided in a metallocene catalyst such as a titanocene or the TiClg of a Ziegler-Natta
type catalyst.

Since the catalysis effect can occur in-situ in the finished polymer we have described the
invention as "repolymerization"é. The following discussion is important since the full potential of and
polymer processing with neoalkoxy titanates and zirconates can only be realized when large sums of
money are dedicated to fully characterize answers to questions such as: their relative efficiency
compared to other forms of catalysts; their effect on chain branching, molecular weight distribution,
recrystallization time, glass transition temperature, etc.; and their current limitations so that new and
improved titanates {zirconates and aluminates) can be synthesized.
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Early Historical - In 1973, | had developed some interesting titanate esters such as KR TTS
at Kenrich for the purpose of achieving high loadings (85%) of magnesium oxide and zinc oxide in
napthenic process oils as part of a line of extruded bar (using a soap plodder) dispersions trade named

Ken-Mag® and Ken-Zinc® meant for the rubber industry. 1973 was the time of the Arab oil
embargo and people were trying to extend resin supplies with fillers.

At the time, Paul F. Bruins was Professor Emeritus of Chemical Engineering at the Polytechnic
institute of New York and my M.S. Polymeric Materials thesis mentor four years prior in 1969, S.].
Monte and P.F. Bruins, in a December, 1974 Modern Plastics magazine article entitled "New
Coupling Agent for Filled Polyethylene”, reported superior reduction of torqgue during compounding
of calcium carbonate-filled LDPE (cf. Table 14). Work (cf. Ref, 1 - Table 2) was also done on
mineral filled (CaCO3z, Clay, Wollastonite and BaSO4) polyolefins using KR TTS.

It was Gordon Kline, the then Technical Editor of Modern Plastics, who applied the moniker
"coupling agent” to the tetravalent titanate ester KR TTS for the December, 1974 article.

The term "coupling agent" had been applied previously to another group of additives based on
tetravatent Si known as silanes. In the 1950's, silanes had been instrumental in producing successful
fiberglass reinforced thermoset polyester composites such as the Corvette automobile. It was logical to
apply the term "coupling agent” to an additive which increased the bonding of glass fiber or filler to
polymer. A "filler/coupling agent/polymer” and "filler/wetting agent/viscosity reducer” mindset for
the titanate esters was thereby established. But there was, and is, a big difference between silane
"coupling” and titanate "coupling". For example, titanates work on BaSO4 and CaCO3z, even in the
water phase, while silanes do not.

Coupling - Plueddemann had staced!?: "It is fairly well established that silane
coupling agents form oxane bonds (M-0-Si) with mineral surfaces where M = Si, Ti, Al
Fe, etc. It is not obvious that such bonds should contribute outstanding water
resistance to the interface since oxane bonds between silicon and iron or aluminum,
for example, are not resistant to hydrolysis. Yet, mechanical properties of filled
polymer castings were improved by addition of appropriate silane coupling agents
with a wide range of mineral fillers. Greatest improvement was observed with silica,
alumina, glass, silicon carbide, and aluminum needies. A good but somewhat lesser
response was observed with talc, wollastonite, iron powder, clay, and hydrated
aluminum oxide. Only slight improvement was imparted to asbestine,
hydroxyapatite (Ca19(OHI2PO4g), titanium dioxide and zinc oxide. Surfaces that
showed littie or no apparent response to silane coupling agents include calcium
carbonate, graphite and boron™. Recently, Dr. Ming ). Chen, research scientist with Witco
Corp.'s OSi Specialties Group (Tel. 914-784-4860; Fax 914-784-4890) ranked sitane substrate
adhesion simiiarly.

A discussion of the six functional sites of titanate (or zirconate} as compared to a silane to
explain performance differences may be represented as follows:

Titanate



(1) (2)(3){4)(5)(6)
(RO-)-nTi-(-O X R" Y) 4.5

Silane

(1) (5)
(RO-)-35i-(-R" Y)

where,

(1) RO = hydrolyzable group or substrate reactive group.

(2) Ti, Si = Tetravalent titanium, zirconium or silicon. The Ti-O (or Zr-O) bond is capable of
transesterification, transalkylation and other repolymerization catalysis mechanisms
while the Si-C bond is more stable and unreactive,

(3) X = binder functional group (phosphato, pyrophosphato, suifonyl, carboxyl, etc.).

(4) R' = thermoplastic functional group (aliphatic, napthenic or aromatic).

(5) Y = thermoset functional group (acryl, methacryl, mercapto, amino, etc.).

(6) 4-n = mono, di or triorganofunctionafity. Hybrid coupling agents such as 1 mole of (3)

carboxyl, (4) aliphatic isostearoyl and 2 moles of (3) carboxyl (5) acryl titanates
(zirconates) are possible.

The function (1) concerns itself with filler/fibre substrate reaction mechanisms, while functions
{2} to (6) are polymer/curative reactive. In its simplest terms, the titanate function (1) mechanism
may be termed proton (H*) reactive via solvolysis {monoalkoxy) or coordination (neoalkoxy) while
the silane function (1) mechanism may be termed hydroxyl (OH") reactive via a silanol-siloxane
mechanism.

The claimed neoalkoxy group/proton (H™) coordination filler/fiber coupling mechanism
appears to provide wider reactable substrate possibilities than the trisalkoxy group/hydroxyl (OH")
dependent coupling mechanism attributed to silanes. Hydroxyl groups can be found on a limited
number of materials such as silica, alumina, glass etc., but non-hydroxyl bearing particulates such as
carbon black and CaCO3z (the most widely used fillers in elastomers and thermoplastics respectively)
and graphite, aramid and organic fibres (in fact, all materials) have protons on their surface.

Titanate Catalysis - Organic titanates (and zirconates) are well known catalysts 20,21 ysed
in the manufacture of:

. Polyoieﬂns?-zrz3
Poiyester324'3 0
Polybutylene terephthalate3 1
Polyurethanes3 2-37
Poiycari:»cmates3 8-39
Polysiloxanes 40-47

For example, reference 31 refers to U.S. Patent 5,237,042 dated August 17, 1993 issued to
the Korea Instituce of Science and Technology (KIST) entitled "Process for the Preparation of
Polybutylene Terephthalate Based Polymer”. It disclosed the use of a complex catalyst consisting of
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antimony and titanium (KR 41B) compounds to produce a PBT polymer "having excellent color,
a small amount of side-product and a high degree of polymerization within a short
time". 1 was told by Y.C. Kwon during a personal visit to Kenrich's offices in 1994 that a KIST
{Korean Institute of Science and Technology) study had been released, sponsored by seven South
Korean PET fiber producers costing three million dollars and spanning five years, confirming KR 418
(tetrisopropyi di(dioctyl} phosphito coordinate titanate} to be the most efficient polymerization
catalyst for PET.

Titanate Cross-linking - Titanates (and zirconates) are able to cross-link or cure a variety of
polymers:

° poEoneﬁns48

° potybuﬁadienes49r50

s styrene-butadiene copolymer55 !

° potystyrene5

° polysiloxan8553r4|r54“57

o ep,0)(),58-633

o fluorocarbon resins®4-67

e acrylic and methacrylic resins®8-77
» polyvinyl aicohol”8

For example, reference 48 is abstracted to read: "A neoalkoxy trimethacryl zirconate
CAS # [PMN No. P97-77] crosslinked more effectively than a silane when used at 3 phrin a 0.5 phr
dicumyl peroxide cured ethylene-vinyl acetate copolymer when immersed in 78°F {25°C}) water for
72 hours".

Neoalkoxy Evolution - In 1984, neoalkoxy titanates were Introduced to overcome
objections from thermoplastic processors who were not equipped to pretreat fillers in a Henschel-type
mixer to achieve the solvolytic reaction (isopropyl alcohol by-product) of the monoalkoxy titanate
ester's isopropoxy group with the surface proton of the filier or reinforcement. The chemistry of the
new neopositioned (neoalkoxy) quaternary carbon titanate esters provided sufficient thermai stability
in the polymer melt phase for insitu addition directly into the polymer flux for subsequent filler
coupling via a suggested proton coordination (no alcohol by-product) mechanism with the filler's
surface protons (cf. Ref. 2 - Fig. 11B}.

Repolymerization - Plant trials are the key to additive marketing success. Well, when
additive salesmen and results oriented injection molders get together, success breeds more testing and
some interesting results were coming in from the field as filled (and unfiled) compounds were tested
at random as typified by the injection molded polypropylene weed wacker components shown in
Figure 3. Examination of Figure 3 reveals that the use of 1% CAPS LO9/E had 40% and 35.5%
reductions in cycle time as average process temperatures were reduced from 197 to 168°C and 180
to 141°C respectively in the two 40% CaCO3z filled PP compounds tested and surprisingly a similar
42% a reduction in cycle time and reduction in temperature from 184 to 163°C for the unfilled PP
compound.

On examining the results of the weed wacker plant trial, it occurred to me (insight) that some
sort of in sity Ziegler-Natta or metal catalysis effect was being evidenced from use of the titanate ester.
"tt didn't matter if the PP was filled or unfilled!" Classic coupling agent thinking had said that in a
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filled polymer, the titanate formed an atomic monolayer on the filler surface to make it hydrophobic
and organophilic and more readily deagglomerated under mechanical shear forces so as to achieve
complete dispersion. Dispersion being defined as the complete displacement of air voids and moisture
at the interface by the polymer to form a continuous filler/polymer phase. |t had been thought that
the "flow" was more attributed to a "wetting agent" effect on the filler than to a change in the
morphology of the polymer itself. The coupling mechanism or chemical bridging between the
inorganic filler and the organic polymer was said to be the result of the coupling agent's ability to
transfer stress energy from the polymer matrix to the filler phase without bond rupture through van
der Waals' entanglement via fong carbon chains.

A shift in mindset resulted: "True, maybe the filler was now hydrophobic and organophilic as a
result of the atomic titanate monomolecular layer formed, but now the filler also served as a catalyst
support bed for titanium metal catalysis of the polymer”. Promotional literature exclaiming: "Now
deagglomerate, couple and catalyze...simultaneousiy!” (cf. Ref. 1 - Figure 3} was a result of the
insight. By now, it was obvious to me that even when no filler was present, as fong as the neoalkoxy
titanate ester was uniformly dispersed into the polymer melt phase, organometallic titanium catalysis
benefits could still be derived. Since Ziegler-Natta catalysis was well known and metallocenes were in
development, | attributed the effects in the mid-80's to be the result of the titanate or zirconate's in
situ Ziegler-Natta like catalysis, The rheology benefits heretofore noted in the literature were
therefore more than likely not only the result of filler wetting but also catalysis, as in the case of
unfilled polymers. We called it "repolymerization”.

Plant trials to better understand and establish neoalkoxy titanate and zirconate injection
molding process performance continued in the market place. Kenrich's corporate culture and
laboratory equipment was oriented towards rubber chemical dispersions and plasticizers used in
elastomers and flexible PVC. We could do things in our {ab such as mix 1 part of AC617A (Allied
Signal} low molecular weight polyethylene wax with 3 parts of mineral oil (Exxon Faxam 22) and
observe the Brookfield viscosity increase from 22,400 cps to 3 - 7,000,000 cps with LICA 09, LICA
12 and NZ 12 (see Figure 4) or increase the efficiency of foamed PVC plastisols with LICA 38 (see
Figure 5), but we were incapable of doing the necessary GPC, Tg, melt flow, dynamic rheology,
recrystallization temperature determination, spectrographic and other characterization studies to
completely understand what was happening. So, we learned as much as we could by trial and error
doing plant trials with our customers.

Neoalkoxy Chemical Interactions Between Fiber Reinforcements and Polymers Such
as PPS - Effects in glass reinforced epoxy, vinyl ester and PPS were reported by Patrick A. Toensmeier
in a July 1988 Modern Plastics article entitled, "Coupling agents and modifiers: targeting upgrades
performance” (cf. Ref. 1 - Figures 7, 8 and 9). Detailed property data effects comparing silanes,
titanates and zirconates in reinforced (fiber glass, graphite and_aramid) thermosets (epoxy d)o!yester,
vinyl ester and polyurethane) were made available in a paper79. Another 1993 paperé outlined

the adhesion and process advantages of NZ 37 in a Keviar® reinforced Phenolic.

A December 14, 1987 private communication by me to Mr. John Gosse of Boeing offered
seven potential catalytic reaction mechanisms of NZ 97 (neoalkoxy, triphenyl amino zirconate) with
glass and PPS {(cf. Ref, 1 - Figure 9):

1. Proton coordination between the glass and neoatkoxy group.
2. Proton coordination between the glass and the amino aroxy group.
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3. PPS/NZ 97 ligand Exchange-End Thiol/Aroxy interchange Generating Amino Phenol
by-Product plus polymer bonded zirconate.

4. PPS/NZ 97 - Aroxy Insertion Reaction/Change Scission.

5. PPS/NZ @7 - Sulfide Insertion Reaction (Repolymerization).

6. PPS/NZ 97 - Amine/Sulfide Redox Alkylation.

7. Allyl Group Alkylation (Fridel-Crafts) and Crosslinking through reaction with
secondary allyl group of the neoalkoxy function group.

In any case, it is clear that the addition of the neoalkoxy triphenyl amino zirconate has a
significant catalytic or reactive effect resulting in the increased flow of the fibergiass reinforced PPS (as
shown in cf. Ref. 1 - Figure 9}. Recrystallization time effects with LICA 09 and other neoatkoxy
structures are next discussed as extracted from ULS. Patent 5,340,861 81,

Neoalkoxy Catalysis - Reduction in the Recrystallization Time of PPS - A significant
characterization which would help explain the reduction in thermoplastic processing and injection mold
cycles would be an observed reduction in the recrystallization time of a polymer when a neoalkoxy
organometallic is added to the control. A modified polyphenylene sulphide resin containing titanium
organometallic compound (LICA 09) and molten polyphenylene sulphide resin was preparedsf.
"The modified polyphenylene sulphide was compounded with a Werner & Pfleider
twin-screw extruder (Model 25K-30). The temperature of the screw die was
maintained at 315C. After the modified polyphenylene sulphide composition was
evenly compounded, it was pelletized, dried, cooled, and monitored with a Perkin-
Elmer Differential Scanning Calorimeter (Model DSC-7) to study the crystaliization rate
by measuring the isothermal crystallization time and crystallization temperature.

it is evident that the addition of the titanium organometallic compound
significantly improves both the isothermal crystalliization time and the crystallization
temperature of the polyphenylene sulphide resin. The isothermal crystallization
time (at 250C) was substantialty decreased from 175 secs to 106 secs, and the
crystallization temperature was increased by 8€, with the addition of titanium
organometallic compound".

Copolymerization - Titanate and zirconate coupling agents may act as compatibilizers via
activation of both addition and condensation pofymer52 . When the activation occurs to more than
one polymer simultaneously, in the absence or presence of filler or reinforcement (both inorganic and
organic), or peroxide, said activation may result in repolymerization, or copolymerization (i.e.
intermolecular rearrangement}, or grafting, or other molecular modifications resulting in some other
form of "alloying™.

Activation of both addition and condensation polymers by selected organometallics may result
1. Rapid equilibration of molecular weights to produce near thermodynamic equilibrium
distribution irrespective of starting compositions.

2. Randomization of most block copolymers except some aliphatic polyethers.
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3. Reduction in polydispersity of molecular weight resulting in a narrower molecular weight
distribution curve,

4. Controlled introduction of organofunctional groups for bonding enhancement.
5. Catalysis of a wide variety of reactions.

An example of subject organometallic effects on polymer blends (in addition to Jan Schut's
discussion in Figure 1) was discussed in a Neste Oy Patent82: R. Holsti-Miettinen82 overcame the
difficulties of blending a polar liquid crystalline polymer (LCP) with non-polar polyolefins (PP and
HDPE) using neoalkoxy titanates and zirconates. The art of recycling polymers often requires the
blending of potar and non-polar ingredients and Example 1 from the patent is herein provided:

"Example 1 (WO 95) 3183):

PP/LCP and HDPE/LCP blends were prepared in a Berstoff ZE 25 x 33 D twin
screw extruder. The melt temperature was at 240 - 245C and "Polyblends”
screw configuration was used. Rotation speed was 200 rpm and feeding rate
about 9 kg/hr. The LCP component was predried before melt blending for 5
hours at 50C. The prepared blends were predried overnight at 80T before
injection molding. Injection molded specimen were mechanically tested after
2 days of conditioning.

The materials used were the following:

- HDPE: NCPE 1515 supplied by Neste Oy,
- PP: VB 65 supplied by Neste Oy,
- LCP: Rodrum LC-3000 (a copolyester of p-hydroxybenzoic acid and poly-
ethyleneterphthalate, supplied by Unitka Ltd.),
- Zirconate: neopenty! (diallyl) oxy, tri (dioctyliphosphato zirconate, supplied
under the
name CAPS NZ 12/L by Kenrich Petrochemicals, Inc.,
- Titanate . neopentylddiallyDoxy, tritdioctyl) phosphato titanate, supplied
under the
name CAPS L12/L by Kenrich Petrochemicals, Inc.,
- Titanate ll: neopentyl (diallylioxy, tritN-ethylenediamino) ethyl titanate,
supplied under
the name CAPS L44/E by Kenrich Petrochemicals, inc.
- Compatibilizer I: Lotader 8660 supplied by Norsolor and
- Compatibilizer II: a MAH-grafted PP supplied under the name Exxelor 1015 by
Exxon
Chemicals.

