ABSTRACT

Title of Dissertation RAPID HEATING AND CHEMICAL
SPECIATION CHARACTERIZATION FOR
COMBUSTIONPERFORMANCE
ANALYSIS OF METALLIZED,
NANOSCALE THERMITES AND PVDF
BOUND SOLID PROPELLANT
COMPOSITIONS

Miles Christian Rehwoldt, Doctor of
Philosophy, 202

Dissertatiordirectedby: ProfessoMichael R. ZacharialDepartmenof
Chemistry and Biochemistry

Energetic materials research focuseperformance analysis gbsteffective
solid materials which safelyprecisely and efficientlytransitions storg chemical
potential energyo kinetic energy at a rate throttled through chemical or architectural
meas. Heterogenous compositions of metal fuels aontild materials with a high
storage capacity of condensed oxidizing elemeawnish as oxygen and/or fluorins a
class of energetic material witerestgiven itsrelatively high reactiorenthalpiesand
adabatic flame temperatuseln the wake of the earliest instances of metal fuels being
used as a high energy additive during World War Il, characterizing the reaction
mechanisms of micron and nanoparticle aluminum fuels with various oxidizer sources

has ben a primary subject of research within the solid energetics community.



The advent of nanotechnologies within the past two decades brought with it
the promise of a prospective revolution within the energetics community to expand the
utility and characterization of mellezed energetic materials in solid propellants and
pyrotechnicsSignificantprior research has mappeeactivity advantagesas well as
the many short comings of aluminufbased nanoscale energetic formulations
Examples of short comingsclude difficulties of materials processingglative
increase imative oxide shelhicknessand particle aggregate sinteriogforeprimary
reaction The less than flaless promise®f nanoscalealuminum fuels have thus
becane the impetusor the development of novel architectural solutiang material
formulations to eliminatdrawback®f nanomaterial energetics while maintaining and
improving the benefits.

This dissertationfocuses on further understandirgaction mecha@sms and
overall combustion behavior ohnoscalsolid energetic composite materials and their
potential future applicationdMly researchbranches out from the heavy research
involved in binary, aluminum centric systetmg developing generalized intuiticof
reactionand combustiorbehaviorsthrough modeling efforts and couplinime-of-
flight mass spectrometry to rapid heating techniques and novel modes of product
sampling. Thestudes emphasizeeaction mechanisms anadcrowavesensitivities of
underutilized compositions usingmetal fuelssuch as titanium, generatizthe
understandingf the interaction of fluoropolymer binders withetal fuels ad oxidizer
particles andcharactede how multtscalearchitecturaktructurefunction relatiors of

materia effect ignition properties arahergy releaseates.



RAPID HEATING AND CHEMICAL SPECIATION CHARACTERIZATION
FOR COMBUSTION PERFORMANCE ANALYSIS OF METALZED,
NANOSCALE THERMITES AND PVDF BOUND SOLID PROPELLANT
COMPOSITIONS

by

Miles Christian Rehwoldt

Dissertatiorsubmitted to the Faculty of the Graduate School of the
University of Maryland, College Park, in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy
2021

Advisory Committee:
Dr. MichaelR. Zachariah Co-Chair, Advisor
Dr. Efrain Rodriguez, G&hair
Dr. Dongxia Liu
Dr. Liangbing Hu
Dr . Peter B. Sunder |l and, De a



© Copyright by
Miles Christian Rehwoldt
2021



Dedi cati on

To my wife, Kim, for your unconditional love, guidance, and steadfast
confidence in me. To my parents for their love and support throughout all my years of
schooling, especially in times of hardship. To extended family and friends for

encouraging me to reach my goals and to never settle for less than my best.



Acknowl edgement s

| express my sincere gratitude to everyone involved, either directly or indirectly,
who aided in making this dissertation possibleespeciallywant to thank my
dissertation advisor, Dr. Michael Zachariah, for his attentive, unwavering support both
professionally and financially which has made fbigneya truly worthwhile growing
experienceThis work would not have been possible withsupportfrom the Airforce
Office of Scientific ResearcandDTRA MSEE Consortium

My time in the Zachariah Group has been an amalgamate of my own work and
contributions from my lab mates both past and presentvhose insights and
collaborations have greatly impacted rayccess over the past 5 yearsvould
specificallylike to thank Dr. Jeffery DeLisio for helping me start on this journey by
setting me up with theecesary skills andlaboratory intuitionfor successn this lab,
and Dr. Dylan Kline who has been both an effective ifgbacollaborator and reliable
friend. It has beea truepleasure working with Dr. Haiyang Wang, Feiyu Xu, Dr. Yong
Yang, Dr. Phillip Guderi, Yujie Wang, Dr. Hdian Chen Zaira Alibay, Prithwish
Biswas, Pankaj Ghildiyal, Dr. Tao Wu, and Dr. Xizheng Wang. Our discussions and
assistance have been invaluable for establishing a positive work environment and
integral in the development of cdilarative works.Additionally, 1 would like to
recognize my oubf-lab collaborators which includes Dr. Raymond R. Unocic of Oak
Ridge National Laboratory, Dr. Dongxia L& al.of University of Maryland, College
Park, Dr. William Eriksoret al. of SandiaNational Laboratories, and Dr. Michael

Zdilla of Temple University. Although many projects did not or have not yet resulted



in a publicationthe findngs gained from these experienced are recognized in this
document asnotivationfor further works

Finaly, 1 would like to acknowledge my advisory committee, Dr. Liangbing
Hu, Dr. Efrain Rodriguez, Dr. Dongxia Liu, and Dr. Peter B. Sunderland for taking the

time and effort to help see this process through.



Tabl e of Content s

[D7=To [Tor=1 (o o DR PP PP P TP SRRPPPRP i
ACKNOWIEAGEMENTS. ...t eeee et et e e e e e e e e e enenes ii
Table Of CONTENTS......uuiiiiiiiiiiiiiiii e nees s v
IS A0 = 1] =TS PSP SPRRRRTN IX
IS 0 T U PP X
List Of ADDIeVIatioNS........oooviiiiiiie e Xviii
(@ gF=T o] (= g I [ o1 1o To [1 1 £ o 1
1.1 Basicof Solid Energetic Materials. ... 1
1.2 Historical Developments of Solid ENergetiCS.......ccccoveeeeiiiiiieeeciiiieeeeeeee, 3
1.3 SOlid PropellantS...........eeeeeeiiiiiiiii e 5
1.4 MetallizedHeterogenous Energetic COMPOSItES.............vvvvvvvvicmmreeeeennnnns 7
1.5 Nanoscale Energetic MaterialS.............coviiiiiiiiieeeiiiieeeeee e 9
1.6 Observed Mechanisms of Nanoscale Thermites.............cccccovveeeeeeinnnns 13
1.7 Observed Pitfs in the Application of Heterogenous Nanoscale Composides
1.8 Mechanisms of NarAl Particle Oxidation and Thermite Ignitian............ 17
1.9 Fluoropolymeiased MICs for Propellant Systems...............oooevviiiceeenn. 19
1.10 Architectural Controls of Energetic Materials................ccovvvvieeeeeeeeee. 22
1.11 Novel Microstructures for Energetic Particle Compositions................. 24
1.12 Rapid Prototyping of Energetic Materialsi(#tive Manufacturing)........... 28
1.13 Dissertation Research ODJeCtiVES..........covviiiiiiiiiieee e 32
1.14 Chapter Prefaces.......coovveviviiiiiicer s e e 35
Chapter 2: Diagnostics and INStrumentation..................eeevieeeiuieniiineeeieeeeeeeeeens 40
2.1 Rapid Thermometry of Materials (Temperatduenp).............cccceeeeeeeeeeenns 40
2.1.1 Methods and Motivation of Temperatdtenp Thermometry.............. 40
2.1.2 Conducting and Analyzing thelimp Experiment.............................42
2.1.3 Measuring the Activation Energy of Ignition.............c..uvvvveeieeeinvnnnnn 45
2.2 Rapid Chemical Speciation-gimp/Timeof-Flight Spectrometry)............46
2.2.1 Linear Timef-Flight Mass Spectrometry...........ccovvviiiiiiienee e 46
2.2.2 Conducting and Analyzing the TOFMS Experiment.......................47
2.2.3 Temperaturdump Timeof-Flight Mass Spectrometry Methad.......... 50
2.2.4 Measuring Activation Energy of Species Release.................ceeeeeee. 53
2.3 Rapid Chemical Speciation: Molecular Belsi@ss Spectrometry.............. 54
2.3.1 Methods and Motivation of Molecular Beam Mass Spectrometry...54
2.3.2 Formation and Characteristics of the Molecular Beam................... 56
2.4 Instrumental Build: Tump NaNO...........oouviiiiiiiiiie e 59
2.4.1 Introduction and Project PUrpOSE...........oooiiiiiiiiiieemn v 59
2.4.2 FJump Nano Operation and DeSign..........ccovvvuiiieeiiieemeeeeiiiieeeeeeeanns 61
2.4.3 FJump Nano Printed Circuit Board and Housing...............ccooeiieee. 66
Chapter 3: Probing the Reaction Mechanism of Nanoscale Titanium/Potassium
Perchlorate PyroteChniC POWEL...........uuuuiiiiiiiiiieeeiiiiiiieeieeeeee e 68
G 300 R 1 1 0T [UTox 1 o OO 69
3.2 Materials/Sample Preparation and @logerization...............cccceeeeeeiivieeeennnns 71
3.2.1 Materials Preparation.............ccvieeieiiiieemeeiiiiiiieeeseeviiins e eseeenessessnnna d L