The recipes of the blends are given in Table 1 (Ref. 82).
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Table 1. Recipes of polyolefin/LCP blends

Sample #  Isotropic LCP/wt - % Organometallic Compatibilizer/
polymer/wt-% compound/wt-% wt -~ %

I PP/69 30 Zirconate/ |

2 PP/69 30 Titanate 1/

3 PP/69 30 Titanate /1

4 PP/70 30 - -

5 PP/69 30 - Comp. I/1

6 PP/69 30 - Comp. 11/1

7 PP/68 30 Titanate I/1 Comp. /1

8 PP/68 30 Titanate 1/ 1 Comp. H/1

9 HDPE/69 30 Zirconate/ | -
10 HDPE/69 30 Titanate 1/1
H HDPE/69 30 Titanate /1
12 HDPE/70 30 - -
13 HDPE/70 30 - Comp. 1/1

Part of the samples were tested for orientation under drawing. Blends were
extruded in a single screw Brabender extruder and immediately quenched in
a water bath and drawn at different speeds of the take-up machine to form
strands of different diameter. The draw ratio for each strand was determined
as the ratio between the die and strand sections. The dimensions of the
round hole capiliary die were: length 30 mm and diameter 5 mm. The screw
speed was kept at 100 rpom for all blends. The strands were tensile tested.
The diameter of the rods was uneven but it was evaluated as an average of at
least five measurements.

Results of mechanical and thermal testing are shown in Table 2 (ref. 82),

Table 2. Mechanical and thermal properties of LCP/PP blends

Sample Tensile Tensile Tens.Strain  Tensile Flexural
#  Modulus Stress at  at Break (%) Strength Modulus
(MPa) Break (MPa) (MPa) (MPa)
1 3260 9.7 2.5 39.8 3230
2 3030 37.7 2.6 37.7 3070
3 2680 34,5 2.4 34.7 2940
4 2900 36.8 2.7 37.0 2860
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5 2930 38.0 2.7 38.1 2910
6 3070 37.8 2.4 38.0 2930
7 3010 38.1 2.6 38.5 3020
8 3150 38.6 2.6 39.0 3080
9 2810 38.3 2.8 38.4 2740
10 3060 38.7 2.5 38.8 2990
11 2780 36.9 2.7 36.9 2750
12 2560 36.8 3.1 36.9 2520
13 2350 36.1 3.2 36.2 2460

It is apparent from the results indicated in Table 2 (Ref. 82) that the addition
of neoalkoxy zirconates improves the tensile modulus of both LCP/HDPE and
LCP/PP blends. The improvement with neoalkoxy titanates was more
pronounced in HDPE/LCP blends that in PP/ACP blends. It is worthwhile
noticing that the mechanical strength of bleng sample 8 which contained
both a titanate and a compatabilizer (Exxelor 1015), was better than that of
Reference Sample No. 4. This combination of modifiers also gave the best
impact strength”.

The Metallocene Analogy - Figure 2 shows the comparative chemical structure of the LICA
12 titanate and a titanocene. This is not to represent that the catalysts are the same. They are
different. But, it is fair to say that both the metallocenes (titanocenes and zirconocenes) and the
organometallic esters (titanates and zirconates) are titanium and zirconium complexes.

Beyond specific chemistry, one big difference is that the metaliocene catalysts function during
the synthesis of the polymer to produce the desired new generation olefin or copolymer while the
titanate or zirconate ester is permanent in the plastic. The metallocene does not remain in the
polymer and even metallocene derived polymers are subject to the subsequent negative effects of
chain scissoring during recycling and reprocessing.

Virgin and recycled plastics and other art will benefit from full characterization and
understanding of the effects of subject neopositioned quaternary carbon derived organometallics. Why
does both HIPS processed at 175°C and Nylon 6.6 processed at 270°C experience the same 13%
reduction in cycle time with 0.2% LICA 12 additive (see Figure 6)? Why does the 5.0 melt index of
an HDPE with LICA 12 additive at 0.2% remain unchanged after 5 repeat passes through a twin
screw extruder while the untitanated control climbs to 20.0? The neoalkoxy titanate effect appears to
be catalytic and results in a self annealing polymer since its presence above the melt temperature
inhibits chain scissoring caused by high shear polymer processing.

CONCLUSION

This paper claims ten significant benefits for compounding, extruding or injection and blow
molding thermoplastics based on observations that minor amounts of thermally stable neoalkoxy
titanates and zirconates provide a method of in situ metallocene-like repolymerization catalysis of the
polymer during the compounding, extrusion and blow or injection mold plastication phase resulting in
faster production cycles at lower temperatures of thermoplastic parts having better finish and equal or
better mechanical properties. The effect is permanent and recyclable since the neoalkoxy titanate or
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zirconate ester remains permanently in the polymer as a repolymerization catalysis agent as opposed to
Ziegler-Natta or metallocene derived polymers wherein the benefits are obtained when the monomer
is only exposed to the mixed metal or biscyclodienyl derived titanium or zirconium complex catalyst
during macromolecule formation (polymerization).

Some applications considerations were discussed and a need for further characterization was
expressed.
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The World Book Dictionary gives the definition of wear as “meaning to reduce or
erode, as by use or friction.” Everything in the world is subject to wear: boulders are worn
down by the ocean's waves with the help of sand and gravel, mountains are worn down by wind,
rain, snow and ice, and the Grand Canyon was worn in the earth's crust by glacial movement.
Wear in the broadest sense occurs on or in everything, eventually changing its size or form.

Likely, it is not possible to stop wear. What is possible, however, is reducing the rate at
which things wear. Sometimes this can be done so successfully that the appearance will be as if no
wear is occurring. In order to address a wear condition and effectively reduce the rate of wear,
one must first understand the mechanisms that cause wear to occur. If the cause of wear in a
particular occurrence can be identified, then it is quite possible to modify either the mechanism of
wear or the components being acted upon to substantially change the rate of wear.

There are two common beliefs about reducing wear (regarding changing the materials
subject to wear), that are not necessarily valid under many cir¢umstances. These beliefs are:

1. harder materials are more wear resistant than softer materials

2. thicker wear resistant materials are better than thinner ones
(Typically the belief is that “if a hittle is good then more must be better.")

An application involving the principles of wear that illustrates the fallacy of these
stereotypical concepts is the simple “Where the Rubber Meets the Road” story. Smmply put,
rubber tires are very soft and pliable, while the steel rims they are normally mounted on are very
hard in relationship. Nominally, the rims are several orders of magnitude harder than the tires.
However if you drive a car on the soft tires, considering today’s tire technology, you can normally
drive for tens of thousands of miles before the tires are worn out. On the other hand, if you take
the tires off the rims and attempt to drive home, chances are you will never get there before the
rims are worn_out. This is especially true if you live more than a few miles from where you
started. Why 1is this? How is it that soft materials outwear hard materials in certain situations?
Interestingly enough -- the application is the same, but the mechanisms of wear acting on the
different materials are not the same due to the differing physical characteristics of these materials.
The illustration, however, proves that a softer material under the right set of conditions will wear
at a much slower rate than a harder material. We will address the mechanisms of wear a little later
in this paper, then it will become clearer why a softer material might outwear a harder material if
the right conditions exist in the wear mechanism.

Wear is a very complex phenomena with poorly defined scientific approaches to solutions.
This is most likely because there are many mechanisms that cause wear to occur, and most wear
sttuations are a compilation of more than one mechanism with a variable percentage of impact by
each. Several years ago, a new scientific data base was established to study the phenomena of
wear, This science is called Tribology. Practically speaking, Tribology is the study of wear
mechanisms and resultant conditions to mating surfaces subjected to wear. Currently the four
most recognized wear mechanisms are Adhesive Wear, Abrasive Wear, Corrosive. Wear and
Surface Fatigue Wear' .

' Materials Engineering Forum, “Wear and Galling Can Knock Out Equipment”, W_J, Schumacher
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Adhesive Wear: This type of wear is commonly known as galling wear and is the most
common and troublesome type found in moving machinery. Also known as scoring or scuffing,
adhesive wear is caused by the strong adhesive forces developed whenever an imbalance of
electrons exists between two mating surfaces. At low stresses, minute junctions form at
contacting surfaces and small fragments of the metal become detached with subsequent
movement. If stress levels are low enough, mild wear will take place between the mating alloys,
and a wear rate can be measured after a specified number of cycles. This “mild” wear may or may
not be tolerable, depending on desired service life. Furthermore, much larger junctions are formed
at higher stresses. In such cases, catastrophic galling and eventual seizure may occur subsequently
freezing the parts and stalling the equipment.

Abrasive Wear: This type of wear occurs when a much harder material cuts or plows
grooves into a softer surface. The harder material may be one of the rubbing surfaces or it may be
a third body introduced between the two mating surfaces. Qualitative definitions suggest three
levels of severity (not three wear mechanisms) for abrasive wear.

I. Low stress abrasion (scratching) -- wear resulting from a cutting action by sliding
abrasive, stressed below their crushing strength. The cut surface of the metal sustains little
deformation. Consequently the surface does not work harden appreciably.

2. High stress abrasion (grinding) -- wear resulting from conditions of stress high enough
to also cause plastic deformation of the ductile constituents.

3. Gouging abrasion -- high stress abrasion where sizable gouges or grooves are created
on the wearing surfaces. These may be the result of sliding motion followed by impact.

Corrosive Wear: This type of wear stems from interaction of the wear surface and a
corrodent. If an oxide film forms due to heating, wear may decrease or accelerate depending on
the integrity of the film. Wear will be reduced if the oxide film adheres tightly and thus prevents
metal to metal contact. On the other hand, a brittle oxide may spall and act as an abrasive.
Corrosive wear may be minimized by selecting alloys that do not react with the chemical
environment or with any lubricant that they might contact in service.

Fatigue Wear: This type of wear occurs without metal removal when a surface is
stressed and unstressed repeatedly. This wear type predominates wherever there is rolling contact,
as in ball bearings and gears. Cavitation due to vapor pressure will also induce fatigue. Fatigue is
greatly affected by surface conditions such as microstructure, hardness, finish, residual stress and
integrity. Design and fabrication techniques can be heipful here. Generous fillets and fine finishes
reduce the high notch or stress concentration factors that generally accompany accelerated fatigue
failures. Fretting wear is a form of fatigue wear. Fretting wear is the term used to describe
material loss due to very small amplitude vibrations at mechanical interfaces. In fretting, various
wear mechanisms combine and act together. Fretting involves an initial adhesion, metal transfer,
the production of oxides and abrasive wear due to the oxide formation. Finally, the high
oscillatory displacements lead to surface fatigue and thus fretting fatigue occurs.
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Additionally, wear rate can be viewed on a macro scale as well as on a micro scale.
Blindness to one or the other can produce a less than suitable answer when attempting to reduce
tough wear problems. This is akin to not seeing the forest for the trees. On a macro scale,
processes should be reviewed to better understand the wear mechanism(s) in play. One should
also try to identify the key stimuli, and the magnitude of these factors, acting upon the materials
relative to each wear mechanism type. Normally, reduction of the stimuli has the effect of
reducing the impact of the wear mechanism, hence wear rate is reduced.

Key stimuli affecting the rate of wear are:

1. Cycles (key factor is differential velocity)

2. Slip velocity (key factor is adhesive characteristics)

3. Interfacial temperature (effected by both boundary conditions and overall process
conditions)

4. Force (key factor is surface pressure, however note: that surface stress is only one
resultant of surface pressure)

5. Chemical compatibility of the materials in contact with each other (this condition is
highly affected by boundary conditions on a micro scale and by general process conditions
on a macro scale)

Each of these stimuli can be either cause or effects of each other and each factor can effect wear
differently based on both the magnitude of the stimuli and the type of wear mechanism involved in
the process.

In the rubber tire and steel rim example, the tire has good adhesive properties in relation to
the road surface providing little slip velocity. Hence the wear mechanism on the tire is primarily
fatigue with cycles and force being the key factors in the life of the tire. The steel rim, on the other
hand, has very poor adhesive characteristics and spins easily on the road surface. Hence the wear
mechanism on the rim is primarily abrasive and the key factors governing life are slip velocity,
force and interfacial temperature. The combination of these stimuli acting within the abrasive wear
mechanism causes a wear rate on the rim several orders of magnitude higher than that on the tire
subjected to primarily fatigue wear conditions. However, if the tire were on a race car where
forces applied to the tire would cause it to overcome the adhesive characteristic (break the
frictional grip) and spin at high velocity, then the wear mechanism would change to abrasive wear
and the tire would wear at a much accelerated rate in comparison to the normal street tire
scenario.

In mixers and extruders, the most common parts to experience wear are the agitator (or
screw) components and the bores of the barrels (or casings that contain the screws). The problem
of wear on mixer components has been escalating in terms of production costs due to several
factors, some of the most notable are:

1. substantially increased production rates per barrel bore size

2. substantially increased horsepower per barrel bore size

3. substantially increased screw speeds

4. more aggressive agitator geometry’s
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5. more aggressive process materials in the form of chemistry, solids loading and physical
composition
6. elevated temperatures of some processes

When addressing wear in a continuous mixing system and before spending large sums of
money on exotic materials of construction, take time to review the process and look for
opportunities to modify the process or the geometry of the mixer first. This is usually the most
cost effective way to solve a wear problem, especially if it is inberent to a small section of the
processing equipment. Before a company buys a piece of processing equipment in today’s world,
they usually run a process test at the perspective sellers “Customer Demonstration Center”. These
tests usually assure the prospective buyer that the equipment, as configured by the seller, will
produce an acceptable product at an acceptable rate. However, it would normally be cost
prohibitive for such tests to be run for a long enough period of time to produce acceptable wear
data on a process. In most cases months or even years of continuous running are required to
produce the desired wear data. o

Usually wear problems are discovered in the field when unacceptable levels of parts
replacements are required to sustain a particular process. When this occurs, the first reaction is to
look for a more wear resistant material for the parts. Not many users would look at changing the
geometry of the machinery or the process variables as these are considered sanctimonious once
the process is working. However in many cases, changing these parameters will still produce an
acceptable product while solving the wear problem.

As an example, several years ago a customer was mixing a polymer with fiberglass,
calcium carbonate and talc. In the massing area where the polymer was being compounded, he
was wearing out a section of the screw and barrel in a very short period of time. This area
comprised a relatively short section of a barrel and screw. In the region of highest wear, the screw
was configured of several 90° offset paddles. This is an extremely aggressive configuration which
induces substantial energy (read “surface stress”) over a very small surface area. These paddles
were replaced with 60° offset forwarding paddles. A little feed screw length was sacrificed to
allow for enough extra paddles to equal the total energy input of the 90° configuration, but this
change spread the stress over a much larger surface area. Due to this change, the wear in this
region was reduced to be equivalent with the rest of the barrel configuration. The feed screw
length change did not hinder the process as previous dead stops showed this screw less than 30%
filled under normal rate conditions. As a result the problem was resolved and special alloys were
not required to correct the undesirable condition.

There may not always be a good process answer, but the lesson here is -- Do not look for
a sophisticated materials answer until you have exhausted the possibility of a process resolution.
Papers such as, Flow Distribution in a Co-Rotating Twin Shaft Continuous Mixer, authored by
Mr. Bemnard Loomans PE for the Compatibility and Processing Symposium of ADPA, April
1988, provides a good reference for identifying possible geometry changes to improve processing
while reducing wear. [See Exhibit A] Another excellent reference for technical support on
agitator and barrel configuration modifications to reduce wear, is groups like the Highly Filled
Materials Institute @ Stevens. With their sophisticated computer modeling, they can optimize
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geometry while leveling out surface stresses. They can also produce rheological data paramount
to doing mathematical analysis of process behavior. As a general rule, optimizing process
conditions normally promotes benefits, such as reductions in wear and other stresses sometimes
problematic with twin screw mixers.

Once process conditions have been optimized and unacceptable wear conditions still
persist, materials of construction can be scrutinized. A compilation of some of the most
commonly utilized materials and processes for the construction of screw and barrel parts follows
for your consideration.

Because there are so many wear mechanisms and stimuli, there cannot possibly be one
wear resistant material combination that will economically combat all the forms of wear with the
same positive results. In fact, in order to achieve optimum wear resistance, one would have to
tailor a material specifically for each process situation. This type of application engineering in
most cases would be too timely and cost prohibitive. Therefore, it is best to select standard
materials based on history and market experience which will reflect reasonable wear resistance for
a practical financial investment. This should be done in conjunction with investigating new
concepts in materials for future improvements or for critical applications where the more common
standard materials just won’t do the job as required.

Following this logic, I would like to suggest that you consider the following: The most
common forms of materials being used for abrasive wear resistance, where mild erosion is the
norm, are the nitridable steels. These would most commonly include Nitraloy 135M and 4140 or
4340 heat treated steels. These materials offer a good core hardness combined with high tensile
strength and toughness for a reasonable cost. They are also readily available in large volume and
in an extensive variety of geometry’s. All of these materials would have a core of about 28 to 32
RC and would be lon Nitrided for maximum case depth and hardness. Typical surface hardness
would range from around 52 to 62 RC and depth of case will vary from .002 inches effective case
to .020 inches effective case, these characteristics being dependent on type of nitriding combined
with temperature and time in process. [See Exhibits B,C & D]

Another common alloy used for mild abrasive conditions is 440C through hardened
stainless steel. [See Exhibit E] This material offers some abrasive wear resistance, coupled with
some corrosive wear resistance. It is commonly hardened to the mid 50 RC range with the barrel
liners and screw elements having about a 4 RC point spread to help prevent galling. This hardness
spread will also make the barrel (or liner) last longer than the screw parts. Traditionally screw
parts are less costly than liner or barrel sections and are also much easier to replace. One must be
careful when applying 440C, as minor changes in hardness above a certain level cause significant
changes in the ductility of the material. The over hardening of 440C to achieve better wear
characteristics will reduce toughness and can cause brittle fracture failure of components.

Still another family of materials that have been used very successfully for mild to medium
wear resistance are the cast iron based alloys. Typically the Meehanite materials have been
designed for wear, heat and corrosion resistant applications. [See Exhibit F] For typical non-
corrosion wear conditions, Types W, WS and WSH materials are available. Type W offers
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exceptional hardness with moderate shock resistance. Type WS offers high hardness, strength and
toughness. Type WSH offers high impact strength. Additionally, the Thermoloy grade of HC-250
offers excellent abrasion resistance, and excellent heat resistance. [See Exhibit (] The caution
here Is that these materials when heat treated to acquire optimum wear resistance become very
brittle and have little impact strength.

For medium wear conditions, mostly involving erosion due to abrasive wear, the current
standard materials used on most twin screw mixer extruders are Crucibles CPM-9V and CPM-
10V. [See Exhibit H] These materials have proved to be very effective on machines in a wide
variety of applications. Both of these materials are produced from powdered metallurgy and the
metal stock is formed by a process called Hot Isostatic Pressing. The metal powder is put into a
vessel and vacuum is used to draw the material down so that it is at maximum density. The metal
in the vessel is then melted and compacted at 50,000 PSI. The pressure is maintained in the vessel
while the metal cools. The vessel is then cut away by chemical etching or by conventional
machining methods. The remaining metal is then the raw bar or plate stock for the manufacture of
barrel and screw components. These materials once machined can be through hardened to
Rockwell levels in the 60 to 62 RC range. The normal concept is to utilize the CPM-9V for screw
parts and the CPM-10V for the barrel liners. Approximately a 4 point RC spread is maintained
between the screw and barrel parts for anti-galling and sympathetic wear considerations. When
barrel and screw parts reach a certain size, the more practical approach is to HIP Clad the barrels
and soft core the screw parts. This is achieved via the same method as forming the original bar
stock, however in this case the vessel itself becomes the barrel or the screw core. HIP cladding of
the barrels is, for the most part, a cost savings measure as only the bores need to be abrasion
resistant. [See Exhibits I&J] From the standpoint of the screw parts, the softer ductile core
prevents brittle fracture of the screw components when unplanned impacts are encountered in the
system. However, it is not practical to soft core very small screw parts.

When wear in these applications contains an element of corrosion along with erosion, the
CPM-420V alloy which is heat treatable (may be through hardened) while offering an element of
corrosion resistance, is a good choice. [See Exhibit K]

Some manufacturers use D-2 (high chromium, high carbon cold worked tool steel) or
other Tool Steels to advantage in medium wear applications. When through hardened and also
nitrided they offer good wear characteristics for a reasonable price. D-2 can be through hardened
to about 52RC. With nitriding it can produce a 72 RC surface, but at a very shallow case depth.
The Crucible alternative to D-2 1s their Cru-Wear material which normally offers better wear
characteristics than D-2 or O-1 at a very comparable price. [See Exhibit L] This is because it
contains 3.5% Vanadium Carbide and is heat treatable to a much higher level of hardness without
sacrificing the toughness and strength of the Tool Steel. Cru-Wear is hardenable to 62RC and as
such holds a nitrided surface of 72 RC at a much better case depth than D-2. Cru-Wear is also
available as a HIP Clad material.

If one were looking to get a more wear resistant material into current machine designs on
the market but was not yet prepared to delve into the very exotic alloys because of cost or other
practical considerations, the next level up in wear resistance would probably be found in a new
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alloy recently released by Crucible. That alloy is CPM-15V. [See Exhibit M} In many applications
this alloy has been found to have more favorable wear resistant properties than the more well
known CPM-10V. In this case, the best combination of materials would probably be barrel liners
made from CPM-15V and screw parts made from CPM-10V. Consideration of HIP clad and
hardness differential between the parts should be considered, the same as for the CPM-9V and
CPM-10V combinations. This is done to minimize the possibility of adhesive wear.

The next step up in wear resistance, would be the HIP clad Colmonoy materials with
Tungsten Carbide. The toughest of these materials is likely to be Colmonoy 88/w 40% Tungsten
Carbide. [See Exhibit N] As these materials are 72RC as Hipped, they pose very specific
manufacturing problems. Currently the best way to produce a finished product is by Electron
Discharge Machining (EDM) and/or grinding. Each of these processes requires special machines
and are quite costly. Therefore, the requirement to use such materials must be justifiable to the
cost. Wear resistance on these materials is said to exceed that of almost any other production
material on the market. This material can be custom tailored to contain any amount of Tungsten
Carbide from approximately 15% to as high as 40%.

In addition to the HIP Clad materials, a wide variety of custom blended ceramics and
metals can be employed to coat both barrel liners and screw parts using Fusion Deposition
Processes. [See Exhibits O&P] These materials can also be applied to a wide variety of base
metals providing many combinations applicable to corrosion, erosion and gatvanic reaction. The
Ceramics and Tungsten Carbides, in most cases, are extremely hard and abrasion resistant. The
optimum process to be used with this type of application is high velocity impact deposition. With
this process, the deposition gun generates 18,000°F plasma at controlled velocities between Mach
1 and Mach 4. The coating impacts the substrate in a plastic state and some fusion occurs. The
bond is chemical/mechanical at the grain boundary level. The normal deposit of ceramics or
carbides for wear is .005 to .007 inches thick, but for many other materials it is possible to build
up the subsurface to .100 inches thick. The coating density can be controlled to present little to no
interconnecting porosity.

Over recent years a family of complex buffer materials have been developed. These hybrid
alloys act as buffers between the ceramic coating and the substrate material. This buffer coating
allows the ceramic or carbide and substrate to expand and contract thermally at different rates
without inducing stresses from one material to the other. A typical example of this application is
the coated Titanmium exhaust nozzle leafs on afterburners coated for aircraft manufacturers, as well
as the government. (Typical users are McDonnell Douglas, G.E., Boeing, Pratt & Whitney, Rolls
Royce, U.S. Air Force, Navy, etc.). The Air Force has extensively tested ceramic coated
afterburner nozzles in Alaska on the F-15. These engines are started at -50°F and within 3-4
minutes, the afterburner nozzles reach 3000°F and glow white hot. The ceramic coatings on these
nozzles have never failed.

To date over 10,000 exhaust nozzles have been manufactured with ceramic coatings for
over a dozen aircraft engine manufacturers without a single failure of the ceramic coatings.
Indications are that a stress free pure ceramic coating from .025 to .035 inches thick can be
applied. Ceramic and metal hybrids can be deposited up to .200 inches thick. Currently, there are



MECHANISMS OF WEAR & MATERIALS THAT ENHANCE WEAR RESISTANCE P AGE 8

over 200 formulations of ceramics and hybrids which are applied off the shelf. Suppliers can
specially formulate almost any composition of materials to fit a unique application.

Ceramics have their own special problems -- the most significant being that they are very
brittle, as it is the hardness which gives them exceptional wear resistance. In order not to crack or
chip parts, special geometric forms on the substrate materials are required where the ceramic will
be applied. Keeping the thickness of the coatings to the optimum nominal thickness required to do
the job also reduces the probability of chipping and cracking. In some cases too thin a coating will
cause it to chip or crack, in others too thick a coating will cause similar problems. The buffer
materials give the coatings a better chance of impact survival as well as thermal stability. Another
technique utilized to improve ductility is to alloy the coatings. Some ceramics are also very poor
conductors of heat and if they are applied with a significant thickness, they will reduce heat
transfer. However, there are a few ceramics which are very good conductors of heat. On the other
hand, ceramics are generally poor electric conductors with high dielectric strength; this helps in
applications where galvanic reactions occur. They can also be sealed with a wide variety of
phenolics to increase dielectric strength. If barrels to be coated are not split, then 2.5 inches is
about the smallest bore that can be coated evenly for any appreciable length. Bores smaller than
this can only be coated about one length to diameter ratio. This is because the high velocity
plasma heads used for deposition are too big to fit in a bore smaller than 2.5 inches. For the Ulira
High Velocity Deposition processes (Modified HVOL), non split bores of less than & inches in
diameter cannot be coated.

For optimum wear resistance, the following ceramics should be considered: Chromium
Oxide materials for the barrel liners, on a base metal of 4140 heat treated or 4340 heat treated
alloy steel. Base metals should be about 28-32 RC to give core toughness desired, the Chromium
Oxide Ceramics would be 72-73 RC (Modified HVOF process). If the ceramics are to be used as
coated, the optinum thickness would be .005 to .007 of an inch, if the surface is to be ground or
lapped prior to use, then .008 to .010 of an inch would be the recommended thickness. To be
compatible, screw parts should be of the same base metal, but coated with Gray Alumina
Ceramic. This material has a coated hardness of 65-67 RC. Alternate materials for the screws
might be Aluminum Oxides or Cobalt based materials.

From an economics standpoint going with as coated parts and avoiding the surface
grinding or lapping is advisable. Post surface preparation is very expensive on these types of
materials.

As for corrosive applications, the ceramics listed above are good choices, but other less
expensive alternates are available. Where abrasive wear and adhesive wear are not a problem,
simple 304 or 316 stainless steels are effective. For very aggressive corrosion problems, looking
at more exotic nickel based materials such as the Hasteloys and Inconels may be a requirement.
Where corrosion and abrasion are a collective problem, precipitation hardening stainless steels like
17-4-PH are a good choice. Where corrosion and adhesive wear are a collective problem, non-
galling materials with corrosion resistance characteristics similar to Type 316 Stainless Steel are
available, such as Waukeshaw Alloy 88 material. [See Exhibit Q] Where strength, wear and
corrosion are all simultaneous problems, Duplex Stainless Steels are popular remedies. The most
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well known of these materials are the Armco Nitronic materials such as Nitronic 60 and the HTM
Division, Cabot Corp. materials such as Ferrabum 255. [See Exhibits R&S] Both of these
materials offer high strength and are hardenable while providing good corrosion resistance. They
can also be coated with ceramics to enhance their wear resistance.

An interesting approach utilized in some batching processes to overcome the most difficult
wear problems could be entertained for twin screw extruders as well. The novel approach is to
run the very aggressive material primarily against itself. An example is a molten salt bath. The
process salts when heated to 1800°F temperature are very active and aggressive both from an
abrasion and a corrosion standpoint. While there are materials that will stand the corrosive affects
of the chemical attack at this elevated temperature, almost nothing will withstand the combination
of heat/corrosion/abrasion. The novel answer to this problem, was to heat the salt bed internally
to melt it, and cool the vessel walls creating a fitm of solid salt on the internal wall surfaces and
hence making the process material the inner shell of the vessel. A similar concept can be used in a
twin screw mixer/extruder by rifling the barrel. The grooves fill up with the process material
which runs against itself primarily as the basic wear surface. The drag flow of the machine is also
enhanced as the compatibility of the process material against itself promotes good adhesion and
reduces wall slip.

As we discussed, there is almost an infinite number of materials and combinations of
materials that can be utilized to improve wear resistance. These represent but a small part of what
is available to the industry today. However, these are probably the most commonly used for
applications involving twin screw mixers and extruders. Possibly this information will prove to be
of some use to your present and future development plans.
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FORMING A MIXING SECTION
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COMPARATIVE WEAR

440C vs. M2 Tool Steel . .. ...
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LwW-5 vs. M2 Tool Steel .. .........
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SERVICE CONDITIONS COATING RECOMMENDATIONS
Environment tmpact and Vibration Cutting Abrasion
__“Near Neutrai Fluids LW-1N40 LW-1 Lw.1
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WEAR-RESISTING TYPES

UT.S. Yield Elongation Brinell Impact FATIGUE LIMITS :
% Range ﬁs
F.Lbs. *ROTATING BENDING &
J Notched | Unnotched
WA PSl 50,000 250/350
N/mm? 345 {as-cast)
<550 heat-
treated
Wi PSI 50,000 500/600 *30-50
N/mm? 345

W2 PSI 60,000 500/600 *40-60
N/mm? 345 ' —

Wwa PSI 50,000 400/700 40-70
N/mm? 345 T

W.S. PSt 60,000 50,000 2-4 400/525 *<180
N/mm? 410 345 N T

W.S.H Psl 100,000 75,000 4-10 350/500 <120
N/mm? 690 517 <120
AQS. PSi 80,000 70,000 1-3 225/500 1.3
N/mm? 550 480 "1-4
K2gs RSl 130,000 100,000 8-12 280/380
N/mm?® 900 690 270 440
K325 Psl 145,000 112,000 5-8 300/350
N/mm? 1000 770 320 466 f
K405 PSI 175,000 140,000 2-5 <380
N/mm? 1200 965 350 510
Symbol Rm Rpo.2 AB HB30 T Ty (!

1 Charpy 10mm?® V Notch ? Waéhler Rotating Bending Fatigue Test using a 10.6mm diameter test piece,
* Ft, Lbs. 4 Joules

TABLE 1
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Wear Resistance

WEAR/CORROSIVE
WEAR APPLICATIONS APPLICATIONS

CPM 10V MPL-1

gD
| i H

Crucible CPM 10V and MPL-j
provide exceptional hardness and
wear resistance.

1

AN

WEAR RESISTANCE
(RELATIVE PERFORMANCE}

57

(=T A - T © - R B -~
H

56 &0 60 60 60 62 54 50 57 57 63
HarDNESS HRC

Toughness
WEAR/CORROSIVE
WEAR APPLICATIONS APPLICATIONS
T 150 7
}-—
o
Lzu 130
o
A 110
Crucible CPM 9V and 10V also G 90
exhibit toughness comparable to & o
many other less wear resistant =z
tool steels. §£ w0
o CPM 10V 440C ﬁ"ﬁ,
z‘ 30
o
5 10
[+4
3
o 56 60 60 &0 60 &2 54 60 57 57 57
HARDNESS HRC
Composition, WT %
Grade * C Cr v Mo w
CPM oY 1.78 525 g0 1.3 e
CPM 10V 2.45 5.25 9.75 1.3 e
CPM M4 1.40 4.0 4.0 5.0 5.50
MPL.] 3.75 240 2.0 3.0 —_
CPMA40 Y 1.9 17.5 6.0 1.0 s
High vanadium screw segment CPM 420 V 217 13.0 9.0 1.05
with ductile steel core. ) ) )

Note: Properties shown in this date sheet are typical values. Normal variations in chemistry, size and conditions of
heat treatment may cause deviations from these values. For additional data and metallurgical engineering
assistance, please coll your Crucible technical service representative, at (412) 923-2670.
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CRUCIBLE

CPM 420V is a unique tool steel made by the Crucible Par-
ticie Metallurgy process. it is designed from a martensitic
stainless steel base analysis, with high vanadiurm and car-
bon added for exceptionally good wear resistance. CPM 420V
offers significant improvements over CPM 440V and other
high chromium P/M and conventional tool steels in both wear
and corrosion resistance.

The wear and corrosion resistance of CPM 420V make it an
excellent candidate to replace CPM 440V or AISI 440C, where
increased wear is a primary concern, as well as D2 or other
tool steel applications where improved corrosion protection
is of benefit.

Typical Applications

Plastic injection and Extrusion Feedscrews
Gear Pumps

Non-return Valve Components

Gate and Nozzle Inserts

Pelletizing Equipment

Injection Molds and Inserts

Industrial Knives, Slitters and Gutters
Long-wearing Specialty Cutlery

Bearings, Bushings, Valves,Rolls

Wear Components for Food and Chemical Processing

Note: These are somelypical applications. Your specific application should
not be undertaken without independent study and evaluation for suitability.

Mechanical Properties
Wear Resistance:

in wear testing, CPM 420V has shown 25% to 50% hetter
wear life than CPM 440V. Both grades offer several times
better wear resistance than standard 440C.

impact Toughness:
CPM 420V offers similar impact toughness (Charpy C notch)
to CPM 440V and standard 440C at comparable hardnesses.

Mechanical propetties
Hardness Impact Wear
HRC © Toughness® Resistance
Ft-Ibs {(Joules) Adhesive® Abrasive®

CPM 420V 55/56 A 22 (30) 30/35  55/65
CPM420v 57 B 12 (i16) 3540  50/60
CPM440V 55 A 18 (24) 15/25  70/85
CPM440v 58 B 13 (17}  20/30  60/70

4400 56/57 C 26 (35 3/4 -
D2 59 D 22 (30 3/4
Notes:

(1) A= Hardened 1950 F (1065 C),
B = Hardened 2050 F (1120 C), double tempered 600 F (315 C)
C = Hardened 1900 F (1040 C), double tempered 60C F (315 C)
D = Hardened 1850 F (1010 C), double tempered 600 F {315 C)
{2) Charpy C-notch impact test
{3} Crossed-cytinder adhesive wear test (higher number = batter wear
resistance}
{4} Pin abrasion wear loss {Jower number = better wear resistance)

Crucible
Service Centers

EXHIBIT K —

CRUCIBLE CPM® 42OV Issue #1
(AIS] 420 modified with high vanadium)

Carbon 2.2%

Chromium 13.0% (g)
Vanadium 9.0% —
Molybdenum 1.0% e

Physical Properties

English Units  Metric Units

Elastic Modulus 31 x 10° psi 215 GPa
Specific Gravity 7.40 7.40
Density 0.27 thsfin® 7400 kg/m?
) (7.4 g/cm?)
Thermal Conductivity @ 200 F (65 C)
10 BTU/hr-ft-F 17.3 W/m-K

(0.041 cal/cm-s-C)
Coefficient of Thermal Expansicn

°F (°C) infin/°F mm/mm/°C
70-400 {20-200) 6.1 x 10° 11.0 x 10%
70-600 (20-315) 64 ¢ 115

Machinability and Grindability

Machinability in the annealed condition is similar toc CPM
440V, Grindability will be slightly more difficult due to the
higher vanadium carbide content. Similar grinding equip-
ment and practices are acceptable. “SG" type alumina
wheels or CBN wheels have generally given the best
performance with the CPM steels.
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ABRASIVE WEAR RESUSIANCE aPACT TOUGHMESS

ADVIESIVE WEAR RE SiSHTANTE

Relative Wear and Toughness Properties, CPM 420V vs 440V and 440C.