\Y



3.2.2 Titanium Nanoparticle Characterization..................vvvvvccceereeeeennnnnns 72

3.3 Rapid Heating EXPeriments. ........cccccccvviiiiiieemiiiiiieeeeeeeeeeeee e 3
3.3.1 Temperature Jump-Jump)/Linear Timef-Flight Mass Spectrometry’3
3. 3.2 TEM HeEALING. ...ttt ettt emmr e e e e e e e e e e e e e 75
3.3.3 Ignition Characterization...............ccoeeiiieeeeceeeiiiciee e eeeeee e 76
3.4 ReSUItS and DiSCUSSION..........uuruuuiiiiiii i ieeeietiiiaas e e e e e e e e e e e ennnsaaa e e e e e e eae e 79
3.4.1 Oxide Layer Characterization.............ccceeeeieeeeeeeeiiiiiee e eeeeeeeeeeeeaens 79
3.4.2 Rapid Heating (~£(/s) Mass Spectrum Characterizatian............... 81
3.4.3 Rapid Heating (~20K/s) Ignition Characterization...............c..c......... 87
3.4.4 Prelgnition: Oxide Layer Interaction with KCIO.............ccceeeeeeiinnnn. 93
3.5 CONCIUSIONS. ...uviiiiiiiiiiiiiee e 96
Chapter 4: Ignition and combustion analysis of direct write fabricated
aluminum/metal oxide/PVDF filMS. ... e 97
g R | 11 o o [ 3o 1) 1SR 98
4.2 Methods/EXperimental.............coooiiiiiiiiieeee e 100
O R V= 1 (T =3P 100
4.2.2 Film fabriCatiON..........uuviiiiiiiiiiiii e 101
4.2.3 CharaCteriZation.............uuuuiiiiiie e eeeeiiiers e e e e e e e e v eeeer s e e e e e e e e eeeeas 104
4.3 ReSUKl and DiSCUSSION...........ccoiiiiiiiitiiieees st eeenseree e eeeeees 107
4.3.1 Fabrication of AI/MO/PVDF filMS........ccccoeiiiiiiiiiieeeee e 107
4.3.2 FilmM COMBUSTIQN . ...uuviiiiiiiiiiiiie ettt 111
4.3.3 FJump/TOFMS analysis of AI/IMO/PVDF films...........cciiiiicaee. 118
4.4 CONCIUSIONS. .. .uiiiiiiiiiiiiiiieiieeieeertirte e e e e e e e e e e e e e s seeeeeeaeeeeaeeaeeaaaeaassssamnnas 123
Chapter 5: High Temperature Interactions of Metal Oxides and a PVDF Bint25s
0 I [ a1 (oo (U Tox 1 o] o U TP PR TPPPPRR 126
5.2 Experimental Methods...........ooooiiiiieeee e 128
5.2. 1 MAEBKIAIS. ...ttt e e e e e e e e e e e e e e e e e e e e e e 128
5.2.2 Thin Film Sample Preparation.............cccuuereeiiieemiiiiiiiiiiieieeeeeeeee e 129
5.2.3 Nanoparticle and Composite Characterization....................ccceeuee. 130
5.2.4 Heating EXPeriments..........oooiiiiiiiiieeen e 132
5.2.4.1 Thermogravimetric Analydiifferential Scanning Calorimetry (TGA
1315 ) USSR 132
5.2.4.2 FJump/Linear Time of Flight Mass Spectrometry........................ 132
5.3 Results and DiSCUSSIQMN..........uuuuuiiiiiieeceeeeiiiiiieaes e e e e e e e eeeeeennnaa s e e eeeeeeaes 134
5.3.1 Slow Heating Thermochemical Analysis..............ccccceiiicreeeenennnns 134
5.3.2 Rapid Heating Timef-Flight Mass Spectrometry.............ccccoeviiiee 139
5.4 CONCIUSION......uiiiiiiiiiiiiiiiee ettt e e e e e e e e e nnn s 145
Chapter 6: Numerically Evaluating Energetic Composite Flame Propagation with
Thermally Conduate, High Aspect Ratio Fillers...........ccoooovviiiiiicceiiiiieeeinnn, 147
6.1 INtrOAUCTION........cceeiiieeeeeeeei e e r e e e e e e e e e e emnes 148
6.2 MOdeliNg STrUCKUIE.......cooeiiii et 151
6.2.1 Themal Transportation and Chemistry...........cccceevviiiiiiiccce e 151
6.2.2 PhySICal LAYOUL......cccciiiiiiiii i eeeeeieeme e veree e e e aeees 153
6.2.3 Model Analysis and Parameters.............cooooeiimmmnee e 155
6.3 RESUILS ... .t e e e e e enen e as 157
6.3.1 Role of Rod Aspect Ratio in Combustion Performance................. 157

Vi



6.3.1.1 Flame Propagation and Energy Release Rates......................... 159

6.3.1.2 PreHeating ofthe Flame Front................cooooiiiimmmnniiii 161
6.3.2 Role of Rod Thermal Conductivity in Flame Propagation.............. 163
6.4 CONCIUSION......ciieiiiiiiiiiiii ettt e e e eeer s s e e e e e e e e e e e e e eeenan s 166
Chapter 7: Spatially focused microwave ignition of metallized energetic matéiials
4% 0 L1 (0T [0 Td 1 o] o R SRRRRPPP 167
7.2 MethodS/EXPEerimental.............ceiiiiiii i i eeeen e e 171
7.2.1 Mie Theory CalCulations.............cccuuuririiimmmriiiiiiee e 171
7.2.2 MALETIAIS. .....uuiiiiiiiiiiiiiiii ittt e e e e 171
7.2.3 Film fabrication............ooouvuiiiiii e 173
7.2.4 Burn rate characterization.............ccuuuviiiiiimemniiiiiiiiiiieeeeeee e 176
7.2.5 Focusehicrowave ignition...........oooeeeeiiiiiiiiimnnn e e e 176
7.3 ReSUItS and DiSCUSSIQMN......ccviiiiiiiiieeieiiieeieeiee e e e e e s ssenee e 178
7.3.1 Microwave absorption of metals and material selection................ 178
7.3.2 Microwave sensifity of metal powders...............cccccceeiiiiiceeeviviinnnnns 184
7.3.3 Microwave sensitivity of metallized propellants...........cccccceeiiieeeee. 186
7.3.4 Controlledenvironment combustion characteristics of metallized
[S10] 01=11 F= o1 ST PPOPPPPRIN 189
7.3.5 Architecting of a microwavnitiated solid propellant....................... 191
7.4 CONCIUSIONS......cceiiiiiieiiieeiiteteeee e ettt sme e sa e e e e e e e e e ennes 194
Chapter 8: Summary and Future WOIKS............cccceeiiieiiieeeiiccieceee e 195
8.1 CONCIUSION SUMMEALY......uuuiiiiiiiiiiiiiiii ettt e e e rmmme e 195
8.2 In situ TEM Heating of Select Perovskite Particles...............cceeevieeennn. 199
S T2 N | 11 o o [ 1o 1o I U USSEPUPPURPPT 199
8.2.2 Experimental Instrumentation, Materials and Appraach............... 201
8.2.3 ReSUItS and DiSCUSSION.........uuuuuuiiiieeeeeeeeriiiiiiaee e e e e e e e e eeeesanaenaeeeens 206
8.2.4 CONCIUSIONS.....cuviiiiiiiiiiiiie et 215
8.3 MBMS Charaterization of Energetic FilmS.........cccccooviiiiiiiiccee e 216
SRS 0 A [ 01 (o o [FTod 1 o] o WP 216
8.3.2 Materials and Experimental Approach..............cccuvvvvieemriiivvnnnnnn. 219
8.3.3 ReSUIts and DiSCUSSION. .......uuuiiiiiiiiiiiiiieeeriiieeeeeeeeee e e e e e e e e e e e smmne e e e ns 222
8.3 CONCIUSIONS.....eeiiiiiiiiie et s e e e e e e e e e e e e rree e e e e e eeeeeeeeeeessennnes 232
8.4 The Role of Isotope Labeling in Thermite Systems............cccceeeeveeeeene 233
8.4.1 FJump/TOFMS Analysis of Isotope Labeled Nanoscale.CuQ......235
8.4.2 Future MechanistiC StUdIES...........uuuiiiiiiiiiieeeiiiiiiieeereeee e 239
Supplemental INfOrmMation............oooi oo 242
Chapter 2 Supplemental FIQUIES.............ooiviiiiiiieee e 242
Chapter 3 Spplemental FIQUIES..........cccuuuiiiiiiiiiieeeiiitieee e 243
Chapter 4 Supplemental FIQUIES............oiiiiiiiiiie e 245
Chapter 5 Supplemental FigUIES........ccccuuiiiiiiiiireeiiiiiiiee e 247
Chapter 6 Numerical Methods.............cuviiiiiiiiiieeec e 248
Chapter 7 Supplemental FIQUIES............oovviiiiiiiiieee e 255
Y o] 0= 0o [T o = PP 257

Appendix A: Specifications and Maintenance of Th@ump/TOFMS System 257
Appendix B: SolutiorBased Additive Manufacturing with Hyrel 3D Systen?62
B.1 Hardware and Instrument Parameters..........ccceeeveeeeeeeeeeennnnnnnneeeenn 262

vii



B.2 Frequently used Architecture and Gcode Scripts............cvvvvvveniceee.. 273

Appendix C: Matlab Scripts for-Tump/TOFMS............oooiiiiiiieee e 284
Appendix D: Arduino Script Example for-Jump Nano.............cccoeevvvvvvvvieen. 291
Appendix E: 2D Flame Front Model MATLAB SCrpL.......ccovvvviiiiiiiiiiiaaeee. 292
LiSt Of REIEIENCES. ... ittt 304

viii



Li st of Tabl es

Table 3.1 Highlighted physicaproperties of aluminum and titanium species...70

Table 3.2: T-Jump activation ENErgieS............uuiiiiieieeceeeiiiie s e e e e e e e e e e e eeeaeeees 88
Table 4.1:Energetic precursor formulations...............cccceeeivvceeeeveniiniiiieeeeenn. 102
Table 4.2:Film mechanical and morphological properties...........cccccccoeeeeraee. 104

Table 4.3:Film energy release comparison when compared to Al/PVDE.....117

Table 7.1:Energetic precursor formulations...............cooevvvvvieeeeeeeiiieieeeeiiiinnns 174
Table 7.2: Complex dielectric constant and complex magnetic constants used in
calcuations to estimate the intensity fraction absorbed and the maximum

TEIMPEIATUIE.. ...t e e e e e e e 181
Table 7.3:Freestanding burn velocities in aand argon environments and ability to
be ignited WIth MICTOWAVES............uuiiiiiiiiiiiii et 188



Li st of Figures

Figure 1.1: Historical developments and use of heterogenous solid energetic
materials from early mandés use of wood fue
powder, to mandés ventures troeot haer tswoarrks .b yOr
Abraham Hunte©2016. Image sources: Nasa.gov, Wikimedia commans........ 4

Figure 1.2: A comparison of specific combustiontkalpies of energetic metals with

Oz in relation to modern explosives with the relative abundance of reactive metals

AISPIAYEEY. ...t ettt anee e ae e 8

Figure 1.3: Reducing heterogenous energetic components enhances reactivity due to
reduced diffusion length scales and specific surface area, s. Monomolecular
energetics have -pfaucekla gaenddo oaxti dti.hzee.c.mbilperceul ar
Figure 1.4:Modeling and experimentation of the coalescence of aluminum

nanoparticles under rapid heating conditions. Rapid sintering is a primary factor in

the reduction burn rates compared to theoretical single particle burn rates. Adapted

with permission from thetated referencé8.............c.covvvvieviveeeecee e 17
Figure 1.5: Comparison of exothermicity (per gram of metal) and relative volatility
of products formed fnm the oxidation/fluorination of energetic metals.............. 20
Figure 1.6: Polymer bound energetic composite architectures: Mesoparticles (3D),
Thin films (2D), FIDErs (IDF/20.......ooeiieicee et 28
Figure 1.7: Subdivisions of most common methods for macroscopic additive
manufacturing of engetic MaterialS!.............covevveeeieieee e seee s 31