Note: Properties shown throughout this data sheet are typical values. Norma.
variations in chemistry, size and conditions of heat treatment may cause de-
viations from these values. For additional data or metallurgical engineenng
assistance consult your locat Crucible Service Center.



CRUCIBLE I . %0

CRU-WEAR is an air hardening tool steel possessing an
excellent combination of high wear resistance and tough-
ness. This grade is readily machined in the annealed
cordition and exhibits minirnal distortion in hardening. The
nomal heat treatment is compatible to a wide variety of sur-
face coatings such as nitriding, tin coating, etc.

CRU-WEAR excels in applications that require higher
wear resistance than D2, greater toughness than M-2 high
speed stesl, or in applications that require both.

The combination of wear resistance, comprassive
strength, and exceptional toughness make CRU-WEAR a
great choice for a wide variety of demanding tooling applica-
tions.

Typical Applications

Punches Blanking Dies  Knives

Thread Rolling Dies . Shear Blades  Rolls

Forming Blades Planer Blades  Gatiges

Wear Parts Coining Dies Trim Dies
Lamination Dies

Note: The above are soms typical applications. Your specific apphcation
shoult not ba undertaken withou Indapandent study and evaluation for suit-

ability.

Toughness

Lowering the hardening tempereture (underhardzning),
reduces the grain size and increases toughness,

lague #
CRU-WEAR
Typical Chemlstry
Carbon 1.10
Manganese 0.35
Sllicon 1.10
Chromium 7.50 s
Vanadium 240 ‘8}
Tungsten 1.15 ol
Molybdenum 1.60 iz
Physical Properties
Dansity, ID/CUIN. «oeeirec e .0.28°
SpecicQravily ..o e 178
SpeciHic Heat ... e 0.3
Modulus of Elasticity, psi (Compression) ............. 30-32x 10

Annealed Hardness - BHN 207/248

Surface Treatments

CRU-WEAH can be nitrided, steam tempered, or titanium-
nitride coated if desired. if the CVD TiN treatment is useg
care (s required in vacuum hardening,

TOOL STEEL COMPARAGRAPH

CReE CRUWEAR o022
Crucible

Service Centers

Bl IMPACT TOUGHNESS
WEAR RESISTANCE

02 M2
g0/62

Nole. Propartias show throughout this data sheet are typical vaiues. Noma:
variations in chemistry, size, and conditions of heat trealment may Cause
dgeviations from these values. For additional data and metatiurgical englneer
ing assistance, sonsult your local Crucible Senvice Center.

EXHIBIT L



Crucible
Service Centers

Tom Schleicher

CrUCibIe Senior Sales Representalive

o serV|ce centers A Dlviston of Crucibie Materials Corporation

A Division of Crucible Materials Corporation 1201 Pledmonl TOOL STEEL

Troy, Michigan 48083 ALLOY STEEL
343/528-0332, WATS: 800/365/1133 CPMHIGH SPEED

CRUCIBLE CPM@ lSV TFAX: 313/528/1977  CONV HIGH SPEED

Preliminary Technical Information

Note: The following information represents tfie results of laboratory development work and
preliminary commercial testing for a new grade, CPM® 15V. A full datasheet, including
more detailed information, will be available upon commercial availability of the grade.

Relative Wear Resistance @ HRC 60-62
and Coded Toughness Guide

140

120 -

100 rToughness Guide:

—
Adequate

{7 Good

B Very Good
M Excellent

80 -
60 L

Relative Tool Life

N2 ot \\}\rl \,\Cf g\i ) ,i/\"o o
\*I‘\\I\b‘ O?\\I\ Q?\\I\ v A

CPM 15V 1s a new tool steel made by the CPM (Crucible Particle
Metallurgy) process. It is more wear resistant than our CPM 10V.
it has about 50% more hard vanadium carbide in its microstructure
than CPM 10V, to provide superior wear performance.

CPM 15V is intended for applications where wear is the primary
concern. It is ideal for tools where CPM 10V is already
successfully used, and even longer wear life 1s desired. CPM 15V
is also recommended for any long wear life application wheére
carbide tooling i1s too brittle.

The CPM pProcess produces very homogeneaous steel
microstructures, which are characterized by better toughness and
machining characteristics than conventiconally produced steels of
similar alloy content. However, when considering appropriate
applications for CPM 15V, it is necessary to keep in mind that CPM
15V will be slightly less tough than CPM 10V, and machinability and
grindability are expected to be at least 50% more difficult,
because of Lhe additional L.: careixde volumo i uie stecl.

— EXHIBIT M



WEAR BESISTANT PRODCTS AND SEAVILE R

cﬂlMﬂ”ﬂy technical data sheet

/f% Wat Colmonoy Corporation. 30261 Stephensen Hwy |, Madison Heighls. Mi 4807 1-1850
\; ¢ Te! 810-5835-64C0 Fax 810-585-7960

No. Ni-4,48

COLMONOQY No. 88

A Patented- Hard-Surtacing Alloy With
Bi- and Tri-metallic Hard Phases for Maximum Wear Resistance

NOMINAL COMPOSITION

Carhon .. ... . . e 0.8%
Chromivm ... .................... 150
Borom .. .. ... e 3.0
Silicen . ... . 4.0
Iron ...... . 33
Tungsten .. ... ... .. 17.3
Niekel ... .. . . .. . .. . Balance

PHYSICAL PROPERTIES

Hardness (Rockwell Cy ..., ... .. 5964
Melting Point (approx):
Solidus .. ....... . e IBIOPF (990°C)
Liquidus . . .............. 2160°F (1180°C)
Density ...... ... ... ... ... 9.8 gm/cc
Apparcal Density ..., ... ..., 4.78 gm/cc
DESCRIPTION

Colmonoy 88 is a unique alloy containing fine,
multiple bard phases which are uniformly distri-
buted throughout a Ni-Cr-B matrix. These hard
phases, comprised of complex bi- and tri-metallic
borides and carbides, are precipitated during
manufacturing, and are therefore an inherent part
of the microstructure and not added externally as in
conventional composite powders. The hard phases
remain  uniformly  distributed during  shipping.
spraying and fusing to ensure coasistent perfor-
mance throughout the coating. They are an intimate
part of the matrix and will not erode prematurely.
Their fine size (5-10 microns) contributes to better
finishing characteristics. The hard phascs, along with
the high-hardness Ni-Cr-B raatrix, resist extreme
abrasion and corrosion

TYPICAL USES

Colmonoy 88 has proved suceessful in increasing the
service life of glass mould plungers, where the alloy
withstands  wear [rom hot (IB0°F), extrcmely
abrasive. molten silica. Other applicatinns include.

*US Patent Ng 5141871

Photomicrograph (160X) of Cotmonoy 88 shows the exclusive,
fintly dispersed bi- and tri-metallic hard phases distributed in

the hard Ni-Cr-B matfix.

G-65 Dry Sand Abrasion Test

walght Loxs (mg)

/? 420 mg {
500 A i Wore Through

! 0.005* Cage Depth |
4001 L ;
| |
I
; i
JOC | !
j 149 [
‘ mg ‘
204 4 : £.013° Thick i
| |
i i
100 - 1 29 mg :
0.025" Coating !
e -
o i , .// v _//

Colmonoy Hora Chrome Nitrided 4140

be Surface Treaimen!

The chart shows (he results of basic abrusion tests (ASTM-GAS )
companng lhe wear resistance of Colmonoy B8 1o typical hard
coalings: ion mitnding and hard chromiem plating. Colmonoy 88
iz supenor Lo the other coaungs by a significant margio.

purnp plungers and sleeves, valve seats, thermowells,
centrifupes, plastics prt)ccssing screws and barrels,
wire drawing capstans, catalytic cracker compongnts.

N EXHIBIT N



TECHNICAL DATA BULLETIN
MATERIAL: Tungatan Carbide-Cobalt
DESCRIPTION: A dense, extremely smooth aé~sprayed coating which

generally does nol reguire finishing and is highly resistant to
frotting at low Ltemperatures.

MATERIAL ANALYSIS:

1, CHEHMICAL COMPCSITION: 83% W 12% Co 4% C 1% e
2. COATING DENSITY (G/CC): 13.6 -
3. TENSILE BOND STRENGYH (PSI): 8,500
4, TYPICAL MACROHARDNESS: Rc 53

5. TYPICAL MICROHARDNESS: 780 DPH

6. COATING TEXTURE (A5 _SPRAYED): 260 micre asa

7. GDATING FINISH (GROUND): 7—-8 micro aa

8, COATING FINISH (LAPPED): 2.5~3.5 micro aa

9. PORQSITY (VOLUME %): Less than 2
10, SERVICE TEMPREHATURE (LIMIT): 500 degrees F

11, APPLICATION METHOD: Plagma Spray

FSC 2071VFE

-_ EXMHIBIT O



TECHMTCAL DATA BULLETIN

MATERIAL: Tungsten Carbide/Cobalt

DESCRIPTION: & virlually 100% dense, highly wear rooictant coating,
characterized by & very spooth, as spraved surface. Hardnesses far
exceed those previvusly ubtained by conpventional plasma oprey methods.
Very high resistance to wear by fretting and abrasion are demonstrated
by this cocating.

MATERIAL ANALYSIS:

Iv  TENSILE BOND STRENGTIL (PSI4: 12,000 e -
2. PORQSITY {(NOLUME %): Less then 1 - _— ——
3. TYPICAL MACROHARDNESS: ) Re 90-72 } e
4, TYPIGAL HIC%OHARDKES&; 1976-1245 DPH
§. COATING TEXTURE (AS_SPRAYED): ) 120-150 micro aa _
6. COATING FINISH !GRQUND): 6-10 micro aas —
7. COATING FINTSH {LAPPED: 1-2 micro es

8. SERViICK TEMPERATURE (LIMIT): 1000 degrees F

9, APPLICATION METHOD: HVOF Spray

FSC 22003

- EXHIBIT P



Waukesha
Foundry, Inc.

CORROSION-RESISTANT, ANTI-GALLING

WAUKESHA ALLOYS
NICKEL BASE

Prevent Galling, Seizing
In Metal-to-Metal Contact
Where Lubrication is
Restricted

P o —r

Microphotography shows effect of galling on structure of
metal sample.

In machinery or equipment with moving parts, the action of
one metal chafing or sliding against another metal without
lubrication is likely to cause galling or seizing. Waukesha
Foundry has developed several corrosion-resistant nickel-
base alloys that work in contact with stainless steel,
inconel, Monel, chromium plate and many other metals
without galling or seizing. These unique anti-galling alloys
are used frequently in applications where daily cieaning or
sterilization are reguired and where, as in pharmaceutical,
food processing, and certain manufacturing operations,
the use of lubricants is prohibited.

Such conditions as temperature variations, bearing load,
mating materials, the type of product contacting the cast-
ing, and operating speed ordinarily determine which anti-
galling alloy to use. Waukesha Foundry also conducts
extensive t{ests on the corrosive effect of food products

FLEVATED TEMPERATUPE PLO PERTIES

80
e e e,

60 \

i :%g"é‘\zsel “\\

20 54C -
l

200 400500600 80C 1000 12G0 1400 1600

TEST TEMPERATURE ©F

TENSILE STRENGTH (KSH

and chemicals on high alloy materials. Do not hesitate to
consuit with our metaliurgists for specific recommenda-
tions.

Please note that these anti-galling alloys cannot be hard-
ened,or welded. They are used exclusively in the as-cast
condition.

A Family of 4rit-Gaibng Llloys

Not just one alloy, but a family of alloys provides superior
resistance to galling or seizing in applications where
metal-to-metal contact occurs without an additional ubri-
cating element. Waukesha Foundry's nickel-based 23Bl,
54C and 88 alloys are all anti-galling, but each has distinct
differences, making proper selection imperative.

88 Alloy ~ Known as "the metal that mates”, the 88 alloy
is the werkhorse of the anti-galling famity. It offers good
strength, superior corrosion resistance, and can be used
at temperatures up to 500°F. It is ideal for use wherever
close clearance with moving parts is required.

6 T I |
NTRON 60 ‘l WAUKESHA 83
vs Vs

§ | awsss //,’u/ 31655
24
3 P2 I
Q
g / |- ‘/..D/
o2 4
B
8 | [J GALLING OCCURS

[

0 50 500 5,000 750,000

100 1,000 10,000 .. 100,000

PV

23Bi Alioy ~ Offers somewhat simitar strength, good cor-
rosion resistance and can be used up to 500°F. The 23B}
alloy has good hardness characteristics, is readily
castable and machinable. The alloy was specifically devel-
oped for use in dairy equipment and other food processing
machinery where sanitation is essential.

54C Alloy — This, our highest strength alloy, has good corro-
sion resistance and can be used at temperatures up to
1,600°F. The alloy’s excellent seif-lubricating qualities, due to
the inclusion of silver, make it ideal for valve guides irr.aircraft
engines that must operate in extremely hot temperatures.
The 54C alloy affords exceptional wear resistance.

S EXHIBIT




Here’s The Stainless Steel That

Wears Up 1o Three T'imes Beltler
Than High Cobalt Alloys But Costs Much Less!

ARMCO

Amount Of Wear After 100,000 Cycles

NITRONIC 60 (7 mm? wear) /

W—
SPR— .

Axis labels 5 10 156 20 25 30
Wear {mm?)

EXHIBIT R e



A New High-Strength Super Stainless Steel

Outstanding Corrosion
Resistance

FERRALIUM alloy 255 is a
patented, ferritic-austenitic
stainless steel containing
approximately 26% chromium,
5% nickel, 2% copper and
3% molybdenum. It combines
high mechanical strength,
ductility and hardness with
resistance to corrosion

and erosion.

The corrosion resistance of
FERRALIUM alloy 255, under
most conditions of service, is
superior to that of the fully
austenitic type 304 and 316
stainless steels. it has
excellert resistance 1o
sulfuric, phosphoric, nitric, and
many other acids and salfs.

Alloy 255 is highly resistant to
acetic, formic and other organic
acids and compounds. It is
particularty suitable for the
higher concentrations and
temperatures where pitting and
preferential corrosion are
common causes of failure

with most conventional
austenitic stainless steels in
the presence of chlorides and
other impurities.

Like the austenttic stainiess
steels, FERRALIUM alloy 255
is not generally suitable for
handiing hydrochloric acid
and other severely reducing
acids and chemicals.

Resists Chloride
Stress-Corrosion Cracking
Alloy 255 has improved
resistance 1o siress-corrgsion
cracking, cravice corrosion
and pitting when compared tc
auslenitic stainless steels such

astypes 304 and 316. Itis highly-

resistant to stress-corrosion
cracking in sodium chloride,
sea waler and many cther
sait solutions.

Physical Metallurgy
FERRALIUM alloy 255 is a
duplex alloy with approximately
equal porticns of austenite and
ferrite matrix phases. The alloy
has primary M,;C, carbides in
the annealed condition and
forms secondary M,,C,
carbides when exposad in the
1000-2000C deg. F (538-1093
deg. C) temperature range.
Aging or use of this alloy in
the 1400-1600 deg. F {760-871
deg. C) range should be
avoided since an abundance

FERBALIUM @ a registered rademark of Langioy Alloys Limiled

of an Fe-Cr intermetallic
(sigma) phase is produced.
Although the precipitation of
the sigma phase does not have
a significant effect on the
corrosion resistance of ailoy
255 1In oxidizing environments
represented by nitric acid and
ferric suifate tests, the ductiiity
of the alloy is drastically
reguced.

Heat Treatment

Optimum properies are achieved
by a simpie heat- treatment
which does not involve martensitic
transformation. FERRALIUM alioy
255 is solution heat treated at
2050 deg. F (1120 deg. C) and
rapid cooled. The alloy ¢an be
hardened by a subseguent heat-
treatment at 950 deg. F (510
deg. C) for 4 hours, air coof.

Availability

FERRALIUM alioy 255 is available
from High Technology Materials
Oivision in the form of sheet, strip,
plate, bar, billet, welding elec-
trodes, wire, tubing and pipe.

Applications

Because of its resistance
to chiocride pilting and slress-

EXHIBIT S



Injection Loading of PBX into Various Munitions and Components

Kirk Newman, Steve Jones, Suzanne Williamson, Neal Cowan, and Jim Gusack
Energetic Materials Research and Technology Department
Naval Surface Warfare Center
Indian Head Division
Yorktown, VA 23691-0160

The success of smart weapon systems has generated a need to process highly
filled plastic-bonded explosives (PBX) through narrow flow channels. From
a chemical engineering point of view, we need to understand the momentum
transport and mass transfer phenomena of these viscous suspensions so that
flow instabilities are minimized and adequate product quality is provided.
These PBX materials are viscous suspensions containing multi-modal particle
size distributions that are often at or very close to the theoretical maximum
packing fraction. As a result, problems such as particle jamming, binder
filtering, and shear induced particle migration can occur in some processes.
Injection loading of highly filled PBX into various submunitions for smart
weapons, or Into weapon system components, or even into lengths of tubing
for manufacturing detonation cords, requires an interdisciplinary approach.
We present different engineering methods used to process PBX materials for
all of these applications. We discuss some processing problems that can
occur, and how they can result in product rejects. We then show how we
utilize science based models for process design improvements and process
control enhancements that can help to prevent processing conditions that
create product rejects. We conclude that explosive selection for DOD
applications must consider the rheology of the PBX, the geometry of the
process, and the anticipated production rate of the product. Otherwise,
producibility of a successful weapon system may be in jeopardy.
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INJECTION LOADING OF HIGHLY FILLED PBX MATERIALS

Kirk Newman, Steven Jones, James Gusack, and Suzanne Williamson
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Outline of Talk

a '_;Poiiutron preve_

[A] Introduction

[B] Injection loading of Submunitions
[C] Injection loading of Explosive Rope
[D] Injection loading of Initiation Systems

[E] Conclusions
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CURRENT PROCESS CONTROL PARADIGM ("DUMB" Process Control}:

[a] Expect no problems.

[b] Depend upon vendors, standardized specifications, and processing procedures.
[c] Not prepared for problems when they occur. Problems are disposed as wastes.
[d] Result is high reject rate and wasteful unit operations.

NEW PROCESS CONTROL PARADIGM ("SMART" Process Control):

fa] Murphy's Law applies. Problems will occur.

[b] Depend upon adaptive control that recognizes problems as they occur.

[c] Link anticipated disturbances to manipulative variables in the control strategy.

[d] Preemptively compensate for disturbances before material exits unit operation(s).
[e] Problem recognition invokes processing changes that prevent waste generation.
[f] Reduced poitution and "zero defects™ munitions.

NSWC

NAYAL SUKSALE WARFARE LENTER

INDIAN HEAD DIVISION




Naval Surface Warfare Center
INDIAN HEAD DIVISION

INTRODUCTION

[1]

[2]

[3]

[4]

Smart weapons, distributed explosive nets, and Special Forces requirements
necessitate loading small diameter munition components.

Lethality requirements and Navy Insensitive Munitions (IM) goals necessitate using
highly filled PBX materials having elastomeric binders.

Better science and engineering data on PBX materials is required to describe
flow behavior in process geometries.

Automated manufacturing techniques, such as injection loading, must be used to
perform real-time process control to produce zero defects.




EVOLUTION OF PROCESSING EQUIPMENT

Maval Surface Warfare Center
INDIAN HEAD DIVISION

MELT-CAST LOADER AT KAAP

1 AN
“Explosive Injection Molding Unit,” MM&T Project 5824312, is  ; @

designed to pump melt cast explosives at about 0 - 50 psig from a
b prp Xp OSVES A% 801 P8 DAY & ZIMMERMANN, INC.

heated reservoir through eight horizontal injectors. Capacity is

about 500 Ibs/hr. “A Leader in Munitions Production Technology”
DEAERATOR LOADER AT LLNL
University of California
“50 Jb De-aeration Machine,” Dwg 82-111206-00, is designed to Lawrence Livermore
degass and inject high viscosity explosive at about 100 - 300 psig :
and ambient conditions through one horizontal injector. Capacity Natlonal Laboratory
is about S0 lbs/hr.

INJECTION LOADER AT NSWC

“Apparatus for Injection Molding High-Viscosity Materials,” U.S. Patent
5,387,095, is designed to simultaneously degass and inject viscous plastic bonded
explosives at about 100 - 200 psig and between 0 - 120 “C through one vertical
injector. Capacity is about 200 Ibs/hr.




EVOLUTION OF PROCESSING EQUIPMENT

Maval Surface Wariare Center

INDIAN HEAD DIVISION
MELT-CAST LOADER AT KAAP —=t . H
P o=y L |
o o Bl s
@ ®
%  High volume, large capacity | . = - }
S - | R | | Byiry
B3 Eight simultaneous injectors : ! ; D ! ’ _.}f ‘
: P4y F ! i
N A SR &
#  No vacuum loading capability, 5 o 7 Dm0
only adequate for low viscosity ; AL L N 7 1IN 7 f A
. - '@ l i s':tm SOTILRS ’/’ S"’E‘“’"!---—-: } @ N
explosives, like Cyclotol (BN, - W i B N\
E -li.%‘...“... Lot \2-' S - i lt; \el' \ b
% Multiple corner turns indicate N s I - s N
potential for momentum and ' 2R =T\
mass transfer problems IS T ,”\““ ;1.1 | {”“f
. ......::_.a =i wﬁ ’.__i__} r:l ..ﬁﬁr,t
%  Clean-up for anything but melt cast ™ b §_=_~;—_L~"i; | ;_merrn |
explosives is difficult -

<+  Awarded a $14.5K contract in FY 87
to assess processing capability, _
resulting in failure to load PBX ‘

DAY & ZIMMERMANN, INC.

“A Leader in Munitions Production Technology”




EVOLUTION OF PROCESSING EQUIPMENT

Naval Suwriace Wartfare Center
INDIAN HEAD DIVISION

DEAERATOR LOADER AT LLNL
WA R .
, /:'::tdlng
<+  Low volume, R&D apparatus ) ]
<+  Single port injector
<+  Vacuum system is good for loading high : Unperpiton !
viscosity extrudable explosives or paste
explosives, such as ECX or PCX
; Vacuum T T Vacuum j
<  Severe corner turns indicate potential for I j
momentum and mass transfer problems | tower isten o
o Cleanup operations are awkward and
time consuming ¢
<+  Witnessed loading of hemispherical : :
charges in FY 87, resulting in decisionto W//’
design something different for plastic i L
bonded explosives (PBX)
University of California

L.awrence Livermore
National Laboratory




EVOLUTION OF PROCESSING EQUIPMENT

Maval Surface Warfare Center
INDIAN HEAD DIVISION

b
|
!

INJECTION LOADER AT NSWC

PBX SUPPLY

Pex CYUNQER\ {/! :
<+  Moderate volume, pilot plant apparatus conmor contnou camer
: Esg;u e ==l 5
<+  Single port injector : DA RGN a0 1y G S S
: - h ’ At WerECTIoN S10E
. . . | fousens 271 ==
< Vacuum system is good for loading || gupesss | T
- - . » | #BFyp i h HEX FLOW COMTROL VALVE
moderate and high viscosity plastic | ] f
honded explosives (PBX) l 5 cnvry rommen
. ;\LH __,J /S ; . MUNTTION
o No corner turns, the machine rotates N / : | f: cansi
to align degassed PBX for injecting "o’k . W, L
straight into evacuated submunitions, - / :
significantly reducing the potential for ‘ |
momentum and mass transfer problems
< Cleanup operations are relatively easy, ! oo
and are not time consuming :
<  Demonstrated injection loading of several ' omALc Crumoen
PBXs in various geometries and 7 NSWC Injection Loading Apparatus at Yorktown
submunitions :




DEVELOPMENT OF COMPUTATIONAL TOOLS

Naval Surface Warfare Center
INDIAN HEAD DIVISION

Ii

LEVERAGING 10 YEAR ONR INVESTMENT IN COMPUTATIONAL FLUID MECHANICS & RHEOLOGY

From 1987 - 1997 ONR (Code 333, R. S. Miller) has invested $800 K - $1.0 M per year in computational fluid
mechanics and rheology research at academic institutions, national labs, and Government activities to
understand transport phenomena important to the development and processing of energetic materials.

Ballistic Missile Defense Strategic Environmental R&D Proposed Explosive Stand-off
Organization (BMDO) Program / Clean, Agile Minpfi IdB p h ESMB-
{ | Manufacturing of Energetics efield Breecher ( )

UMASS {H. Winter)
MIT {R. Armstrong, R. Brown) (SERDPICAME)
Cal Tech {J. Brady) : PANE {A. Graham, J. Parkinson)
SIT (D. Kalyon) E:"STech (?' Q"';"’t"’"g} SNL (L. Mondy)
LANL (A. Graham) | | EDI iy gi}n) NAWC (T. Stephens)
SNL (L. Mondy) | L ANL (A G{a‘t’]am J. Parkinson) NSWC (K. Newman)
NAWC (T. Stephens) SNL {L. Mondy) P LMMS (A. Chow, S, Sinton)
Lockheed {A. Chow, S. Sinton) NAWGC (T. Stephens)

NSWC (M. Gallant, K. Newman)

L MMS (A. Chow, 8. Sinton)

Technology transition from R&D to production




DEVELOPMENT OF COMPUTATIONAL TOOLS

taval Surface Wartare Center
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COMPUTATIONAL MODELLING AND PROCESS DESIGN AT LANL

07

LANL uses theoretical and The Lovelace Institutes g %'
computational resources, as well as Albuquerque, NM 065 |-
MIR facilities in NM and CA to: .

06 Fo

[1] develop new “microstructual” theories
for modelling flow behavior of highly
filled suspensions

@ 055%

0.5 &

[2] develop experimental methods for
validation of “microstructual” theories
and appropriate constitutive equations

045 Lo mnn n.;. — A“ SRR S B

[3] develop numerical methods for solving
flow fields using “microstructual”
models

%‘i’- = KV -(0°Vi+61V9)+ K,V | 0%1—~21V

Phillips Diffusive Flux Model developed by MIT and LANL, Phys. Fluids, 4(30), Jan 1992

Los AlamOs virioxs. cxsomarony

Vi




DEVELOPMENT OF COMPUTATIONAL TOOLS

Naval Surface Warfare Center
INDIAN HEAD DIVISION

I|
|

PREDICTIVE AND EXPERIMENTAL RESOURCES AT SNL SNL uses MIR facilities at

. e . . The Lovelace Institutes in |
The SNL experiments and predictive tools verify that initially well mixed Albuquerque to: ;

suspensions demix during piston driven flow through a contraction. The

particles migrate to low shear-rate regions of the flow field. [1] image the phenomena of |

demixing that can occur
during processing of
filled suspensions

[2] examine piston-driven
flow of suspensions
through contraction and
expansion geometries

contraction end

[3] validate predictions of

high binder content low binder content constitutive equations
: I ' ' -' ] ' for real suspensions,

such as inert Navy PBX

[4] enhance their own fluid
mechanics codes, such
as NACHOS and GOMA

]

Driving Contraction . . )
piston :#. Sandia National Laboratories

5
Haers



INDIAN HEAD DIVISION

INJECTION LOADING OF HIGHLY FILLED PBX MATERIALS

Injection Loading of Submunitions

Momentum transport of PBXN-107 into submunitions such as the M73 Grenade
and the BLU-97 is a difficuit task. Traditional casting from a vertical planetary
mixer yields excessive voids, while volumetric loaders designed in the food
industry have yielded other problems.

%

A é,tf-%"'w 3 i AR
Cross-section of a PBXN-107
loaded BLU-97 bombiet




STRATEGIC ENVIRONMENTAL RESEARCH & DEVELOPMENT PROGRAM

—

SERDP/CAME PROCESSING TECHNOLOGY ASSESSMENT

INJECTION [ QADING OF BL{-97 SUBMUNITION

< Joint Stand-Off Weapon (JSOW) has loaded
2,448 BLU-97 submunitions with PBXN-107
having an average reject rate of about 24% using
a volumetric foader. The problems are due to
particle jamming and binder filtration, as well as
the geometry of the volumetric loader.

< TOMAHAWK Combined Effects Munition (CEM)
is also planning to procure PBXN-107 loaded
BLU-97 submunitions.

% Selection of an injection loading process with
model-based and rule-based process confrol can
resolve these processing problems. Resources
include NSWC, NAWC, LANL, SNL, MIT, SIT, and
Cal Tech.

—
Db [EPA

SERDP

Em roomeatal Rescarch
lopmant Program
Imc iy S sion Feadmess Through
Envirshenental Resoarch

DELIVERED
WEAPONS 4

Y BLU-97 A/B
¢/ Combined Effects Bomblet

AlR

ﬂ incendinry

Zircontum sponge ring
for tira-atariing

ff Antl-Personnat

Scored-stes!
bomb case for
feagrmeniation

Downwerd-fiing
“ FYTR-YCLI M conical shaped charge
K for armor perelration




'LOADING SMART WEAPON COMPONENTS Wi‘rH e

;- ( ..... - CASTABLE PBX THROUGH NARROW FLOW -
- igﬁ.ﬁ ~ CHANNELS CAUSES QUALITY comn_q_l.
AT "~ PROBLEMS AND HIGH REJECT RATES

Joint Stand-Off Weapon (JSOW) Combined Effects Warhead has
BLU-97 submunitions loaded with PBXN-107. The original end 847 mox e 27
item requirements could not be satisfied using a volumetric loader 0123 mAI T

having several 90-degree turns.

ORIGINAL CYCLOTOL
VOID CRITERIA

Zone B (Fure Cavity Surfsce)

VOEDS fi> Due to madequate contro! of bmder v:scosmy

FILL HEIGHT Ei) Due to madequate controi:- of momentum -trarﬁzs‘pbrtﬁ

Zome A lore C
128 max. B.125 mex |...8.27 max.
123 max_‘l

PROPOSED 8M0-189

YOID CRITERIA
PROCUREMENT OFFICE ISSUES:
. . i a}
Less explosive in bomblet = reduced performance Zone B (Fuze Covity Surface
(All tmensions & In inches)
Excessive pollution burden =  estimated LCI indicates L/A/P wastes

account for 30% of life cycle pollution

Explosive selection = PBXN-107 has a quad-modal RDX particle size distribution
that contains 900 micron, Class 4 RDX.

Pollution
Prevention



"! N Srra Erpsierme&niat Assrarch
;o 33” M.ngram -

CSERDP | mocess cowTrow: ron wowp ume

7 spro mnﬂwmmummwgh Ty
Envimhotental Rescanh

ro SIGNIFICANTL Y REDUCE THE LIFE CYCLE POLLUT/ON BURDENS FQR ENERGE‘ L 'jf_ MA TERMLS

[1} Use apparatus descrlbed by . S Patent _ “m\ ' Frons rumoes
3, 387,095 10 reduce momentum transport _roxcunoes
| problems._by._ eilmiﬂatm_g all 90° corner _w_rns e o conocmer
[2] Ehmlnate f;i? hezght proble 1 using NSWC 7 Lz mxcuon
_BLU 97 endformer des;gn o e R { H T ——
C ! X
S i l CAVITY FORMER
(31 Use smart process controi trategy based & ) / juelizpe= -
PLC/PC arch;tecture L/ m,§7 s
[4] Use Arrhemus mod_e_ls_f__o_r chemtcal reactron_ '; N : !
kinetics and viscosity dependency to process s i = e P ]
PBXN 107 at very coid temperature (S;L-S C) - e S U ; : g
. . . SHAOUD |
0 (T) A exp (E/RT) | — ——"
NSWC Injection Loading Apparatus




NSWC INDIAN HEAD Calculation Methodology for Shear Behavior of PBX's
in the Code 930 Injection L.oader Apparatus

The injection cylinder has an inside diameter of 4 inches and was nominally 12 inches from top to bottom. The nomenclature
for spreadsheet data is the top of the cylinder is defined as 0 inch, while the botfom was 12 inches. For simplicity, we used
to define R = 2.0 inches, L = 8.5 inches, and r = 0.25 inch. Now the injection loader is 18 inches from top fo bottom and the
contraction radius has been enfarged fo r = 0.5 inch.

: Capillarytaster & N _ci..;emm; |
";'_i_i_r_"_forvotumetdcﬂowrata Sl e fromflow-ra!e

a= uﬂ‘v (Eq.n
Q= v::iumstrlc tlow mte ' : G
iﬂsfm ..:..::..,-: Sy ;
_"’R:Pistonradius,m..
V= Pistonve!ocity, DR S
imfsec R RE S SR

Aeiston

‘::Caplila r:‘pgm Jin
: Lzmplﬂary Iencth {n




PBXN-107 (loading BLU-97 submunitions)
Ram Displacement and Velocity vs Time

Ram Displacement (in) Ram Velocity (in/s)

Gom-:rcocoomvcoobﬁcb‘cu
™ = v v v+ N

N
Time (sec)

Injection Loading Run 1/22/93 (Increment #3}

— Ram Displacement (in)

-+ Ram Velocity (in/s)




PBXN-107 (loading BLU-97 submunitions)
Shear Rate and Shear Stress vs Time

Shear Rate (s-1) Shear Stress (psi)
500

400

300

200

100

Q

= Shear Rate (s-1)
— Shear Stress (ps))

C N S © ®© O N < © o

TT— - T

lime (sec)

Injection Loading Run 1/22/23 (Increment #3)




L SEADP | ProGESS CONTROL: FOR MOLD FILLING

0t Erogeant
!m; mg Mixtion Reaciness Trrough.
: Envirofimental Ressarct

. TO SIGNIFICANTLY REDUCE THE LIFE CYCLE POLLUTION BURDENS FOR ENERGETIC MATERIALS

NSWC has installed a gamma ray densitometer on the injection loader
to demonstrate how “smart” process control can eliminate the voids r
observed during BLU-97 submunition toading with PBXN-107 via N .
“dumb” process control. — B

This additional device provides another discrete input for the process
control stategy to detect a disturbance early enough to take
preemptive action of eliminating problems before they become waste.

“Dumb” Process Control “Smart” Process Control

Q =f(AP) Q = f(AP, n, m) | . g
AQ = f(d(pV)/dt)

Therefore 'N : _'WC is plann ngrocessmg demonstra tlons to de vefop new H | romromon
processing ‘data for reproduc;bb/ collapsmg void structures, and mfl
- transition re wsed data profi Ies to LANL for neural net trammg '




- “I_r;:-phmving Mission Peadiness Through
Enviconmental Research

supemerennees SERDP/ICAME New processing techniques that reduce pollution

Pollution
Prevention

THE SYSTEM IS RUNNING,
CHARGED AND READY FoOR
LOADIIN G,

BaC UM

Enakle Loading Cycle

Press START AUTD LDAD CYCLE

Start Cleaning {ycle

CJrst

puacul

One of the process PC control screens for the injection loader at the NSWCIHD
Code 930 facility showing simultaneous degassing and injeciton capability.