Figure 2.1: Routine setup of the-Jump experiment conducted in a sealed chamber

of differing atmosphere. Key heating, timing, and monitoring components are

(0 1= 11 (=0 PSSP SSRPPPPPPY 43

Figure 2.2: Ti/CuO thermite TJump ignition in argon illustrating the a) temperature

profile and light intensity as a function of time where the b) ignition point can be

determined through frame by frame analysis of synchronizgddpeed

(L0 [=TeTo | £=T o] 1 | PP TP PP UPPPPPN 44

Figure 2.3: T-Jump analysis of the a) ignition temperature of Ti/K{é@ergetic

compositionas afunctiomf heating rate(b) for which the
ignition maybe calculated using the relat.i
ISOCONVErSION METNOM. .. ... e e e e e e e 45

Figure 2.4: Schematic of the a) TOF ionization, acceleration, and detection of gas

species which have a b) voltage/signal profiles which are actuated by a trigger source

Figure 2.5: Box schematic of the Timef-Flight electronics wiring setup which
includes the triggering device, oscilloscope, and power supply for all necessary

(o70] 1] 010 ] 81T o1 £ TP 49
Figure 2.6: Coupling of the a) TOFMS system with theJlimp technique using the
b) customized TJUMP PrODE........cooiiiie e 51

Figure 2.7: Time resolved a) full mass spectrum and b) single species detection
profile as a function of temperature from the heating of KGl®micron particles

(T-JUMPITORMS)....ceiieeeeitee e eee et emmme e e e et eeme s 53
Figure 2.8: Experimental setup and Molecular Beam Mass Spectrometer schematic
of flame sampling during COmMbUSHIQN.............coiiiiiiiiiiicc e 56



Figure 2.9: Schematic of the -Dump nano (Autodesk Eagle 8.4.2.) apparatus
including the high heating rate wire, sefithte relay, and oscilloscope.............. 62
Figure 2.10:Initial solderless breadboard prototype of théufnp nano. The
breadboard in the top left includes a monostable multivibrator andstatel relg

that would actuate a higfoltage pulse to resistively heat a wire. This multivibrator

would be modulated with a signal sent by the Arduino Uno (top right) which is
controlled with triggers wired in on the breadboard below.it........................... 63
Figure 2.11:Arduino output waveforms: repeated (green) and single shot (bl6d).
Figure 2.12:Theoretical output signals for heating and Arduino control (BNC
OULPULS). ettt e et e e e e s emessnnnereeeeeeeeeesd 66

Figure 2.13:Diagram of custom printed circuit board to serve as a shield for Arduino

Uno (Rev3). Printed circuit board is manufactured by OSH Park.................... 67

Figure 2.14:a) PCB of FTJump Nano circuit mounted to Arduino board and b) PCB

aluminum enclosure with output switches, BNC connectors, and heating.rel&i?

Figure3.1:Ma xi mum combustion enthal pies7lof

Figure 3.2: SEM characterized sprairied micronsized KCIQ particles with b) a

rough particle size distribution (200 particle sample size).........cccccoevvvvvieeeenn... 72
Figure 3.3: TEM characterized titanium nanoparticles from US Research
NaNOMALErialS, INCu......cooiiiiiiiii e e e e e e 73
Figure 3.4: SEM of nTi/KCIOs powder coated on plaum T-Jump wires............74
Figure 3.5: Average active Titanium content determined by FTBBC of titanium
nanoparticles heated in oxygen atOBMiN..............eeveeeiiiiiiiiireree e eiieeeeee e 77

Figure 3.6: X-ray diffraction pattern of a) Titanium nanopatrticles as received, b)
simulant TiQ nanoparticles, c) Spray Dry KCl@articles, and d) TKP combustion

products heated t0 750(TGA) ... ccoiii i eeeeeeeeeee e 78
Figure 3.7: XPS analysis of titanium nanoparticles and JFé&datase nanoparticles
WIth PEAK fItS...uueeeii e 80

Figure 3.8:a) KCIOs T-Jump averaged spectrum over 10ms collection time (used
only for species identification purposes) and&k)O4oxygen release as a function of

heating rate (Release temperatures determined by averadirgp&ated

MEASUNEIMENTS)c e eeeeeeee ettt eeee e e e et et ettt eme e s e e e e e e e e e e s smnn s 82
Figure 3.9: Arrhenius plots of KCl@oxygen release and ignition of relevant
mixtures. See Table 3.2 factivation eNergies..........ccovvveeeeeeiiiiieccvvviceeee e 83

Figure 3.10: TGA-DSC of Spray Dried KCl@depicting the onset of a) crystalline
phase transition (orthorhonabcubic) at 308 , b) melting at 599 followed
immediately by c) decomposition to KCI at 810and finally d) KCI melting at
A4 PP 84
Figure 3.11:a) nTi/KCIO4 ignition species averaged mass spectrum over 10ms

collection time and b) nTi-Dump averaged mass spectrum over 10ms collection time

Figure 3.12:nTi/KCIO4 T-Jump ignition in vacuum (top) and argon (bottom) at

D3x1C K/s visually depicting the constraining effect of ignition in a pressurized
(2T )71 (0] o1 0 1= o 87
Figure 3.13:Pressure dependence of nTi/KGlgnition in G and Ar.................. 89

XI

stoi



Figure 3.14:In situ heating of a (a) single TKP aggregate at room temperature with
micron sized KCIQ@ superimposed onto nanosized titanium particles. Subseh)en
heating of the aggregate up to 850 K (580 °C) results in K@&omposition (c)

leaving the remaining reactant/product particles coated in.KCl...................... 91
Figure 3.15:Rapid Heating TEM of titanium nanoparticles with minimal sinte@ag
Figure 3.16: TKP primary reation mechanism summary; the sudden release of
oxygen from the enveloping KCl®nelt reacts with the preserved nanostructure of

the titanium particles. Oxygen reacts with the oxide layer, enhances oxygen diffusion,

and then reacts with the titanium CQAre...........cccceviiiiiiiicceecce e 93
Figure 3.17:Catalytic effect of TiQon KCIO; decomposition (TGA analysis in
= {00 0 ) 1P 94

Figure 3.18: TGA analysis in argon between simulant mixture, TKP, and bare
oxidizer; oxygen decomposition of TKP and simulant onigtoccur at roughly the

SAME TEMPEIALUIE. .....ceieiteii e eeeeei i e e e e e e e e e e s e e e e e e e e e e e e e nnammmnnes 95
Figure 4.1: TEM of as received aluminum and metal oxmdaopatrticles........... 101
Figure 4.2: SEM images of a) Al/PVDF single layer film cressction, and bf) 5
layer film morphology and combustion sample prep........ccccceeeeeeeivieeeevevvnnnnns 103
Figure 4.3: a) AI/MO/PVDF T-jump wire coating b) ignited via rapid joule heating
QLI LU 1] ) SRS 106

Figure 4.4: SEM crosssection of Slayer f14e m/ | ayer ) 3D printed a)
Al [®BiIPVDF, c¢) Al / CuOLPVWYDF &nd.md)..188 / Fe

Figure 4.5: Shear rateontrolled viscosity measurements as a function of shear rate
for the most viscous (red) and least viscous (blue) DMF based precursor..ink10
Figure 4.6: StressStrain curves of a single layer of the various film compositekl
Figure 4.7: SEM images of the crossection of a) Al/BiOs/PVDF, b)

Al/CuO/PVDF, and c) Al/FgD3:/PVDF at 67 wt. % particle loading.................. 111
Figure 4.8:a) Snap shots of steady flame propagation of Al/CuO/PVDF with 50 wt.
% particle loading accompanied by b) represargdinear distance over time plots of
each composition. Averaged flame speed results are consolidated in a ¢) comparative
DA Graph...c e 112
Figure 4.9: Characteristic film combustion (right to left) behavior of a) Al/PVDF, b)
Al/Bi203/PVDF 50 wt. % particle loading, c) Al/CuO/PVDF 50 wt. % particle
loading, d) Al/FeOs/PVDF 50 wt. % particle loading, e) Al/BDs/PVDF 67 wt. %
particle lading, and f) Al/CuO/PVDF 67 wt. % particle loading..................... 112
Figure 4.10: Combustion products analysis (SEM, EDS, XRD) of a) Al/PVDF, b)
Al/Bi 203/PVDF, c) Al/CuO/PVDF, and d) Al/E&s/PVDF films ignited in an argon

AUMOSPNEIE. ..t e e ane e 114
Figure 4.11:lllustration of the proposed mechanism for the observed burning
behavior of AI/IMO/PVDF filMS......ccooiiiiiiiee e 115

Figure 4.12:Snap shots of spaciotemporal temperature measurements made by color
camera pyrometry on a) Al/PVDF, b) Al)/PVDF (50 wt.% particles), c)
Al/Bi0s/PVDF (67 wt.% particles), d) Al/E@©s/PVDF (50 wt.% particles), e)
Al/CuO/PVDF (50 wt.% particles), andl Al/CuO/PVDF (67 wt.% particles) films

burning from right 10 left..........oooiiiiiii e 116



Figure 4.13:Ignition of the various Al/MO/PVDF compositas argon and vacuum

LTV T (0] o g 1= o1 USSP 119
Figure 4.14:Ignition temperature of metal oxide specified powdered thermite

relative to the ignition temperature of thermite integrated into Al/PVDF composites in
ArgoN AN VACUUIM.....ciii e e e e eeeeeeeeeeiteeee e e e e e e e eeeeeeaeeaaas e rmmme e eessssnnnanaeeeeeeeanans 119
Figure 4.15:Normalized HF signal intensity of the various Al/MO/PVDF composites
subject to FIUMP/TOFMS ..o reer e e e e e e e e 120
Figure 4.16: T-Jump/TOFMS Mass spectra of AI/MO/PVDF composites averaged
(01T e 0 3 L= SRS 121
Figure 4.17:T-Jump/TOFMSMass spectra of MO/PVDF composites averaged over

Figure 5.2 SEM crosssections of all metal oxidel/DF thin film compositions

illustrating metal oxides encapsulated within the PVDF matriX..................... 132

Figure 5.3 TGA-DSC of select metal ake/PVDF thin films under an argon

environment, heated at PO/MIN.......coooeei i 134

Figure 5.4: Temperature dependent XRD analysis of condensed phaseDB&A

heated products of metal oxide/PVDF thin films: a) CuO/PVDF, 5p#PVDF, c)
TiO2/PVDF, d) MgO/PVDF, e) AO3/PVDF, f) SIQ/PVDF..........ccccvivieeeiiin 136