We demonstrated a 100% improvement in the JSOW
reject rate, and presented our results in FY 96 to the
program office as well as the prime contractor.

Actual injection loader apparatus with a 30-gallon
vertical planetary mixer bowl on the mezzanine and
BLU-97 submunitions on the lazy Susan index table.

NAVAL BEURFACE WARMARY CEMTES

INDIAN HEAD DIVISION




o o 'DEMONSTRATION OF REDUCED REJECT RATES FOR JSOW

INBIAN HEAD DIVISION

| 1
i : . u g
[1] Performed joint MIR experiments with Z Z
NSWC to evaluate flow phenomena of | , = X Lo ! oy
inert PBXN-107 simulant, resulting in § § ||
observation of some settling and ' “ h i
shear induced particle migration in |
couette and pipe flow. [(FF7 T HTH
] |
[2] Used NACHOS code, with MIT/LANL == L/ : \J
diffusive flux constitutive equation, , — g R
to model piston driven flow through
a contraction, resulting in shear at the
ram and at the contraction. All the . i
particle jamming is at the Mesh for Red is :;gh!y NSWC density
contraction. GOMA code fhh:jre uid. Even analysis of sectioned
gh the shear .
rate is low in the BLU-97s loaded with
[3] Used GOMA finite element code to BLU-97, the PBX rpn?:rigof;h;wiz? );f
predict free surface mold filling entering it has been least shear g
phenomena in BLU-97, resulting in | highly sheared. '
minimum shear in the mold and very |
good agreement with NSWC density - FLOW OVER
gradient analysis of sectioned BLU-97 | T g oM DIMPLE ANDUP o oF
submunitions. ; :
GOMA aiso properly

predicts momentum
transport problems.
Filling of BLU-97
with PBX requires
sufficient driving
force to achieve
required fiil height

| l |

X
-
*

]

i#3: Sandia National Laboratories

’




Naual SufaceWarfareCentér DEMONSTRATION OF REDUCED REJECT RATES FOR Jsow

INDIAN HEAD DIVISION

[1] Performed MIR experiments to evaluate
when shear induced particle migration : _ . Lo . :
starts to occur in pipe flow, resulting in oy F § D T g R
observation of shear induced particle 3 ' A O
migration at only 12 pipe diameters SR —
downstream of an in-line static mixer.

+ HNITRAL |--omoorr IR W
[ -2 T N .
—120 0.

[2] Revised techniques for solving flow
fields having short “entrance lengths,”
resulting in a recommendation to
decrease the length of process
plumbing and also decrease the L/D
ratio of process geometry for large a/R
scenarios.

A [ ——PHI12D.
| —pr120D, oo

[3] Used neural network code to fit NSWC MIR experiment performed by LANL
injection loading data, resulting in i; l}/’he ll._c‘;veiac;e Ienst_ntute: uset:l! :ra .
the joint development of an adaptive ’ Velgcﬁ;';‘ ::cfn Irs'_s"’" atana 9
process control system for injection
loading PBXN-107 into BLU-97 that ] a
features a gamma ray densitometer. ;

o DIAPSTAM VALVES

Cs 137 gamma ray
densitometer can
provide additional
information about
the response of
PBX to piston
driven flow. PBX
appears to be

. compressabie,

Los Alamos

NATIONAL LABORATORY S T
A US Depariment of Energy Laboratory \\/ ’

L REBAN SCURCE




DEMONSTRATION OF REDUCED REJECT RATES FOR JSOW

Naval Surface Warlare Center
INDIAN HEAD DIVISION

[1] Performed MIR experiments in a vertical plane using the same
contraction geometry of the NSWC injection loader, resulting in cbservation
of the same shear rate and shear stress data NSWC reported for injection

loading BLU-97 with PBXN-107 at constant applied pressure. LOCKHEED MABTIN
[2] Performed MIR experiments using new contraction geometry '7 Lockheed Martin Missiles & Space
recommended by LANL and SNL, resuiting in no apparent particle migration Advanced Technology Center

and substantially reduced shear rate.

=l  STRUCTUBAL 4 rrem. -
e SUPPORT 2m ol
} ? E’E: \
Lo =
= |
—=
I l# SUPER-
@ e CONDUCTING — ,
i MRI MAGNET :
: : S (4.7 Tesla) :

i
Bi2ks

PNER
ELEMENTS

4‘/ i
Y ey
21 CONRTRACTION { !
/D-85 o !“\
A _ oA
STaTIc 475 [
1 i

‘}
L MRI| RF PROBE

1 1
LMMS mock injection loader for MIR experiments

Results of NSWC process design changes. {The
densitometer that was also added is not shown here.)



Naval Surface Warfare Center
INDIAN HEAD DIVISION

[

[2]

3]

Develop an inexpensive PBX having a
tri-modal blend of RDX in an HTPB/IPDI
polyurethane binder, resulting in the
leveraging of IMAD/HE investment on
PBXW-108 and a current projectile
development task.

Demonstrate injection loading of a
prototype DEMNS #6 submunition with
PBXW-108 Mod 2, resuiting in no voids
and no density gradients.

Use successful SERDP/CAME fluid
mechanics team to perform process
design and control for simultaneous
injection loading of muitiple PLASTEC
submunitions, resulting in a proposal.

3

EXD FORMER

SPALER

VAN PORT —at -

FOR LEER OUCK

.|
[y
Ty

-

SUBHMUMITION HOLDER

=

Six DEMNS #6 prototype submunitions
have been successfully injection loaded
with PBXW-108 Mod 2 {89% RDX) for
performance testing. We have also
loaded 13 LSGT and 10 VCCT tubes for
qualification screening tests.




19 GRENADES/SHOT INJECTION LOADING
228 GRENADES/RELOAD

INJECTION
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INDIAN HEAD DIVISION

INJECTION LOADING OF HIGHLY FILLED PBX MATERIALS

Injection Loading of Explosive Rope

ye et Lessons learned from injection loading of submunitions have led
. to the development of SMX-13 for the Surf Zone ATD program.

e (Cape SMX-13 is a polyurethane PBX having a very fine particle size filler
! )’ g v and a high binder viscosity.
s region
lo vebly The average particle size of the filler (r) is very small compared to
v the cylindrical flow channel (R). As previously shown, when the
Pipe ol ratio r/R is small, there is negligible shear induced particle

migration (d¢/dt ~ 0).

£0f Pipp e o - - —
A
{

ZL[/////I[I//!//[////l//l////??

) 000 ol e
Fioe woll ° o g%mﬁ ﬂo
- pee ° fa) 53: }:
0 Shoar shess, 1 —+ r, a %o%b&o 0°g° &' :08 ‘
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INJECTION LOADING OF HIGHLY FILLED PBX MATERIALS

Injection Loading of Initiation Systems

New ideas for initiating directed fragmentation warheads have lead to the development of new materials and
different processing requirements.

Lessons learned from Navy IM and injection loading of submunitions have resulted in the development of
PBX materials better suited for momentum transport in narrow flow channels.

PBXW-128 has a narrow particle size distribution of fine particle size nitramine in a polyurethane binder. Itis
not susceptible to shear induced particle migration because the ratio r/R is small.



INDIAN HEAD DIVISION

INJECTION LOADING OF HIGHLY FILLED PBX MATERIALS

CONCLUSIONS

Injection loading of highly filled PBX is a viable means to manufacture smart weapon system
components, provided PBX material formulation and selection is based upon science and engineering
data that includes :

[11 optimized particle size distribution of the filler in the chosen PBX,

[2] PBX flow behavior in geometries germane to the anticipated process,

[3] process design considerations for momentum transport and mass transfer phenomena between
vessels, and

[4] end item product specifications.



DISSOLUTION STUDY OF BAMO/AMMO THERMOPLASTIC ELASTOMER
FOR THE RECYCLING AND RECOVERY OF ENERGETIC MATERIALS

Zhihua Cao, Suphan Kovenklioglu, Dilhan M. Kalyon and Rahmi Yazici

Chemicat Sciences and Engineering Department
and Highly Filled Materials Institute

Stevens Institute of Technolegy
Castie Point on the Hudson, Hoboken, New Jersey 07030

ABSTRACT

This study involves the characterization and dissolution of a thermoplastic elastomer
copolymer used as binder in the new generation of energetic malerials. The
thermoplastic binder is an oxetane based elastomer manufactured by Thiokel
Corporation. Since the binder encapsulates other components in an energetic
material formulation, its controlled dissolution is crucial to the recovery and recycle of
all the energetic materiat ingredients. The polymeric binder was found to be highly
soluble in ethyl acetate and THF. The dissolution rale data obtained under well
defined flow dynamics was satisfactorily correlated with the fitm model. External
mass transfer resistance was found to be generally important but became negligible
for Reynolds numbers above 6.0x10*. The mass transfer coefficients calculated on
the basis of the film model were found to be an Arrhenius function of temperature.

The activation energy for the dissolution rates was eslimated to be 4.8 kcal/mol,

Journal of Energetic Materials Vol. 15, 73-107 (1997)
Published in 1997 by Dowden, Brodman & Devine, Inc.
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X-RAY BASED DEGREE OF MIXEDNESS ANALYSIS OF
EXTRUDED GRAINS: RAMIFICATIONS FOR
QUALITY CONTROL IN CONTINUOUS PROCESSING

Rahmi Yazici, Elvan Birinci and Dilhan M. Kalyon
HIMI, Stevens Institute of Technology, Hoboken, N.J,

David Fair
Picatinny Arsenal, Dover, NJ

and

William Ansley
NSWC/AHDIV, Indian Head, MA

Extruder Users Group Meeting - June 2-4, 1997



ABSTRACT

A wide-angle x-ray diffraction technique developed earlier at Stevens to
characterize the degree of mixing in concentrated suspensions is applied to the
guantitative characterization of the distributive mixing achieved in extruded LOVA
grains, AA-6 double base propellants and various other formulations to demonstrate the
applicability of the technique towards total quality assessment of energetic grains. The
results presented in this publication include LOVA grains which were processed either in
a batch mixer and ram extruded or processed and extruded using co-rotating twin screw
extrusion, and AA-6 propellants which were either in sheet form or carpet rolled and

ram extruded.

INTRODUCTION

The ingredients of energetic formulations have to be metered accurately and mixed
adequately in order to secure their uniform distribution throughout the microstructure of
the extruded grain. Inadequate mixing or segregation of the ingredients during
processing lead to defect formation and production of inhomogeneous grains with
localized "sensitive" regions which seriously degrade their performance characteristics.
In order to improve quality and to reduce waste, reliable analytical techniques need to be
developed and employed for "degree of mixing" and defect distribution analysis in

extruded propellant grains,

Vartous theoretical and experimental methods have been developed to study the

development of the microstructure and the degree of mixing in model materials!-8.



Although some of these techniques are useful for understanding and modeling of the
mixing process, their applicability in the industrial production environments is highly
limited. Kalyon et al.? have employed magnetic resonance imaging, wide-angle x-ray
diffraction and x-ray radioscopy for characterization of composite suspensions. Yazic
and Kalyonl0-15 have developed and applied electron probe and x-ray diffraction
techniques to the analysis of degree of mixing in concentrated suspensions. The
magnetic resonance imaging and x-ray diffraction can provide detailed mixing analyses

on any type of energetic material.

In this study, a wide-angle x-ray diffraction technique developed by the authors to
assess the degree of mixing in concentrated suspensions is applied to the quantitative
characterization of the distributive mixing achieved in extruded LOVA lots!3-14  and

AA-6 double base propellants!6.

EXPERIMENTAL PROCEDURES

Materials Processing and Sample Preparation

LOVA: The formulation of the LOVA involved 30% by volume polymeric binder
cellulose acetate butyrate (CAB) and 70% by volume solids. Same formulation was used
in both the continuous and the batch mixing. The solid content was primarily
cyclotrimethylene-trinitamine (RDX) that contained few volume percent octahydro-
tetranitro-tetrazocine (HMX) as a by-product of RDX synthesis. The average particle
size of the solid phase was approximately 4 microns. Both the continuously processed,
i.e., twin-screw mixed and extruded, and the batch processed, i.e., batch mixed and ram
extruded grains, contained internal perfs as seen in Fig. 1 Sections of the extruded
profiles each measuring 0.3" in diameter and 1" long, were randomly chosen from the
continuous {C-1) and batch processed (B-1) lots. Each grain was sectioned as shown in
Fig. 1b, prior to characterization with x-ray diffraction. In addition to the extruded
profiles, samples of the raw ingredients that were used in the processing, i.e., CAB,

plasticizer and RDX + HMX powder were also analyzed as reference materials.



AA-6 Double Base: Grain samples from various extruston runs of AA-6 double-

base (MK93) propellants were chosen for analysis. The nominal AA-6 double-base
propellant formulation constitutes (by weight) 49% nitrocellulose (NC), 38.8%
nitroglycerine (NG) 3.3% L-C salicylate, 1.5% aluminum and 7.4% of other ingredients
and additives. Samples of the AA-6 double-base MK93 extruded grains were acquired
through Extrusional CAD/PAD Division of Naval Surface Warfare Center, Indian Head.
The samples of some of the raw ngredients 1.e., NC, NG, and L-C salicylate were also
acquired from Indian Head. A sheet AA-6 propellant sample of Radford Army
Ammunition Plant, that was used in the production of MK93 propellant grains, was also

provided by Indian Head.

The MKO93 grains were processed by carpet rolling of AA-6 sheet propellant
followed by ram extrusion. During this process the 14"+ 3/4" diameter carpet rolis are
stacked and conditioned at 1309F and extruded at 1809F in a vertical ram press to get
the extruded annular profile of 4" OD (see Fig. 2 a and b). The propellant grain samples
were received in transverse-sectioned form of 0.06" in thickness. Radial strips were cut
from those cross-sectional samples prior to characterization with x-ray diffraction and

efectron microscopy (see Fig. 3).

Characterization of the Mixing Indices

Various mixing indices were determined at different scales of examination by varying the
sampling area through alterations of the size of the x-ray probe by several orders of
magnitude as shown in Fig. 1b. The relative volume-fractions of the ingredients was
utilized as the basis for the measure of the degree of mixing of the grains. Here

¢ represents the volume fraction of a given ingredient.



¢' CAB

CAB relative volume fraction in LOVA = —miiee or (1)
¢CAB + ¢RD.—\.’

Prc

¢NG + ¢NG + ¢LC + Qj./f!

NG relative volume fraction in AA—6 =

In general, the quantitative description of the mixing quality or goodness of mixing
of a given mixture can be developed by comparison of the state of the mixture to the
most complete mixing state attainable!”. This complete mixing corresponds to statistical
randomness of the ultimate properties of the ingredients being mixed which would
follow the binomial distribution!®. A basic measure of the homogeneity of a mixture is
the extent to which the concentration values of the ingredients of the formulation found

at various regions of the volume of the mixture differ from their mean concentrationC .
The variance, $°, arising from the individual concentration, ¢;, measurements, provides

such an index to quantitatively assess the degree of mixedness. Relative variability is
defined with coefficient of variation, v, which is the ratio of standard deviation to the

mean!?.

2)

V:

o ke

The maximum vanance occurs if the components are completely segregated.

Maximum variance is given by
2 - -
SO = C(1 -C ) (3)

The intensity of mixing, Iy, can be defined by normalizing the variance with its

maximum value, and an amplitude of mixing or mixing index, MI , can be obtained by

normalizing the standard deviation with its maximum value:



Ml = 1- (4)
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Both the intensity of mixing and the mixing index values range from zero, for
completely segregated system, to one, for ideally homogeneous system. The objective of
any mixing/processing operation, whether batch or continuous, is to homogenize the
distribution of the components of the formulation; thus, to achieve mixing index values

as close to one as possible at the desired scale of examination.

The Analytical Technique: Wide-Angle X-Ray Diffractometry

X-ray diffractometry has been successfully applied for both qualitative and
quantitative phase analysis in multi-phase materials?%.21. The technique and its
application in mixing analysis have been reviewed elsewhere!(-13 and only a brief
description will be given here. Upon irradiation with x-rays, a given substance produces
a characteristic diffraction pattern. This is because the d-spacings between atomic planes
and their distribution in space, ie., the crystal structure is unique for each material, the
angular distribution of the diffraction peaks and their intensities 1s also unique for a
particular material. Qualitative analysis by x-ray diffraction is accomplished by
identification of the particular diffraction pattern of a crystalline substance from the
standard diffraction tables?2. In the amorphous materials, on the other hand, the atoms
(and molecules) exhibit short-range order, in clusters of a few atomic (or molecular)
distances, and lack long-range order. Such amorphous structures give rise to very broad
x-ray scattering peak(s) centered around the corresponding characteristic interatomic
(and intermolecular) distance(s). Identification of an amorphous material using the broad
x-ray scattering pattern can be achieved by carrying out control x-ray scattering

experiments with standard samples of the same material,

Quantitative analysis is possible, because the intensity of the diffraction pattern of a
particular phase - in a mixture of phases - depends on the concentration of that phase in
the mixture. Degree of mixing analysis is achieved by carrying out systematic "window"

measurements at various [ocations of the extruded grains.



The relation between the integrated intensity Iy and the volume fraction ¢ | of a

phase i a mixture depends on the absorption coefficient of the mixture, um:
L= Kp 1/vmy (5)
where K is a constant which depends on the material and the incident beam used

but not on the concentration. The relative ratio of intensities from phases | and 2,

however, is independent of pm

o Kigg 6
-1 Kpi=Kag ©

K values can be determined either from the Iy /Icorundum values listed by

JCPDS22 or by preparing standard samples of known composition.