Figure 5.5: Averaged mass spectrum over a 10 ms collection period of rapidly heated
Pt wires which are thinly coated with the selected metal oxide/PVDF compositions.
The most notable mass species are label............cccooiiieeer e 140

Figure 5.6:Timedependent ful I mass specPK/sh of rapi
over 3 ms depicting onset HF release 200 ps prior to the detection of the large
PYIOIYSIS SPECIES. ... .cciiiiiiiiieieti s e e e e emeer e e e e e e e e e e e e e e e e e aenen s 141

Figure 5.7: T-Jump/TOFMS measured relative HF release maximum (HF ratio) of
metal oxide/PVDF compositions as a function of release temperature......... 142

Figure 5.8: Initialization of the proposed interactions between the studied metal

oxides and PVDF where those on the top layer release far more HF gas and react with
decomposing PVDF at gg temperatures compared to neat PVDF decomposition.
....................................................................................................................... 144

Figure 6.1: Spectrum of thermal conductivities typically used in polymer composites
with tunable thermal properties............cccuiiiiiiiieee e 149
Figure 6.2: Relative themal diffusivity (  "Q) mapping with respect to volume

fraction for a) simple homogenously mixed, uniform distribution, and b) distribution
of rod of variable aspect ratios as well as an example of c) the heterogeneity scaling
of solid energetic constiu e nt s r.el.a.t.i.v.e...t.0 . Q... 155
Figure 6.3:a) Flame front snapshot and b) time resolved behavior of the accumulated
area of the prbeatel zone, total burned material, and burned energetic material for
the case of AR=55, Vol.%=20, t=488 (left to right propagation)..................... 158
Figure 6.4: Effect of aspect ratio and vol.% of rods with a fixed thermal conductivity
on a) the change in total area burned, b) energy released over the allotted burn time,
and c) the extent of pieeating during flame propagon..............cccevvvviiiviiieeee.. 159

Xiii



Figure 6.5: Effect of thermal conductivity and vol.% of rods with an aspect ratio
(AR=45) on a) the change in total areared, b) energy released over the allotted
burn time, and c) the extent of gneating during flame propagatian................ 164
Figure 6.6: Thermal mapping of energetic material propagation integrating rods with
varied thermal conductivities within an invariant AR=45 rod mapping of 20 vol.% at
t=325 ps (Propagation from left to right)...........ccccuiimiiiiiieeee e 165

Figure 7.1: Transmission electron microscopy images of theeasived (a) naro
Aluminum (Novacentrix) and (b) nanitanium (US Research Materials). Images
taken With @ FEI TECNAIL2......ccoiieii i eeiieeeeeceees et eeme e eaeeeees 172
Figure 7.2: Scanning electron microscopy images of the esession for ageceived
(a) 34.5um diameter Al micron particles (Alfa Aesar) and (0)14um diaméer Al
micron particles (Alfa Aesar). Images taken with a FEI NNS45Q.................. 173
Figure 7.3: Scanning electron microscopy images of the esassion for (gb)
Al/PVDF and (ed) Ti/PVDF films. Each printed sample is 4 layers thick. Images
taken With FEI NNSA450.........cooiiiiii et 175
Figure 7.4: (a) Needlebased microwave ignition experiment at 2.45 GHz. Peak
power of the entire systemfi$ 5W. (b) Simulations of the electric field at the tip of
the needle for a frequency of 2.45 GHz (using Ansys HFSS and agengoated

Figure 7.5: (a) Calculated fraction of microwave (2.45 GHz) intensity absorbed for
bare and corshell Al and Ti nanopatrticles in a 25 um diameter cylinder as a function
of depth and (b) the estimated maximum temperature after being exposed to a
microwave input of 13V for 0.5 s. Physical properties used in calculation are
provided in Table 7.2, e 181
Figure 7.6: (a) Ignition of naneTi powder in air (50nm diameter) using microwave
needle apparatus imaged using a tsgbed camera. t=0 defined as starting time for
power supplied to the applicator. Dashed white line indicates position of needle. (b)
Simulation of he experiments in (a) showing the near field electric field on the

ground plane performed using Ansys HFSS and angererated mesh........... 184
Figure 7.7:Ignition of Ti/PVDF (65 wt.% Ti) film in air using microwave needle
apparatus imaged using a higipeed camera. t=0 defined as starting time for power
supplied to the applicator. Dashed white line indicates position of needle...188
Figure 7.8: Distance vs. time data used to estimates for the propagation rate of Table
7.3 COMPOSItIONS 1N @IF aN ArgON.....ccciiiiiiiieieiie e 190
Figure 7.9: (a) Depiction of the architecture for a layered Al/PVDF, Ti/PVDF
propellant that can be initiated with microwaves where laygreake A / PVDF (0=1)
and layer 5 is Ti/PVDF (65 wt.% Ti}85 um thick). (b) SEM/EDS image of layered

film crosssection as outlined in a. (c) EDS line scan results for line drawn.iri 92
Figure 7.10:Microwave needle ignition of a layered Al/PVDF, Ti/PVDF propellant
where layers4 ar e Al / PVDF (u=1) and | ayer 5 is T
Al/PVDF region does not ignite when exposed to microwave radiation and (b)
Ti/PVDF layered region ignites and propagates into Al/PVDF region........... 193

Xiv



Figure 8.1: Protochips Atmospheric System for TEM: a) Scroll pump, b) Gas
manifold, c) Holder, d) Leak check station, e) Software, f) Power SupplyGhifie
calibration file, and h) FEI Titan TENBTEM............ccooiiiiiiiiiiiieeee e 201
Figure 8.2: TEM images taken at UCR of LaCe@articles which highlight the
morphological mixture of partiCles..........cccceeiiiiiii e e 204
Figure 8.3: Initial TEM images of perovskite nanoparticles dinst attempt at EELS
scans highlighting the need for geating of material to 3. ........................ 206
Figure 8.4:LaCoQ nanoparticle aggrege imaging a) prior to and c) after heating
with b)-d) EELS mapping illustrating the splattering of cobalt atoms around the

SUDSIIALE PUNCEUIE. ...t e ee et e e eeer e e e e e e e e e eeeeeeemmms 207
Figure 8.5:a)c) TEM image and EELS mapping ofdésmn.4~eQ; prior to heating
with a d)}f) core-shell type structure forming upon reaching 1000.................. 208

Figure 8.6: Heating protocols for LesSr.4Co0s, LaCoQ, and LaCr@ samples.209
Figure 8.7: TEM imaging and EELS elemental mapping 06.t31.4Co0; a)-d)

before and eh) after the proscribed heat protocol under 760 Torr nitrogen.gas0
Figure 8.8: TEM imaging and EELS elemental mapping of LaGa{d) before and

e)h) after the proscribed heat protocol under 760 Torr nitrogen.gas............. 211
Figure 8.9: TEM imaging and EELS elemental mapping of Lagb®fore and after
the proscribed heat protocol under 760 ToOrr Nitrogen .gas.........ccceeeeeeeeeeeennns 212
Figure 8.10:Heating protocol for simulating chemical looping experiments with
cycling of H/Ar and Q enVIFONMENTS.........cocieiiiiiiiiiiiieeeiniieireeeeere e e 213
Figure 8.11:Quartz tube/camera setup within the vacuum environment of the

sampling region of the MBMS..........ccooiiiiiii et 222

Figure 8.12:Al/PVDF combustion masgsctra in a) Vacuum (~10Torr) for T-
Jump/TOFMS ignition product sampling and b) 1 atpfdd MBMS combustion
ProdUCT SAMIPIING-. . ceeiiieeeeeie e eeenees 223
Figure 8.13:a) Al/PVDF combustion average mass spectrazwith additives: b)

20 Wt.% b and C) 5 WEY0 SIQ....cceeiiiiiiiiiieeieiiieeeieee et 225
Figure 8.14 Speies over time of HF and A$fletected as products from the
combustion of AI/PVDF, Al/PVDF/Si@ and AI/PVDF/bin 1 atm N................. 227
Figure 8.15Spatial mapping of the temperature distribution of the flame from the
combustion of Al/PVDFbased energetic films within the quartz tube of the MBMS

....................................................................................................................... 228
Figure 8.16:Mean spatial flame temperature and corresponding light intensity from
Al/PVDF composite COMbBUSLION...............ooiiiiiiiiiiieee e 229

Figure 8.17a) Evolution of acetylene and G@roduct species of Al/PVDF
combustion in air compared with the b) time scale of the combustent.e........ 231
Figure 8.18 Average mass spectrum of a) commercial CuO and b) water washed
(00 o TS 235
Figure 8.19 Time resolved mass spectrum analysis fo¥*Owvith respect to a) O
isotopes and b) water and carbon dioxide I3e$0................ccovveiiiiiimenneeeeeeeeeene. 236
Figure 8.2Q Air Sensitive Sample Holder (ASSH) with a s) sheath and cap design
with b) 3D printed collar for puncturing tfie aluminum foil sedf°................... 237
Figure 8.21 a) Cumulative mass spectrum and b)time resolveidd@ope speciation
from T-Jump/TOFMS of CtfO nanopowder prepared using-fige and watefree
L= 1 0 0 £ 238



Figure 8.22 Time restved speciation of a) majdfO containing molecules (water,
carbon dioxide, oxygen gas) and b) all carbon dioxide isotope species........ 238

Figure S2.1:KCIlO4 particles coated on-Jump Pt wire with particles prepared by
the a) aerosol spray pyrolysis method and by b) ball milling. Ball milling results in
particles which are harder to coat on the 76um Pt wite............ccooovviiiceeeennn. 242
Figure S2.2:Example of the mastime calibration for TOF collected in 2019..243

Figure S3.1:EDS of homogenously mixed nTi/KCi@owder composite.......... 243
Figure S3.2:Protochips In Situ microscopy TEM heating probe.................... 244
Figure S3.3:Post combustion products collected on carbon tape depicting titanium
oxide formation with KCI first being vaporized by the heat of reaction then

condensing on the surface of the titanium oxide............cccoevviiieeeeeiieeeeeeennns 244
Figure S3.4:Aluminum and Titanium nanoparticles immersed in water for 3 days
(Titanium remains UNreacted)........ccceeeeieeeeiiiiiieeei e eeeeeeree e 244

Figure S3.5:Comparison of a a) room temperature TKP aggregate with a b) TKP
aggregate which has been heat past the melting point of KCl and TEM elemental

MAPPING PEITOIME... ..ot rr e eeeeae e e e e e e eaeeeean 245
Figure S4.1:Quartz tube argon chamber for simultaneous film combustion and high
RS 01110 AV o (=TT [ir= o] 0|V USRS 245
Figure S4.2:Combustion of AI/PVDF in a) argon and b) air captured at 3000 FPS
and c) tracked using Image J to obtain flame speeds...........cccceeiiiicecnrrnnnnnns 245
Figure S4.3:EDS homogeneity analysis of the creestion of films with various

metal oxides and particle 10adingS..........ccooiiiiiiiiiiiee e 246
Figure S4.4:SEM images of the top surface of Al#Ee/PVDF films at a)b) 50 wt.

% particle loading and aj) 67 wt. % particle loading.................eiiiiiiicenennns 246

Figure S4.5:Comparison of a) Al/BOs3, b) Al/CuO, c) Al/FeOs thermite ignition to
d) Al/Bi2Os/PVDF, e) Al/CuO/PVDF, f) Al/FgOz/PVDF film ignition in argon.. 247

Figure S5.1.Tmedependent ful | mass spectrad& of rapi
K/s) over 3 ms depicting onset gfrior to HF release and subsequent release of

larger PYrolySIS SPECIES........uvuiiiiiiiei e e e e e aeeer e e e e e e e e e e e aeees 247

Figure S5.2:CuO/PVDF a) TGA profile and b) resulting rate of mass loss as

fUNCLION Of CUO MASS....iiiii i ieeee e enees e e e e eeeeeens 248

Figure S6.1:a) Grid of relevant temperature nodes for position index p,q at the
(n+1)" time step with b) visualization of the implicit finite difference method using

adjacent temperature nodes in the previous time Step..........cccoeeeevvvieemeeennnnn. 249
Figure S6.2:Thermal resistance approach for defining effective thermal conductivity
at the boundary of discrete thermal condugtidistribution................c..ocoevvennnne 251

Figure S6.3:Thermal mapping of energetic material propagation incorporating rods
of constant thermal conductiyi(k=k,10%) with varied aspect ratios at 30 vol.% at

t=325 us (Propagation from left to right)............oooiiiiiiiii e 254
Figure S6.4:Truncated fluctuations of the extent of ffreating as a function of time
during flame propagation.............ooeeeiiiiiiiccc e 254



Figure S7.1:Images from microwave heating and ignition experiments for-nano
titanium as performed in a glass tube with an inert Argon environment. Right image

shows small heating point immediately around the microwave saurce......... 255
Figure S7.2:Ti-PVDF argon environment post combustion products............ 256
Figure B.1: Photepolymerization process of UV curable materials............... 270
Figure B.2: Dual rectangular print deSign..............eeeeviiiiiiieemiiiiiieiieeeeeeeeeeeeen 274
Figure B.3: Dual Printing Head, Dual rectangular print design...................... 277
Figure B.4: Print design for printing on glass coverslips..........ccccooviiiiiceeenn. 279
Figure B.5: Print design for printing of viscous, high particle loading inks @sgl

COVEISIIPS ettt e e 282

XVii



ASP
ASSH
nAl
AN
AP
ALD
HMX
RDX
DSC
DLP
DIW
E-gun
ESD
FPS
FFF
GAP
Viton A
CL-20
HTPB
MIC
MCP

MEMS

Li sAblfevi at

Aerosol Spray Pyrolysis

Air Sensitive Sample Holder
Aluminum Nanopatrticles
Ammonium Nitrate

Ammonium Perchlorate

Atomic Layer Deposition
Cyclotetramethylenetetranitramine
Cyclotrimethylenetrinitramine
Differential Scanning Calorimetry
Digital Light Processing

Direct Ink Writing

Electron Gun

Electrostatic Discharge

Frames Per Second

Fused Filament Fabrication
Glycidyl azide
Hexafluoropropylene/vinylidene fluoride
Hexanitrohexaazaisowurtzitane
Hydroxyl-terminated polybutadiene
Metastabldntermolecular Composite
Microchannel Plate

Microelectromechanic&@ystens
XViii

ons



MBMS
NIST
NC
TNT
PTFE
PVDF
Pl

PID
RTOFMS
SEM
SLA
T-Jump
THV
TGA
TOFMS
nTi
TKP
TEM
XRD

XPS

Molecular Beam Mass Spectrometer

National Institute of Standards and Technology
Nitrocellulose

Trinitrotoluene

(Poly)tetrafluoroethylene

(Poly)vinylidene Fluoride

Proportionalintegral
ProportionalintegratDerivative

Reflectron Timeof Flight Mass Spetrometry
Scanning Electron Microscopy
Stereolithography

Temperature Jump
Tetrafluoroethjene/hexafluoropropylene/vinylidene fluoride
Thermogravimetric Analysis

Time-of-Flight Mass Spectrometer

Titanium Nanoparticles

Titanium/Potassium Perchlorate

Transmission Electron Microscopy

X-ray Diffraction

X-ray Photoelectron Spectroscopy

XiX



Chaptlenrt rlonduct i

The discovery of novel materials anchgroved engineering controls for
enhancedcombustionperformancehas been instrumental to our existence on this
planet They area means of generatingeat, light, and gase$or industy,
transportationcooking, climate contrgl andadvancements iwarfare! Combustible
materialscomein all phaseqi.e. gas, liquid, solid) with mechanisiior combustion
being either seltontained i(e. monamnolecular propellants/explosives) or
heterogenoysn which multiphase processtake placeln particular, he evolution of
solid energetic materials through history is marked by the desire for dableol
reliable access to chemically stored potential energy to be converted to kinetic’energy
Research efforts focusingnahe utility of solid energetic materials focus on several
characteristicswhich includeheat of combustion (amount of energy produced from
combustiorreactior), sensitivty to external stimuli€.g.impact, shock, electrostatic,
thermal) brisance (shattering capability), detonation velocity, power (work energy per
time), material quality and materialstability? (ability of energetic material to remain
unaltered under adverse conditions or after long periods of stérafejthermore,
characterization o€ombustion performance is often standardized based on ignition
delay timeg duration of combustion, flamiont morphology €.g.height, intensity,

area, etc.), velocity, and interactions witle environment.6’

1.1 Basics of Solid Enerdic Materials

Solid energetic materials are categori z

ipyrotechnicso with gener Adrdinanpepflrewarks,t i ons |

1



automobile airbag$,mining, initiators, and decastruction>®1%1 The difference in
these categorizations is the rate at whiteknonlinear reactiors proceedafter they
ignite. Compositions ignite when thexothermicity of a reaction exceeds the energy
disspation rate to establish a sslistained chemical reactiahanominal temperature
point. known as t he /Y Exgosivesaretdefime as a matedat e o .
which detonatescharacterized by high pressureshock wave i(e. rapid change in
pressure) moving at supersonic spebdsugh the explosive mediufhhe reaction rate

is determined by the velocity of the shock wéve 0> m/s) and not the rate of heat
transfer!3® Both propellans and pyrotechnigareheterogenous compositions of fuel
and oxidizerwhich arenon-explosive withburning described as a deflagoatievent
Deflagration is characterized layrelativelyslow reaction taking place on the surface

of the energetic materiahdproceeds into the grain via heat transfer mechanjsts

3.10° m/s)1361011 0 general, gplosive materials maylso deflagrate in which the
transition point from deflagration to detonation in both monomolecular and composite
energetics has been an important topic of resédfcRropellants generate gas to
provide lower pressuresver a longer time period to effectivgbyovide andsustain
pressure(thrust)in propelling objects:® Solid propellants have advantagssich as
safety, storage stability (30+ years), resistance to unintended detonation, simplicity,
adequate functionality, and high mass flow ratekich make solid propellants
preferable in small missiles for instantaneowsdieess'****The Sai nt Robert d
(ro = a-P") is widely usedfor solid propellant characterizatidn calculate a fit of
burning rater, as a function of pressurB,anddetermine its pressure exponent, n,

which ultimately setsits viability for applicational usag¥ Comparatively,



pyrotechnicshave many of the same characteristics as propellanteviolite large

amounts of heaindgeneratenegligible gaseous products.

1.2 Historical Developments of Solid Energetics

Developments and advancements of sehdrgetic materials of all types draw
a direct relationship between basic research and technology in the realm of warfare
where advancements give an impetus to further resédftime and incendiary
devices are the oldest form ofganic materiathemical weapondaing back to as
early as the c¢aveman dcealsforcaking Bnddndingoffe s and
animals and rivald Basic incendiaries have proven to be effective in their potential for
destructionas exemplifiedby the use of fireballs of reswmus wood and straw in the
GrecoRomanClassical Erdo the indiscriminate deployment of thermite bombs over
early 20" centuryEuropean cities andapalmin the jungles of Vietnar Energetic
materials have gone through many technological developments and adaptations beyond
simple incendiary devices and has had a majrenceoverthe course of history as
we know it31’

The debut of the earliest forms of recreational fireworks for great dispfays
lights, color, noise, and smoke in China during the Song dynestld eventually lead
to the development of pyrotechnics for illuminating ravaged fiefdsattle (e.g. star
shell flare) and colored smoke signalithgyvices(e.g.M18 smoke grenades)rfair to
ground identification® The discovery of black powder.€. KNOs, also known as
saltpeter sulfur, and charcoal) by tl&hinese, Arabs, and Hind(@®rmulasrecorded
by the English monk Roger Bacon in 1268gan the history of explosives garemary

means to transition chemical energy to mechanical Wwotk!’ Further European
3



developmens of Hack powderwith differing equivalence ratios (relative ratio of

composite fuel mass to oxidizemsscompared to the stoichiometric rafidjled to its

ubiquitous utility in blasting, mining, and propulsiorin early 14" century

developments ofluns andballisticstechnology One notable example is thBritish

Congreve rocketadapted from crude, black powder fueled Indian bamboo rockets and

i mmortalized by Francis Scott Keyds Arocke

the Star Spangled Banner during the siege of Fort McHenry Wéneof 181231719

10t Century 13t Century (Rodger Bacon)

(Song Dynasty Fire Works) 19 Century (War of 1812)

20th Century
(WWI: Star Shell Flare)

7th Century (“Greek Fire”)

Figure 1.1: Historical developmentsnd usef heterogenous solid energetic materials
from ear |l y man 6 sresutlseeeconded fornoutatbn df gue powder, td i
mands ventuOesgtoathédRestaess Red Gl areo art
©2016 Image sources: Nasa.gov, Wikimedia commons.