In LOVA propellants, the relative volume fractions of the plasticized binder (CAB)
and the fillers RDX and HMX were calculated from the relative intensity fraction values
given by Eq. 6. These measurements were carried-out utilizing relatively high number of
crystal-plane reflections of the crystalline fillers in order to eliminate texture effects and
to increase accuracy, and for the amorphous plasticized CAB, the entire broad
amorphous peak was utilized (see Fig. 5). Standard samples of the raw ingredients, i.e.,
the live RDX powder and the polymer binder were prepared and utilized to calibrate the

measurements.

In AA-6 propellants, the relative volume fractions of L-C salicylate, aluminum and
NC + NG were calculated from the relative intensity fraction values which are unique to
each ingredient (see Fig. 4). For NC + NG, the entire broad amorphous peaks were
utthized. The amorphous diffraction patterns of NC - NG were deconvoluted to separate
the contributions of the individual ingredients NC and NG. As shown in Fig. 6,
deconvolution of NG from NC was achieved by taking advantage of the unique shape of
the diffraction pattern of NC. The amorphous peak of NG is positioned at the same 20
angle (229) as the NC amorphous peak and makes it impossible to apply conventional
deconvolution peak intensity evaluation techniques. However, as shown in Fig. 6, the

amorphous diffraction pattern of NC exhibits a unique "shoulder”, at the higher 26



angles that extends up to 500, in addition to the "head", at 22° The ratio of the
diffracted intensity values at the head (229) and at the shoulder (~409) locations of the
NC pattern is constant for a given NC lot23.24 In this investigation, the shoulder

intensity value was utilized to deconvolute NC signal from NG signal.

A software package by Rigaku, Images, was used for quantitative analysis. The
contributions from the additives were considered in these calculations; however, the
effects of the micro-voids and perforations were omitted. A Rigaku DXR-3000 wide-
angle diffractometer system was used. Crystal monochromatized CuK,, radiation at 40
KV and 20mA was applied with 0.15 and 0.6 degree receiving slits. The x-ray probe
sizes (defining the scale of examination) used were 1 mm? and 10 mm?2, respectively.

The depth of penetration of the technique was in the order of 0.5 mm.

RESULTS AND DISCUSSION

LOVA Propellants:

A typical wide-angle x-ray diffraction (XRD) pattern of the extruded LOVA grains
is shown in Fig. 4a. This is a convoluted pattern which includes diffraction peaks from
all the ingredients present in the formulation. Computer search/match and
identification/elimination  methods were applied utilizing the documented
crystallographic data, and XRD patterns listed in the JCPDS files?2, The available
diffraction patterns of RDX(I) and f-HMX are shown in Figs. 4b and 4c¢. In Fig. 4d, the
x-ray diffraction pattern of the amorphous binder, i.e., plasticized CAB, is shown to

demonstrate further the phase identification process.

The results of the quantitative x-ray diffraction analysis of the relative volume
fractions of the binder and RDX from the systematic "window" measurements at two
scales of examination are shown in Figs. 7 and 8, respectively. In both figures the data
from the batch-mixed sample (B-1) is given in (2) and the data from the continuously-

mixed sample (C-1) is given in (b), for comparison.



Table 1. Plasticized CAB Mixing Parameters
Batch Mixed (B-1)  Twin Screw Extruded (C-1)

Scale of Examination Scale of Examination

10 mm? 1 mm? 10 mm? 1 mm?
mean (vol.%}) 24.73 24.71 251 25.5
5 2.183 6321 1.98 3.44
v .09 26 08 13
MI 95 85 95 92

Table 2. RDX+HMX Mixing Parameters
Batch Mixed (B-1) Twin Screw Extruded (C-1)

Scale of Examination Scale of Examination

10 mm? | mm? 10 mm? 1 mm?
mean (vol.%) 71.41 71.06 70.4 698
g 2.215 4,967 1.95 348
v 03 07 .03 .05
MI 95 .89 .86 92

The statistical analysis of these results are presented in Tables 1 and 2 for the
relative volume ratios of the binder and RDX, respectively. Overall, the average volume
fractions of the ingredients were very close to their target values in both batch (B-1) and
continuously processed (C-1) lots. However, the amplitude of the dispersion or variance
of the measured relative volume fraction values differed significantly. As can be seen in
Figs. 7 and 8, the dispersion of the data is relatively narrow for 10 mm? scale of
examination; however, when the scale of examination is reduced to 1 mm? the dispersion
of the data increases substantially and the differences in dispersion between the B-1 and

C-1 lots become pronounced.

The immediate inferences one can make from these results include the fact that the
quality of mixing in the continuous mixed (C-1) lot is better than the batch mixed (B-1)

lot. The quantitative comparison of the quality of mixing of C-1 and B-1 lots are shown



in the statistical parameters of the measurements listed in Tables 1 and 2. The
parameters for the binder volume fraction at 1 mm? scale of examination show that the
dispersion or standard deviation of the data is almost twice as large for the B-1 lot than
the C-1 lot. Since the mean values for the two lots are almost identical, the coefficient of
variation is also twice as large for B-1 than C-1, suggesting the superior distributive
mixing achieved by the continuous processing method in comparison to batch mixing,
The difference between the two lots is also evident in the index of mixing values. The
relatively lower sensitivity of the index of mixing in differentiating the two lots is due, by
definition, to its normalization with respect to the totally segregated state. The mixing
index value for the continuously mixed (twin screw extruded) grains are greater than

those of the batch mixed and ram extruded LOVA grains,

How significant are these results, which statistical parameter is more important and
which scale of examination is more relevant? The answer to these questions can only
come from the performance characteristics of extruded grains for a given application.
However, the technique and the parameters generated can accurately classify a given
extruded suspension with respect to ideally mixed and/or totally segregated states and

quantify the "degree of mixing."

This comparative study was completed with no prior information about the two
lots, and, only after presentation of the results some of the vital information related to
the performance properties of the two lots were obtained from the sponsors. According
to this information, the batch mixed B-1 lot had apparently failed the burn-rate-based
performance test and was discarded. Therefore, the results that are presented in this
study are very significant not only in determining the degree of mixing with quantitative
parameters but also in indirectly providing information on the potential performance of a
given energetic grain. The results indicate that the relevant scale of examination is 1
mm? (or lower) for the LOVA grains, and the index of mixing has to be significantly
high (better than 0.90) at this scale of examination, for adequate mixedness and

performance.
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Double Base Propellants

Quantitative information on the volume fraction of the ingredients present was
obtained from the XRD patterns by integrating the deconvoluted relevant peaks of the
ingredients. Various computational methods were developed and used for quantitative
studies. The contributions from the additives and the effects of the micro voids were
omitted from these calculations.

The statistical parameters obtained from the degree of mixing analysis of the AA-6
propellant sheet stock are given in Table 3, for 1.2 mm? scale of examination. According
to these results the mixing quality of NC and NG in the AA-6 sheet propellant is
refatively poor, typically exhibiting mixing index (MI) of 0.87 and a coefficient of
variance (v) of 0.16. The mixing quality of L-C salicylate was also poor with v = 0.17.
The mixing quality of aluminum was worse, according to its unusually high v = 0.57
coefficient of variation. These findings indicated that the mixing process applied in the
production of the AA-6 sheet propellant was inadequate, especially that of the solid
ingredients.

Table 3. Degree of mixing parameters of the ingredients in AA-6 sheet
propellant at 1.2 mm? scale

NC NG L-C Al .
mean (wt.%) 490 39.0 33 I.5
$ 57 6.2 0.6 0.9
v G.12 0.16 G.17 0.57
M1 0,88 0.87 0.96 0.92

Table 4. Degree of mixing parameters of the ingredients in extruded AA-6
propellant MK93 grain #3, at 1.2 mm? scale.

NC NG L-C Al
mean (wt.%) 49.0 39.0 33 I.5
s 5.1 5.1 0.4 0.3
v 0.10 0.13 0.13 0.18

Ml 0.89 0.89 0.97 0.97

11



The statistical parameters obtained from the degree of mixing analysis of a MK 93
propellant grain are given in Table 4, at a scale of examination of 1.2 mm?2. According to
these results the mixing quality of NC and NG in the extruded grain was improved
considerably compared to the AA-6 sheet stock. The NC and NG ingredients exhibited
MI = 0.89 and v = 0.13. The mixing quality of L-C salicylate remained about the same
with MI = 0.97 and v = 0.13. The mixing quality of Al in comparison to the sheet stock
improved to Mi = 0.97 and v=0.18.

The MK93 propellant grains are produced by carpet rolling followed by extrusion.
The carpet rolling process involves the stacking of the AA-6 sheet propellant in layers in
the radial direction and thus it effectively rearranges the inherent AA-6 mixing
distribution. Furthermore, the extrusion step that follows, induces high shear
deformations, which also contribute to the distributive mixing of the ingredients. The
result, as the findings of this investigation indicate, is a better degree of mixing achieved

in MK93 grains when compared to the AA-6 sheet propellant stock.

In order to determine the spatial mixing distribution of the ingredients as affected
by the extrusion process, location specific x-ray diffraction measurements were carried-
out on the cross section of the MK93 extruded propellant grain. A schematic description
of these location-specific measurements are shown in Fig. 3. These location-specific
measurements were taken systematically, one in every 2 mm intervals along the radius,
from outer surface to the internal perforation. The results of the "mixing distribution"
analysis are plotted in Figs. 9 and 10.

As shown in Fig. 7a, the regions close to the outer surface of the extruded MK93
grain are enriched in NG and depleted in NC. The reverse is true in the middle regions of
the grain. According to these results, NG content decreased to a 30% level in the center
of the propellant grains and increased to 47% level near the surface of the grain. Similar
NG variation trends were also observed in the extruded M30 triple base propellant

grains that were analyzed earlier at Stevens?4.

The migration of NG to grain surfaces from the interior could take place due to the
thermo-mechanical history applied during extrusion of the propellants. In a previous
investigation by Baker et al.25 dielectric studies have shown that in NC+NG mixtures
when the concentration of NG is above 27%, the interaction between the adsorbate
(NG) and the adsorbent (NC) is considerably weakened. This weakening point

approximately corresponds to the monolayer coverage of NC fibrular structure by

12



NG25.26 Addition of NG in excess of 27% leads to multilayer adsorption type of
behavior where the NG molecules are more free to move than those in the first adsorbed
layer. Furthermore, it has been shown that the amount of NG that goes into the
adsorbed layer varies as a function of the level of nitration of NC, that is, the 27% NG
adsorption monolayer value is characteristic for NC with 12.2% nitration and if the NC
nitration is increased to 13.4%, the amount of the NG adsorption monolayer drops
below 27% due to the decrease in adsorption sites on NC with higher nitration”. The
NG molecules in excess of the monolayer adsorption maintain a “hquid-like"
environment?3. This means that NG in excess of 27% in a NC+NG mixture will act as an
unbound liquid, and be prone to migration during processing such as extrusion. Such
mugration of the liquid phase has been documented by Kalyon and co-workers in die and
extrusion flows23.24,

The previous studies?3-27 are in good agreement with the findings of this
investigation. In the (MK93) AA-6 double-base propellants that are investigated in this
study, the NG content of the NC+NG muxture is 44%, substantially higher than the
monolayer requirement of 27% and the excess NG is anticipated to be prone to
migration during extrusion. The presence of other liquid ingredients and solvents could
further aggravate NG migration by diluting NG in the adsorbed layer and making more
NG available for migration.

The MK93 propellant grains are extruded with an annular die where the material
flow with non-uniform shear rate y(r} and velocity V.(r) distributions and where the
shear rate is higher near the die walls?®. It is a well established fact that in such flow
situations where a deformation rate distribution exists and where two immiscible
polymeric fluids of different shear viscosity behavior are flowing, the separation of the
two fluids is expected, whereby the less viscous ingredient migrates or "exudes" to the
high shear rate region (towards the walls of the die) and encapsulates the higher
viscosity ingredient?3-26, This is probably the principal mechanism that causes the
enrichment of NG near the extrudate surfaces. The excess NG (and the solvent} above
the 27% monolayer formation level, acts as the less viscous fluid that migrates towards
the walls of the grains. The extent and nature of the NG migration would, therefore,
depend on the extrusion processing conditions applied. That is, the higher the extrusion
rates the more pronounced the NG migration would be. Indirect evidence of such effects
were found with dielectric and thermal analytical techniques?.27 that showed the
relaxation of low frequency "alpha peak” to be a function of the extrusion rate.

The particular MK93 propellant grain #3 analyzed in this investigation exhibited
"rough surface” on the outside surface shown in Fig. 2b. This roughness, which is

13



indicative of flow instabilities may be due to the presence of excess NG at the surface
regions during extrusion.

The mixing distributions of L-C salicylate (L.C) and aluminum (Al) as a function of
radial position are shown in Fig. 10. In this figure, logarithmic scale was employed in
order to be able to show the mixing distribution of all four ingredients. According to Fig,.
10, the distribution of LC is relatively uniform with tendency for enrichment from the
middie (2.8%) to the surface (3.9%). This tendency is similar to NG migration and,
therefore, might indicate an affinity of LC being carried with NG during extrusion. The
distribution of Al, on the other hand, exhibit enrichment in the mid-radius zone of the
grain up to 1.8%. Such enrichment may alter the burning rate distribution of the
propellant grains.

CONCLUSIONS

Our degree of mixing analysis technique based on wide-angle x-ray diffraction was
successfully applied to analyze extruded LOVA grains which were pre-mixed with batch
and twin screw extrusion processes. The technique can: i) identify various components
present in an extruded formulation, i) quantitatively determine the volume fraction of
each component at vartous locations in extruded profiles, 1ii) quantitatively characterize
the degree of mixing of each component at the desired scale of examination for a given

application,

In the LOVA grains studied, the average volume fractions of the ingredients were
close to their target values in both batch and continuous mixed lots. At smaller scale of
examination (1 mm?2) the quality of mixing of the binder and the energetic solid powder
was significantly better in continuous mixed lot than batch mixed lot. The parameters
defined, 1.e., the variation coefficient and mixing index, were highly effective in
quantifying the degree of muxing of extruded grains, which is related to their

performance.

In the AA-6 double-base propellant formulation the principal components present,

1.e., nitrocellulose (NC), nitroglycerine (NG), L-C salicylate and aluminum, were

14



identified, the weight fractions of each component were determined, the degree of
mixing of each component was quantitatively characterized at 1.2 mm? scale of
examination, and the mixing distribution of the ingredients across the MK93 propellant

grains were quantitatively determined.

The degree of mixing of ingredients in the AA-6 sheet propellant was relatively
poor especially that of Al and NG. The degree of mixing of ingredients in the MK93
propellant grain was considerably improved compared to the AA-6 sheet propellant. The
mixing distribution analysis showed that in the MK93 propellant grain, NG was enriched
at near surface regions and depleted towards the interior. The reverse was true for NC.
The nature of the NG distribution indicated the unbound liquid-like behavior of the

"excess" NG and its migration to the surface during extrusion of the grains.
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Fig. 1 Extruded grain cross section (a) and sanipling {b}.
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Fig. 4 X-ray diffraction patterns of the LOVA grains (a},
RDX simulation (b), HMX simulation (c), and CAB (d).




Fig. 2 MK93 extruded propellant grain: a) transverse cross section and b) longitudinal view with rough surface features.
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double base propellant grain (47 MK93)
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Figure 5. Deconvolution of a typical x-ray diffraction pattern of LOVA propeliant where

integrated areas of the peaks from different ingredients are marked,



1000
Convaluted X-Ray
900 - Diffraction Pattam
800
TO0 +
Daconvoluted data for
690 < fhirrocellulose (NC)
=
2 500
&
&
200 - AT
: Deconvolutad dete -
300 - for .
Nitroglycerine (NG} -
00 + ~ -
SHOULDER
100 +
bl + + T r
16 20 30 40 50 60 70

Bragg Angfe, degrees

Fig. 6 Separation of the NC and NG signals
from the convoluted x-ray diffraction pattern.

8-1LOT

40
-
=
Q
g
= 30
L
: R
= !
g g g
o . Is)
T 20 R
[} O
=
=
3 10 o
a. _ )
0.1 1 10 100

Scaie of Examination, sq.mm.

Plasticized CAB Voiume Fraction, %

C-1L0T
40
o}
30 | &
20| o
o
10}
0.1 1 10 100

Scale of Examination, sq.mm.

Fig. 7 Plasticized CAB volume fraction dispersion at two scales.

B-1LOT
90
o]
2
3 @
[&]
© . o]
= 80 a
13]
£ o e
5 Q
= 8
< :
% 70 g 9
F 5]
A g
0
60 . :
0.1 1 10 100

Scale of Examination, sq.mm.

RDX+HMX Volume Fraction, %

C-1L0T

8¢

ToF

QoW aTWO COC O
[s810).4 ¢13]0]

i

60

0.1

1 10 100
Scale of Examination, sq.mm.

Fig. 8 RDX + HMX volume fraction dispersion at two scales.




0.75 1.06
Edge of Edge of | T s
0.70 + outside center T
surface perforation ’1 i ’
)
"o / ] W
Z -
0.60 +
4
c 055+ NC -
2 I = _ 8
g g = am
- 0.30 + n [ ] 'L E 0.10 -:
i 2 <,
2 4 a® g +
[ ™ R P £
= 045 + _ i3
.
baa T LC [
040 B A X
CEENE X Ry X Jk/x LN *
Iy s 1 " R S Ko X Fomg iy .
035 L . 4
/" i A
0.30 + NG N i Ny
. +-_+H_+_t+’+\+_+,—+ \+_+_,+/"—’
025 L } i { 1 } i ; L : i : L. : i : 1 : 1 : GOI I3 ; L : 1 : 1 : 1 : 1 : L : i : Il : ]
0 4 g8 12 16 20 24 28 32 36 40 0 4 g 1z 16 20 24 28 32 36 40!
Radmal distance from outside, mm Radial distance from outside, mm
Fig. 9 Mixing distribution of NC and NG on the cross- Fig. 10 Mixing distribution of NC, NG, LC salicylate and

section of AA-6 propellant MK93 grain. Al on the cross-section of AA-6 propellant MK93 grain.