In 1833,the synthesis afitrostarch(i.e. starch in nitric acidpy French chemist
Henri Braconnot launched the development of moderare powerful smokeless
monamolecular propellants, detonators, and high explosive technolitgr 350+

years of black powder usé® The heterogenous energetic composite of black powder

would be phased ouby increasingly more powerfidingle componenhitroamine
4



explosives withutilizations and adaitions developed fordiffering applications
depending orvarious thermal stabilitieanechanical properties, and sensitivities to
externalstimuli.®?! The power of high explosive technology was put on display during
World War | & Il with volleys of artillery shellsand aerial bombgipped with
Trinitrotoluene(TNT), whi ch was devel oped in nd@®&63 by
not exploited for its explosive characteristics until 180&kewise, Henning developed
cyclotrimethylenetrinitramin€RDX or ¢yclonite) in 1899 GermanyRDXwas initially

used for medical purposes but ultimately became the most wiadbletilizedsuccessor

of TNT for its superior brisance and use underwater for torpedo applications.
Endeavors for even highenthalpy molecular architecturesth the potential for even

larger energy output resulted in the synthesis of currently used high explosives such as
hexanitrohexaazaisowurtzitan€L-20), cyclotetramethylenetetranitramin@&MX),

and many other nibamine explosive$82!

1.3 Solid Propellants

Although high explosive materials generate large amounts ad\gasa short
period of timgtheyalone are largely undable for propellant application$his isdue
to the exceedingly large pressures generated, lack of mechanical strength, high shock
and impact sensitivity, lack of thermal stability, and low temperature phase changes
which compromise mechanical integrft§t Therefore, eterogenousadid propellants
with greater mechanical integrity and reliabilitgmestablished as the backbone for
space exploration through instrumented or manned spacEciatiditional solid
rocket propellants angrepared through liquid or sefnuid methodsfor fabrication

of homogenous mixtusof a gas producing solid oxidizepwderembedded within
5



anorganicpolymericfuel, which also actas a plastic binder?1222¥ffective binders
for solid propellant applications needl lie a high caloric materiatompatible with
high-energy ingredient&nd allovs for high-solid loadinggo be thoroughly mixetbr
enhanced interfacing of the fuel and oxidizér Typically, this is the case for non
toxic polymerswhich are minimally hygroscopic with low glass tsétion temperatures
and have a narrow molecular weight distribution for low viscosity precursor niixing.
While a variety of both energetie.g.glycidyl azide (GAP), nitrocellulose (N&)?9
and norenergetic €.g.epoxy, nitrocellulose, and fluorine containing polymers>Y
bindershave been employed arektensivelystudied, no bindetype has been as
effective asthe inexpensivepolyurethane binder hydroxygrminated polybutadiene
(HTPB).1>HTPBhas been used for over half a centmmyngto itssuperior mechanical
and aging propertigs suitable chemical stability anddegradation behavior for
enhanced reaction kinetics, and ability to mechanically withstand larger variations in
temperaturé.”t!

Conventional HTPBolid propellants typically have up to 80 wt.% of oxidizer
with traditional propellants using ammonium perchlorate (AP) as the primary
oxidizer®>2 AP was first synthesized by German chemist E. Mitscherlich in 1832
and can act aboth an oxidizer andbw-gradeexplosive. AP has been extensively
studied andprimarily used in most solid rocket motd its thermal stabilityhigh
oxygen contentand ability to generate corrosive ga&&Bhe chlorinebased corrosive
gasesetch through the nativaéluminumoxide shellto producefast burning rates and
large energy outpaf®!12223 Understanding the deflagration behaviof these

materials and prding the diffusional and kinetic processes between additional



energetic components of heterogenous systems has become the forefront of energetic

materials research in exploring combustion propagation Ifts.

1.4 Metdlized Heterogenous Energetic Composites

Due to the fundamental thermodynamic limitations of organic CHNO
chemistry fine metal powderswith high reaction enthapiesre used within
contemporay heterogenous solid energetic systeniSsen the most modern
moleculaty engineeredingle componerttigh explosivs, such as G20, are near the
limitations of potential energythat may be stored in such chemical
bonds*?"3Aluminum is one of the more commonly utilized metal powders in solid
propellant systemgowder ignitorsand modern incendiary devicdshis is due to its
|l arge abundanc e®raative btabilitHavrignitod threshotd uasct
high specific energy densips a result of oxygen oxidation compared to the enthalpy
of detonation of high explosives (31 kJ/g vs. 6.2 kKI!§F°3ln general, thehoice of
metal powderis dependent ortost and specifikineticsfeaction mechanismsof
powdered metal fuels with oxygemwoducingfar more exothermianteractionsthan
monomolecular explosives and thusagk higler temperatures of reactiGh. A
comparison of the specific heats of combustion for materials of primary focus within

the energetic community are showrFigure 12.
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Figure 1.2: A comparison of specific combustion enthalpies of energetic meiths
O in relation to modern explosives with the relative abundance of reactive metals
displayed®

Aluminized explosives were first proposed by R. Escales of Germany in 1899
withthecr eat i on o.fThisimktorenof mranhodium nitrate, charcoal, and
aluminumwas utilizedutilized in incendiary artillery shells, rifle bullets, and grenades
to set fire to buildings, supply dumps, and enemy observation balloons by both factions
of World War | (19141917)2 Such energetic compositions are typically categorized
as either fi B0g a cft mevtea smaatbd rei ailnt er mol ecul ar
pyrotechnicsHeterogenousgwdered mixtures of metal fugls.g.Al, Ti, Mg, Si, B)
and oxidizesin theform of metal oxides or metal salts as a source of condensed oxygen
(e.g.Cu0, MoQ, FeQOg, Bi203, 120s, KCIO4, NH4CIO4, etc) are colloquially referred
to as Athermiteso and f aethhic® ¥ deesehighhe subc
combustion enthalpyreactions are based on the formation of a more
thermodynamically stable oxide.@ Al.Oz, TiO2, MgO, SiQ, B203) that typically
contairsa single metal oxidd he addition of multiple oxidizersanlead to unexpected
results and incomplete combustion dige the potential for unintended alloying
reactions* A generalized thermite reaction beewereactants isepresented byhe
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basic chemical notatioof metals 1), metal oxidesq0 MU ), and energy release
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Traditional thermites arattractiveas acheap,environmentally benigtocal
high heat sourcdor applications inwelding rail road tie§ and destruction or
transformation of a substrateararial®20243¢A spur of military research endeavors
began focusing on the usage of metallized systeftes the discovery that the
extremely effective German bombs of World Wamiére infused with aluminum
powder® During the early yearsf the space race with the Soviet Union following
WWII (19391945) theoretical research showed that the specific impulsetlie
ability of the propellant to accelerate a payload vehiate) total energy density of
propellans could be increased by iagrating reactive metal powddiesg.Al, Mg, B)
of various size distributiorfs®37-38 Additionally, the inclusionof reactive metal
powders minimize combustion instabilities by providing condensed phase particles,
which can attenuate o#latory behavior in a rocket motdf. Thus, industrial
formulations and casting eblid rocket motors are fueled by widely u$€dPB bound
conventonal propellantswhich integrate micron sized (43 pm) aluminum particle

fuel along withthe standarammonium perchloratexidizer8383°

1.5 Nanoscale Energetic Materials

Analysis of the combustion behavior of traditional AP/HTPB/AI system

utilizing particle sizes in the range &f-100 um showedthe formation of large

aluminum droplets with long ignition delaySuchdropletsburnslowly andrelatively

9



far from the propellant surface, redog heat feedback and performarif€é? These
type of experiments demonstratdhow the thermodynamic dnefits of metals and
traditionalthermite compositionare often offset by their slow kinetics derived from
diffusion length scale limitation®3%42 The rapidity of monmolecular explosive
reactionsis a result of theclose proximity of nascent etecular fuel and oxidizer
decomposition productsf the energetic molecule-10'° m).2’34 Research over the
last 20+ years has shown that teactivity of high energy methkzed heterogenous
compositegan be improved by shrinking th@fusion length scales between fuel and
oxidizer down to the nanoscal@igure 13).5273136Solid fuels and oxidizers at the
nanoscale have higher fage energies and have shown to reduce melting and
decomposition temperatutesven though it is generally accepted that there is no
significant thermodynamicadvantage of the nanosc&leHowever, the intimate
interfacial contacandlargerspecific surface argd 0-50+ nt/g) between spherical or
irregularly shaped componefftgplay a critical role incombustion performance and
energy release rat&&15202536The replacement of micron aluminum witbadily
availablealuminum nanopatrticles (nAhas shown taeduce Al ignition delay and
ignition temperaturefR300 K to < 1000 K}*#" and ultimately leado particles
burning closer to the surface of propellant compositfonsontinuous heat feedback
and faster steady burning rafe$:294!

Energetic compositions whemne or morecomponents are suhbicron but
colloquially and arbitrarily less than 100 nm are referred to as
finanoen éf F¥Nanoscal®MICs are generally divided imtoo categories:

powdered forms andnultilayer laminate$:*® Components of powdered nanoscale
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MICs are synthesized by a variety of techniques based on their chemunstry
composites prepared by arrested reactive mfififfy physical mixing through
ultrasound agitationor sol gel methods.Techniques for nanoparticle synthesis
include, but no limited to, the following: electrical explosion (metals)high-
temperature combustion method (metal nitrides), aerosol spray pyrolysis (alloys, metal
oxides), plasma arc vapphase synthesisngtalnitrides),andlasertechnique$-18242°
Multilayer reactivelaminatefilms with nanoscale layer thicknesses aypically
synthesized via bottomp vapor deposition methogahich make thenbeneficial for

precise deposition for microscogics m aenetgeétic devices20:48:51

Heterogenous Mixtures Monomolecular

——————————— -

| |
| on K o]
| N N" Oxidizer |
| (]
I

I N |
! | |
| NO, |
| . ~10 — 100 pm Nanoscale ~14 |
| Microscale |
| Oxygen Balance: -21.61% |

Reaction Rate

Figure 1.3: Reducing heterogenous energetic componenisncs reactivity due to
reduced diffusion length scales apkcific surface area, s. Monomolecular energetics
have fuel apd cknaigeeiddermtfipmhe mol ecul ar scal

In contrast to traditionally useshonomolecularexplosive$® which usually
yield extremely high detonation velocity but low energy defisind no stoichiomtric
control (typically characterized by molecular oxygen balandd)Cs can be adjusted
for particle size distributiof® choice of fuel and oxidizér®! equivalence ratid53*

material geometry ah preparatioff*>? and reactant packift?® Each of these
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parametersallows for tuning of energy density, reactivity, ignition temperature,
combustion performance, andgygeneration of nanoenergefit$>*°*Both oxidizers
and metal fuel particle size govern ignition onset temperaburerate, and dynamic
pressureof the reactiorwith variations in the thermal response of the oxidizer upon
heating (e. melting, deomposition to swwxides, sublimation, or mechanistic
sequences theregfjaying a critical role irdetermining the degree of their utility and
tunability.3>>® Preparation of hybrid napenergetic composites consisting of
elementary constituents of both Ml@adtraditional explosives has showaventhe
ability to tune the transition from deflagration to detonation and adjust performance
through material density and ratio of MIGs explosives,making them suitable
replacements of primary explosiv¥s