Demixing.

Presented at:
9th Continuous Mixer and Extruder Users Group Meeting
2-4 June 1997, Weehawken, NJ

by
Hugh J. McSpadden

Consultant, Energetic Materials and Technology
3823 W. Hartford Ave., Glendale, AZ 85308-4220
Tel: 602-938-6234; Fax: 602-938-2053
E-mail: hmespadden@junc.com or hmespddn@aol.com

Demixing



A SMALL DISCLAIMER: I will not be presenting a mathematical treatment of demixing. I leave that to
others who are much more skilled than I am.

Much of this paper is based on my personal experiences, also known as "been there, done that,..."
I have had many occastons to personally reencounter a definition of experience which I have used:

Experience is that event or knowledge
which tells you, you have made a mistake -~

again!!!

This paper will cover these topics:

1. What is demixing, and what does it do?

3

. What causes demixing?
3. Why should you, or anyone, be concerned about demixing?
4, Examples of demixing from my experience.

5. Summary and conciusions

1. What is demixing, and what does it do?

[.1 Demixing is a physical process. It is result of something disturbing the randommness of a perfectly
mixed, uniform propellant. Demixing occurs wherever the propellant contacts another surface forming an
interface. whether the surface is the liner inside a rocket motor, or the mixer bowl, or the mixer blades, or
casting tooling surfaces such as the mandrel, or even at the interface of the propellant with the air.  Any
mnterface creates a discontinuity within the propellant, extending from the interface into the propeliant at
least one-half the diameter of the coarsest particles within the propellant. Pepending upon the origin of
the demixing, the discontinuity may or may not be reatianed within the propellant mass.

For example, if the coarsest particles are ammonuim perchlorate at 200 microns, then the demixed, non-
representative composition must extend at least 100 microns indo the propellant,  Assuming that a
propellant, such as a castable HTPB-based one has adequate binder volume to fill the interstitial voids,
then it is physically impossible to have exposed AP surfaces at the interface. Therefore, there is
increasing binder and decreasing oxidizer as one gets closer and closer to the interface. Therefore this
relatively thin film of oxidizer is not representative of the bulk, theoretical composition of the propellant,
and is therefore properly called demixed propellant,

Even though the total effect on the bulk propellant, caused by the demixing at an interface, is small, it is a
mathematical fact that the bulk composition is no longer exactly as specified, but is, in fact, slightly
oxidizer rich, binder poor.



Becanse the demixing which I have mentioned here causes relatively little effect on the performance of the
rocket motors, and can be compensated for by slight changes in the propellant fermulation, 1 will turn
now to more extreme forms of demixing,

1.2 Demixing scgregates and/or separates propellant ingredients destroying the uniform distribution of
the components. Demixing can cause cracks and insufficiently bonded areas within the propetlant grains.
The well-known “mid-web hump” is one example of ballistic changes caused by demixing.

1.3 Demixing can afTect all sizes of propellant grains, and all types of propellants.

Examples of propellants which exhibit demixing;
* Nitrocellulose Single Base,
Double Base, without appreciable solids.
Tripie Base with added solids added (NQ)
Composite Modified Double Base: AP + Al added

* TPE Solids added (AP, Al, etc.)

* Castable; Polysulfide, Polyvinylchloride,
Polyurethane, PBAA, PBAN,
CTPB, HTPB, GAP, NEPE,

even the oid polyester/styrene and asphalt bascd ones, ete.

* Extrudable TPE, thermoset rubber, PVC plastisol

OBSERVATION: No selid propellant is immune to demixing!!!

2. What causes demixing?

Apy external force acting upon a fluid, or semi-fluid propellant (that will ultimately become a solid
propellant) has the potential to cause onc or another type of demixing. A liquid solution such as the
HAN-based gun liquid gun propellants will not show evidence of demixing. On the other hand, even
single-base gun propellants will show demixing because the nitrocellulose molecules will align at the
interface, such as inside a die, resulting in loss of some portion of the randomness of the bulk propellant.

The spiders that hold die pins in place are one source of mechanically-induced demixing. The spider legs,
or the “wagon-wheel” spokes split the mixed propellant into multiple streams, and by reduction of the
cross-section of the dic reunite those stream after the propellant has padded the legs or spokes.  Even after
the individual parts of the propellant stream are pressed against each other, they may or may not weld
back together. And, even if they weld together, the evidence of aligned particles will still be there, with a
slight, but potentially naticeable change in both ballistics and in mechanical or physical properties.

In some cases, solventless double-base grains have failed to adequately weld together after flowing thru
the die, resulting in grains that split apart into fengthwise segments after a length of time.

The flow of castable propellant through slit-plates, or through constricted casting ports, is well known to
produce demixing. The magnitude of the demixing and the result upon physical, mechanical and ballistic
properties is controlted by the specific formulation, the design of the casting tooling, and even the size of
the rocket motor. Vacuum casting through slit plates, and aided by gravity creates ribbons of propellant
that are demixed to some extent as they pass through the siits. The ribbons then fall into the evacuated



rocket motor chamber, and end up in a quasi-random arrangement, removing much of the effect of the
demixing in maty cases.

Another source of demixing is the decreasing viscosity of a liquid polymer at the beginning of a cure
cycle, when the composite propellant has been mixed and cast at a temperature lower than the curing
temperature. The result here is to have the oxidixer and metal fall under the influence of gravity, creating
a gradient within the grain, The direction of the gradient depends on the physical position of the rocket
motor during the cure ¢cycle. The magnitude of this type of demixing depends on the type of polymer, the
solids loading, and the temperatures used for mixing and for curing.

A fourth source of demixing is the composition of the polymer, and plasticizer. Polymers differ in
viscosity, and in the solids loading required to meet the ballistic requirements. The plasticizer may have
limited solubility in the polymer, and in time will move to the exposed surface(s) of the grain and show up
as an exudate on the exposed surfaces of the grain. It may even migrate from the propellant into the liner.

One well-known missile utilized an expensive liquid burning rate catalyst and as plasticizer. The grain
was an end-burning design. Unfortunately, when the liguid migrated into the lincr, the result was a
burning rate gradicnt from the center of the grain, outward, with the slower rate at the outside. This
created a grain that progressively developed a conical burning surface, developing too much thrust,
burning out prematurely, while having an extremely long tailoff. Collectively these results of demixing
prevented the grain from doing the desired job.

2.1 EXTRUDABLE

* Flow through a dic. whether the grain does, or does not, have onc or more perforations within
it creates a binder-rich skin to the extrudate, which is one resuli of the interface at the die inside surface.

* As mentioned previously, flow around spider legs. wagon-wheel spokes and mandrels may
create a grain with segments not welded together. One result of the sliding of the flow along the tegs and
spokes is the formation of segments within the cross-section of the grain. This flow aligns the molecules
of the polymeric binder and creates a binder-rich surface for cach segment. The binder-rich surface may
extend all the way from the inside to the outside, as well as extending the full length of the extrudate.

Properly designed dies will minimize the effects of the demixing. However, cven the best designed die
has absclutely no way to introduce remixing, because the best any die is capable of doing is shaping the
material fed into it.

2.2 CASTABLE

* Flow through casting slits, or through casting ports results in moving the solids closer together within
the local propeliant stream, making the center of the stream oxidizer-rich, and surrounded by relatively
binder-rich material.

In propellants with higher levels of castable binder, it is possible to create an outside to the propellant
stream that is almost, or even totally free of oxidizer. This effect is most pronounced when large amounts
of coarse oxidixer are used, in conjunction with higher binder levels. The RPI test motor mentioned in
section 4 1s one example of this effect.



As mentioned previously, the traditional use of slit plates for casting into a rocket motor both creates
demixing, and at the same time does recreate some degree of randomness, if the motor is karge enough.

Bayonet casting pumps a stream of propellant through a hose or pipe, and will introduce its own version
of demixing,

2.2.1 RESULT OF DEMIXING IN CASTABLE PROPELLANTS

* In many cases the streams remain as laminae and never remix, even on a macro scale. One of
the illustrations in section 4 will emphasize this point.

* Propellant becomes non-uniform in composition.

* Mechanical properties can change dramatically, with loss of elongation frequently occurring.
In addition, there will be modulus gradients and even tensile gradients across throughout the grain.

* One result of these gradients is the loss of ability to temperature cycie,

* Ballistics can change from theoretical, resulting in rockets may burn too fast or too slow,
thereby failing to meet performance requirements, and even undergoing catastrophic failure. In aircrew
¢scape systems, there are ridgidly defined thrust limits which are a result of the limitations of the human
body to resist acceleration forces.

2.3 THERMALLY CAUSED DEMIXING

Thermally caused demixing is the settling of solids inside the rocket motor during cure, and is caused by
the reduced viscosity of the castable polymeric binder at the curing temperature. Historically, it has been
encountered when high binder levels were used, whether dictated by the need for process fluidity, or
dictated by the need for low burning rates, while stilt retaining adequate specific impulse.

Ballistic resuits of thermally caused demixing: (a} If cured vertically: then one end of the rocket burns
fast, the other siow, with a high probability of case burn-through, and (b) if cured horizontally: one side of
the rocket motor burns fast, the other stow, Either of these effects will shift the center of gravity of free-
fiight rocket, and may cause it to totally divert from its designed flight path. For example, if the rocket is
flown as a sounding rocket, the flight path will show coning and/or wobble, and will not reach the
designed altitude due to a number of factors.  Even active guidance systems may not be able to totally
compensate for ¢.g. shifts caused by demixing,

2.4 POLYMER PROBLEMS

Some polymers are, or have been, a blend of different molecular weight versions of the same basic.
reactive polymer. The typical spectfication for a polymer used in propellants includes only those
parameters which are measured on the bulk, or average composition of the polymer. Little or no
requirements exist for the distribution of molecular weights, and for the distribution of functionalitv. Yes,
there are, and have been, many investigations into polymer properties, with the results cxpresscd as
number average molecular weight, weight average molecular weight, and so on. These investigations and
their results have not led to widespread establishinent of more detailed specifications.



Others polymers arg, or have been, a blend of functional and non-functional versions of the same
polymeric backbone. If molecular weights differ too much, then separation can/will occur.

1. personally, have encountered a nominally di-functional polymer where much of the lower molecular
weight fraction of the polymer mass appeared to be mono-, or di-functional, with the higher molecular
weight fraction being tri-, tetra-, or even penta-functional. The average values were near the center of the
specification range, but the polymer required a unique cure system --- one without cross-linkers, because
the polymer was already capable of doing the cross-linking.

Sclection of plasticizers with limited compatibility with the polymer will cause problems. Tt is well known
that polymers have definite compatibility and solubility limits, which vary with the polymer and with the
plasticizer. If these limits are exceeded, the liquid will become mobile and migrate. Migration inte the
liner can weaken the liner until it can no longer support the propellant grain, or the bond of the propellant
{0 the liner can be catastrophicatly weakened. If the plasticizer migrates to the bore, or to the ends of the
grain, ignition of the grain is delayed, or even prevented. Even if the grain ignites, the migration of the
liquids may have left microscopic voids within the propellant, altering the apparent burning rate, and
therefore altering the motor performance --- probably not in a favorable manner.

3. WHY SHOULD YOU, OR ANYONE, BE CONCERNED ABOUT
DEMIXING?

3.1 Recognition of demixing

fn order o be, or become, concerned about demixing you have to be able o recognize the presence or
existence of demixing by the effects it produces. For example. some of the more evident effects arc:

* Extruded grains fall apart into segments. There may be shrinkage marks on some shapes and
configurations, much like the shrinkage marks seen on injection-molded plastics. These marks indicate
differences in the composition of the underlying material. Thermal shrinkage is, of course, greater for
unfilled polymers, than for filled ones.

* Castable grains have visible non-uniformities in the color of the propellant, and sometimes
will even have definite “wet” streaks or lines when demixing is pronounced. There are some cure systeins
which do not necessarily produce the softness, and tackiness of binder-rich places, and in these cases,
therc will usually be a visible shift in the color of the propellant. There may be localized indentations in
the “as cast” surface of the propellant. If these are not associated with identifiable voids in the propellant,
then the indentations often are associated with binder-rich arcas for the same reason as cxtrudates will
show non-uniform shrinkage upon cool-down.

* Thrust-time curves differ noticeably from theoretical --- sometimes dramatically. This effect
is most readily seen when the theoretical thrust-time, or pressure-time, curve is supposed to be a straight
line. Demising will show up as lower thrust or pressure in the carly part of the curve, with a peak
somewhere in the middle-part of the curve (so-called mid-web-hump), followed by a steady decrease to a
lower than normal burn-out thrust or pressure. The tail-off may be extended, as a result of the lower
pressure at burnout.

3.2 WHO SHOULD BE CONCERNED?

Every:



Ballistician
Stress Analyst
Tooling Designer
Propellant Formulator
Rocket motor hardware designer

Propellant process engineer and mix crew.

In other words: evervone!l!!

Simply stated, there is no room in designing, developing and in actually making successful rocket motors
for anyone to not be concerned about the uniformity of the propellant. Just as the important parts of many
chemical specifications is the level of the IMPURITIES because they cause many unwanted effects
far out of relationship to their absolute magnitude within the chemical, the effects of demixing are
much, much greater than the absolute percentages of change from the average, or nominal,
composition of the propeliant.

4. EXAMPLES OF DEMIXING FROM MY EXPERIENCE.

4.1 Rocket Power Inc. test motor

Rocket Power Inc. (RPI) worked with a test motor derived from a 12-pointed star grain used in a
production motor that was a component of an aircrew escape system. This unit was bottom cast through
four small diameter circular ports. Early usc of this as a test motor was with the smaller mandrel, (shown
by a dotted line in the sketch below) in order to provide a progressive geometry in the grain. The
progressive geometry theoretically allowed the incremental calculation of real-world, motor burning rates
over the entire, wide, pressure range. These calculations were expected to. give good burning rate data
over a significant range by firing only one motor at anyone temperature. The derived rate data typically
had a plateau with an exponent nearly zero Because it was known that burning rate data from strands was
of limited application in the design of rocket motors, it was hoped that these derived motor burning rates
would be better. However, application of this derived data in the design of other motors was of limited
success, which we now recognize was at least partially due to demixing, and the resulting mid-web-hump.

Decrease of the propeliant web to only Y4-inch continued to show the break in the derived rate curve. The
reason for this break in the rate versus pressure curve was dramatically illustrated when some propellants
began leaving slivers of pure polymer after the firing, These were located mid-way between the casting
ports. Their length appeared to be a direct function of casting rate, which is what our present
understanding of demixing says would happen.

4.2 RPI Hopi IV sounding rocket



The Hopi IV sounding rocket used a slow-burning polyurethane-AP propellant to lengthen the burning
time, and to permit use of the rocket as a second-stage in addition to its first-stage use. The rocket motor
was bottom-cast on an upward slope using only one relatively small casting port and cured in a horizontal
position. The single casting port produced some remixing of the propeliant stream, reducing the
demixing. However, the horizontal curing position, and the relatively low solids loading allowed the
solids to settle during the curing cycle, producing a grain with a continuous oxidizer-te-binder gradient
from the top as cured, to the bottom as cured.

The result was a motor with the center-of-gravity not on the motor centerline. The rocket motor was
designed to be roll-stabilized during flight, and therefore the off-center c.g. meant the rocket would
develop a coning angle in flight. The coning effect meant that it bad increased drag from the partially
sideways attitude of the rocket. The increased drag resulted in failure 10 reach the target altitude.

4.3 Flow laminae and patterns.
The first of these two color photos below shows how laminae, created by a bottom casting process, remain
in the same relative relationship 4o cach other, even when passing through relatively sharp-edged, narrow

clearances around a mandrel. MNote that no visible remixing has oceurred,

The second of the photos shows laminae present at locations within the tooling, where the tooling was not
fulty optimized for propellant flow,

Both of these photos emphasize the need to utilize proper casting tooling design as one of the ways (o
minimize demizing, and its effects upon all aspects of the rocket performance.

5. Summary and Conclusions:

5. 1 Everyone at all levels of involvement in the rocket motor design, development, and
manufacturing process should be concerned about demixing.

5.2, All steps of the propellant manufacturing process are involved.

5. 3. No propellant 1s immune from demixing until it is in its final configuration, and
within its service temperature range.

The "Bottom lin¢” is that if you allow the ‘demon of demixing' the
smallest opportunity, he can prebably demix any propellant to the point
that it will not meet the functional requirements.

The author’s personal position: The entire rocket motor and propellant

creation process, from initial formulation work, all the way through to the final
completed propellant grain 1s one, unified, integrated process, rather than a



seres of wsolated, unrelated activities, where the blame for non-ideality can be
passed on to a different step in the series.

And, finally, two questions to this group:

1. How do we measure or define "good enough” mixing, recognizing that demixing will
destroy the perfection we are seeking? The propellant creation process, from initial
formulation work, all the way through the final processing of the grain into its desired
configuration must be one integrated process.

2. How do we define a batch or lot when using a continuous process? Many propeliant
specifications now state that a batch is composed of all the ingredients in the mixer at
one time. The author believes it is time, or even past time, to be addressing this aspect
of continuous processing. Incorrectly worded specifications will invalidate all benefits of
continuous processing, including the economies of continuous processing for large
quantities, and the benefits of flexible manufacturing.

Thank you for the privilege of presenting these observations.
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