The length sda and performanceinability of high energy densitpanoscale
MICs make thenmappropriate system®r tunable generators of biocidagents €.g.
SiF, Ag, I),1820%%actuatiorapplicationsn initiatorgdetonatos,?°2%andin singleuse,
solid stateminiaturized microelectromechanical sysseiMEMS) for solid propellant
thruster array§'>24% Adequatenessf use in these applications guaranteed by
uniform combustion ofgas generatinghancethermite propellants (e.g. Al/CuO,
Al/MoO3, Al/Bi»03)*® where most conventional solid propellargsgg(AP/HTPB)and
naneenergetics with metal salt oxidizees@.AP, AN) are not suitable due to ignition
inconsigencies,hygroscopic naturdack of sensitivity, encapsulation inadequacies,

environmental concernandlack of safety®20.2%2456
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1.6 Observed Mechanisms of Nanoscale Thermites

Divulging the relevant ignition mechanisms of nanoscale Iiregtd energetics
for applications under various environmental conditions can be contekzation
mechanisms and vigor okidation correlates strongly with the mode of transpaet (
condensed phase or gas phase) and degree of mobility of the oxidizing’ ajet.
mode of oxygen transport from metal oxide sources is not strictly gas phase or
condensed phase drivengeneral case3.hermite oxidation mechanisms are often
combinationof transportmechanismsvhere the reliance of either mechanism to
achieve ignition can be discerned by varying the concentration of free oXsifen.
The lower bound of ignition temperatures in aluminum thernhigéssbeemletermined
to belimited byaluminum diffusion. ©@ndense phase dominated Mi@gdriven by
oxygen ion conductivitye g. Bi-Os, perovskitesy>**8andshow no significant change
in ignition temperaturéd®’ as a function of ambient Qpressure This behavior is
contrasted bygas phase dominant reactions whose ignitiomperature under
atmospheric conditionscorrelates well withthe release of oxygen gas frosolid
oxidizer sourcefe.g. Al/CuO, Al/FeQOs, Al/KCIO4, Al/l20s)?*°% and experience a
comparative increase in ignition temperatures with loweregl pessuré?
Measurements of the global reactivity of various mraluoninum thermites
demonstrate a thermallyriden, narrow distribution (effectively constant) of critical
reaction rates at the point of ignitiéhThe critical reaction rate is independent of the
ambient environment, oxidizer choice, overall reaction enthalpy, or mode of oxygen
transport:213°8various differences in ignition temperature between materials are a

reflection of acritical oxygen ion conductivify or concentration of gaseous oxyéen
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necessary for reachintpe critical oxygen impingement rate for thermal runaway.
Kinetics for the critical reaction rate can be described by an exponential Arrhenius
model where the temperatures for sufficient oxygen mntgbdre determined by
material activation energies of oxygen lattice diffusion and/or oxidizer

decompositior}?13:23

1.7 Observed Pitfalls in the Applicationldéterogenous Nanoscale Composites

Despite the addition of lighteactive metals and their hydrides theoretically
producing higher specific impulseand stability during combustion ofsolid
propellants, their experimental inclusion often k#&a a reductn in combustion
efficiency?!! Gas generation of low average molecular weight molecules at high
temperatureduring propellant combustions critical to both propellats and
nanoenergetic materials fachieving a high specific impul$é-1>3>The combustion
of metalized propellants s s ai d t op hr eessau. Dflagiatmomgéneraten
a significant amount of condensed phase particulates beingdejesdiind the main
exhaust plumén addition to gas phase speciesiucing its efficiency>4359t is for
this reason that low gas generating thermite mixtures are not directly sisad a
propellant unlike organic explosives and propellant mixtuieddeat generating
thermitebased propellants typically include ggesnerating work substances in the
form of an energetic binder, like NC, or evienv molecular weight oxidizerse(g.
AP)*® and explosive constituents such as RX HMX®, even though transient
gasificatiorpressurization rateare enhanced byhigh temperature nargluminum
thermite combustione(g. Al/CuO < Al/Bi20O3 < Al/l 205 < Al-Bi(OH)3 < AI/KCIO 4 <

Al/NH 4CIO;).6:15:23.24,35
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The perceived advantages of nanoscale Mi@soften overshadowed by their
intrinsic drawbacks which limit their wide utilization in propellant systéfns.
Fabrication of nanoscale MICs are more cd$tlyan their microrsized counterparts,
and their increased specific surface area make compositions increasingly hazardous to
handle due to their ability to aerosolize and enhanced sensttivisyxternal stimuli
(e.g. friction, impaction electrostatic discharge (ESB¥J2¢ Thin, passivatingoxide
shells (26nm) are common among nearly all metatsl can beharacterized viX-
ray Photoelectron Spectroscopy (XPS) andransmission Electron Microscopy
(TEM).2%®1This oxide layer becomessignificant volume/weight fractioof the total
coreshell metal particle compositioat the nanoscaf. While micron aluminum
contains 95 wt.%+ active content, naadaminum particles contain 680 wt.% active
Al content which eventually leads to reduced specific impulse potential and combustion
performance efficienc§64>4762The thin oxide shell may hinder further oxidation at
standard conditions, but aluminum powders are easily susceptible to oxidation by
water. Al umi numods s u s effegbiviely bnitd the gpplication ovat e r
nanoscale aluminum in humid conditions and in mixtures with highly hygroscopic
oxidizers due to poor long term stabilf2363Moreover, the incorporation of high
surface area nanoparticles within propellant precursor formulations gradually changes
rheological properties (Einstein formuiland make it more difficult to process and
uniformly mix nanocomponents within polymer bind&té’333¢Some studies have
shown that while the addition of Al nanoparticles at low mass loadings (<20 wt.%)
within a polymer binder may slightly increase material tensile strength, further

increases in particle loading o detrimental deterioration of mechanical intedftty.

15



Mechanical integrity is an incredibly critical featdoe propellantsvhere even a tiny
crack in a burn grain could credteal pressure peakand cause erratic propulsion or
even rupture the rocket mortar tube.

Oneof the most important observed disadvantages of using nanoparticle fuels
is the shockingly minimal gain in enhanced burning rates of submicron material
compared to theoretical expectatiqfggure 14).2” Burning of larger particles in the
range of 36100 um follow the d-law (diffusionlimited burning)and transition to
kinetically controlled burning (daw) for particle sizes of10um. However,particle
burning times at the nanoscale largely deviates from the kinetically controlled trend
and becomes nearly independent of particle siz&}£8*>TEM research focusing on
morphological properties of naraduminum has shown that the high surface energy of
individual nanoparticles leads to heavy agglomerations via Viawedals interactions
which are thermodynamically driven to coalesce (sinter) during high temperature
applications’®405764|f the timescale for sintering is faster or comparable to the
oxidation reaction timescale, then aggregates of nanoscale primary partitles wi
coalesce prior to combustion and result in burning times corresponding to that of
particles with larger characteristic length sc&fe$:45:64

In situ TEM heating experiments of aluminum nanoparticles at heating rates
comparable to combustion (-°LB/s) demonstrated tha&80% of the nanoparticle
surface area is lost as a result of sintefitfij.Moreover, these same experiments

showed that the sintering tim&€50 ns) of nanealuminum is competitive with the
reaction timef10us). Thisindicatesthat aluminum particles should sinter long before

the main combustion event>>"%4This behavior is made apparent by the observation
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that the reactivity of powered aluminum MICs has been shown to be more strongly
correlated with the size of the oxidizer particles as opposed to the size of aluminum

particles®!

Ops-500K 1000 ps — 2000 K

—— 30-100 um
=40 nm

<10 um

Burning time (t,)

— <1um

— Laser pulse —_— Laser pulse_w—
200 nm (24 ns) 200 nm (24 ns) 200 nm

Particle size

Figure 14: Modeling and experimentation of the coalescence of aluminum
nanoparticles under rapid heating conditions. Rapid sintering is a primary factor in
the reduction burn rate®mpared to theoretical single particle burn ratempted

with permission fronthe stated referenceé§:*°

1.8 Mechanisms of NarAl Particle Oxidation and Thermite Ignition

Several mechanistic based studies have previously been undertaiettero
understand aluminum nanoparticle oxidization under various heating condiions
optimize the benefits of nanoscale aluminbased MICs while reducingheir
drawbacks Much of this research is motivated by preliminary research highlighting
two mechaistic pathways for aluminum nanoparticle ignition for which there remains
much debate rooted in the microstructural interactions between the Al core and the
alumina shell upon heatirfg®:

The melt dispersion mechanism states that, under rapid heating conditions
(10%+ K/s), the high stress on the oxide shell from the expansion of the aluminum core

as it melts results in a sudden rupture of the oxide shell and high velocity ingértion
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molten aluminum clustef&*%48 No direct experimental observations or
computational works have suggested an explosive rupture of the alumirf& &hiiie

vast majority of both experimental and computational studies observe the diffusion
mechanism of aluminum oxidation. A combinatimimanaecrack$!®?generated from
polymorphic phasgrarsitions*#64/of the alumina shell and an induced electric field
established between the alumina shell and aluminunf®cdrives aluminum ion
diffusion through the permeable sakide shell until encountering oppositely diffusing
external aygen®’

Diffusive reactionbehavior was supported early on through studies relying on
slow heating (350 K/min) methods of chartarization in the form of
thermogravimetric analysis (TGAJ*’in situ hot stage-xay diffraction (XRD)®! and
in situ TEM®%2 These techniquesnalyzed and monitored the evolution and
morphology of alumina shell polymorphs. Experiments using high heating rates pushed
the theoretical line between the proposed regimes of influence of the diffusion
mechanism and melt dispgwsn mechanism through -Jump ignition delay
experiments (~10K/s)>3*'and in situ TEM laser heating experiments &&K(s).57%4
Both experiments showed no evidence of aluminum particle spallatiorevard
demonstrated that the ignition time delay of nrahaminum correlated well with oxide
shell thickness, suggesting a diffusion mechanism even athidgfineheating rates.

The phenomenon of isfighlglted inisniae in situ TEMe r i n g 0
studies of overall nanealuminum thermite reaction mechanisnis the areas of
intimately mixed fuel and oxidizeaninitial low temperature condensed phase reaction

produces heatear the Tammann temperatuice.(alf the melting temperatuféf3to
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further sinterand draw insurrounding particle® the reacting interfacand facilitate
the reaction to completiott:>’ Gas generatingoxidizers such as CuO and2Be do
liberateoxygenon their ownwhenrapidly heatedo decompositioybut leavemuch of
the oxygen trapped in their suixides in the absence of significant local heat
generatiorf>®’ Thus, observations of reactive sinteringseen as visual evidence of
a twostep combustion mechanism where an infiatreactive sinteringtep precedes

a more drawn out burn of the remaining fuel yliRerated by the heat released by the
reactive sintering step’ This perspective emphas&zéhe importance of uniform,

homogenous mixing of nanosized components for efficignform burning®

1.9 FluoropolymerbasedMICs for Propellant Systems

Contemporary energetic materials research focuses on the use of solid
fluorinated oxidizers and binders which may alleviate the issue ephase flow due
to the combination of higheats of formation of metal fluorides and their associated
low boiling points compared to metal oxide formatféi343®Fluorine is the most
electronegative element in which the heat of reaction of aluminum with flugas
(F2) is higher than that of aluminum oxidation by oxygen gag (8b.7 kJ/g vs. 31
kJ/g)10323343\ICs using fluorine containing oxidizers follow suit, having lower onset
temperatures and higher theoretical energy densities over their oxygen based
counterparts per mole of fuel consumiéd**Metal fluoride product speciesg. BFs,
SiF4, AlF3, TiFs/TiF4) are much more volatile thanetal oxides at standard conditions
and make it possible to generate more gas phase products at relatively similar adiabatic

flame temperature'$:43-66
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Figure 15: Comparison of exothermicity (per gram of metal) and relative volatility
of products formed from the @hation/fluorination of energetic metals

Sources of condensed phase fluorine can be in the form of stable metal fluorides
(eg.Cuk, CoR, BiFs and NiR) which may be mechanically mixed or milled into fine
powders*>°Relatively stable forms of condensed phase fluorinename commonly
sourced from fluorine containing polymers which may be used in a powibenear
fabricated to act as both an oxidizer and a binder for mechanical int€gfihe
hydrophobicity of fluoropolymers even provides support for lemg storage,
transportation, and underwater utilization of MRCAlthough the use of fluorine
containing binders has been known to be an acidic oxfdiZexs early as 1965, their
use in nanoparticle thermite systems has only seen a large growth in research within
the last two decades as a result of the prospects of enhanced particle dispersion and
increased surface contact with the fluoropolyfinér?

Fluorinated polymers considered for solid propellant systems have a general
monomer formula of the typ@yHxFy/O.. The most researched fluoropolymers used in

aluminum and magnesium systerm® typically polytetrafluoroethylene (PTFE or
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Teflon, 75 wt.% F), tetrafluoroethylefieexafluoropropylen&inylidene fluoride
(THV, 73 wt.% F), hexafluoropropylene and vinylidene fluoride (Viton A, 66 wt.% F),
and polyvinylidene fluoride (PVDF, 59 wt.%9.F1120-33Aside from solid propellant
applications, established applications of energetic Hilet@lopolymer composites
include the use of Al/Teflon in explosives and Wgflon-Viton (MTV) pyrotechnic
compositions for infrared decoy flares, signals, ignitors, and tracers rétfids.
Choosing a fluoropolymer for a specific application depends on thieidodl
thermochemistry, mechanical properties, fluorine content, and solubility in precursor
solutions®? In particular, PVDF has a low melting point and tiighest solubility in
compatible organic solvents such dsnethylformamide(DMF) which make it
attractive for use in contemporary additive manufacturing methods despite the
relatively low fluorine content®

Fluoropolymers such as these are especially attractive in aluminized systems as
the fluorine content reacts with both the metal fuel and its native oxide lay@s)JAl
Reactions with oxide layer provide localized heteaseavhich facilitates the exposure
of fresh aluminum for further reactidh®”-"*The reaction of naraluminum integrated
with various fluoropolymer types has been extensively researchdubanelealed a
pre-ignition reaction (PIR) between the fluoropolgra and the aluminum oxide layer
which is facilitated by thénydroxyl groups on the surface of the oxide shell. The
exothermic PIR results idecrease onset temperature of polymer decomposition by
over 100 K and ultimately regulates the burning rateh@frbain reaction between
fluoropolymer decomposition products and the aluminum core through either gas

phag!®336367or condensed phase mechani$ifs®”"2Furthermore, combustion
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performance and flame temperature of métaropolymer systems in oxygen
containing atmospheres is enhanced compared to inert @ieres as carbon soot

generated from fluoropolymer decomposition and residual Al are oxitfiZed.

1.10 ArchitecturalControlsof Energetic Materials

The primary focus of scientific developments and enhancements of energetic
materialsfor the last 150 yeartias been the synthesis of novel molecules and
substance&>*Owing to thermodynamic limitations and increased sensitivity of such
molecular engineered materials, contemporary research in energetic matsteszd
focuses orthe modificatim and preparation afxisting material€® The mostcritical
modification to existing materials for enhadceombustion performance and
progressivity has proven to bentml of the burning surface and burn rate through
architectural manipulation's:°

The earliest material approagto modifying the performance of explosives
came from the invention of dgmite by Alfred Nobein thestabilizationnitroglycerine
into different porous nanomaterigleind the discovery of the shape charge effect by
Americanscientist Charles E. Munroe 11888 to focus explosive energy over a limited
area®* Many of the issues pertaimg to explosives applicatiornsas with respecto
their handling and stabilityfarly modifications to desensitize neat explosives, such as
RDX and PETN, used superficial methods to combine them with oils, waxes, or even
other explosived.Later developments at Los Alamos Scientific Laboratory in 1952
even combinedHTPB andfluoropolymers, such as Viton A, to yield plastonded
explosives €.g. PB-RDX, C4, Formex) for improved mechanical strength,

thermostability, safety, and higher engaensity>®73/*More current research on this
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front deviates from simple mixturesd insteadooks at creatingnovel cocrystals of
two existing explosivese(g. CL-20 and HMX, CL-20 and TNT)to obtaina unique
crystal structure with equally unique, poteryiamproved, physiochemical properties
compared to either of its dormers*16.75.76

Similar modifications tosolid propellant systemsought to control the
combustion ratéo enhance projectile thrust and velocity. Early examplesdecibe
useofibr own (.@ sulsetutian of partially pyrolyzed rye straw for carbon in
traditional black powder) and-gerforated progressive geometry whiskcured
Commodore George Dewy an overwhelming victory against the Spanish naval fleet in
1898 at the battle of Manifat”°The development of nanotechnology for energetic
materials is motivated by the perceived architectural enhancements that it may provide.
Nanostructed materials hawxistedand used in human practices for many centuries
(e.g.the Lycurgus Cup, church winds, etc.)before the deliberate manufacturing of
nanoscale materiafé

Global burn rates for propellant and pyrotechhitCs have beeradjusted
through micostructure and macrostructure architectures which enhance reaaidity
gas generatiormr promote certain modes of heat transfétancthermites alone have
demonstratedhe importancef materialpreparatiorand combustion conditionsith
flame velocities ranging between a few millimeters per second to sekietsand
meters per secorid Global burn rates are maximized with confinement where there
exists an inverseelationship beveen packing density and reaction propagation rates
regardless of particle si2Zé**2°%The rapid ombustion ofloosg low densitynanc

thermite powders dominated by the convection of hot gaseslallistic advection of
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condensed phase, molten partiéléisrough voided spad®?°*’’ Progressively denser
compositions regress in flame propagaspeedsind transitions fronsonvection and
advection dominated heat transfecémductive heat transfer ballistic modes of heat
transfer arenade more difficult in denser, less intally porous materials>4°6

More complex architectures for solid energetics are often mtetlvor
fundamentally reinforceddy modeled simulations which probhewvarious degrees of
systemheterogeneityi.e. global vs. locaHistributior) in reaction mixtursinfluence
combustion processes with respect to kinetics of the chemical reaction and how
material propertie¢e.g.thermal conductivitymelt flow) affect heat flow/#8° These
models takethe perspective oéither two interacting particle types.€. fuel and
oxidizen®® for kinetics analysis or from an ensemble perspectizasemble
perspectivesypically use cellular models to describe mieh@terogenous combustion
waves to further understand how flame behavior evolves from-goasdigenousi .
constant velocity behavior) t oandstbeir c a |l |
connection to material length scale®.(flame thickness vs. particle size, particle

density melt flow).”879:82

1.11 NoveMicrostructures for Energetic Particle Compositions

Although the se and various compaction$ nanoscale metal particles and
oxidizers may be considerad architectural enhancement, more sophisticated material
preparation is sought to both diminish the drawbacks of sw® MICsand
architecturally tune burn rate§he general research gaaf the energetic materials
community has beeto develop precison ener geti c substances

with high performance, safety, reliability, and minimal environmental infjact.
24
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Architectural microstructure ofenergetic materials is expanded beyond simple scale
downs of particle length scales and packingpugh modern technological advances
which permit the ability to creatand assemblenew types ofstructures and
morphologies i(e. coreshell structures, retive nanowires, directhassembled
particles and laminategulti-length scale synergetic mixturemd crystal structure
manipulations§:83.84

Architectural modifications of individual particle microstructures through
molecular depositioror aerosol spray synthasiechniquesare the most prevalent
method in producing materials for stuthg structurefunction relationshipOne such
microstructure igoreshell structured energetic materialsich play an important role
in altering energetic and mechanical projsrbf thermites, explosives, and solid
oxidizers as a result of the superior interfacial contact between core and shell
materials>® Physically mixed nandghermites compositions, as méinned in Sectios
1.5-1.7, struggle with friction, impact, anglectrostatic discharge sensitivities and are
limited in thedegree ophysicalmixing due to particlaggregatioa Submicroncore
shellMICs can be fabricatetly either reducing, replacingr completely eliminating
the passivating native oxide shell of the metal fuel andftimtiserreducing diffusive
barriersand length scalés>®8¢Core Shell MICs mix constituentsat the particle level
andcanhelp eliminate some of the issues of aggregafdiditionally, replacing of the
passivating oxide layer with a fluoropolymelid oxidizer, or explosivematerial
through precisionatomic layer deposition(ALD)® has demonstrated the ability to
functionalize the skl material tocontrol reaction rateand combustion efficiency

alter ignition behaviorand energy densityimprove long term stability(e.g.
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encapsulating MICs requiring hygroscopic  oxidize)s’®>3° and reduce
sensitivities23:31:85.86

Precisely controlling composition and shell thickness is critical for all the
different materialcombinations ofcoreshell microstructureso achieve aunable
balance between increased energy output, desired pressurization rates, enhancements
in thermal stability, and reduction in sensitivithes. Despite the high degree of
precision over microstructural architecture in the fabrication of-sbel materials,
ALD methods ofterare limited in the types of materials whican bedepositediake
a long tirme to optimize deposition parameters, and relatively costly to implement
for large scale productichMoreover, there exist pervasive technical problems in
effectively passivating the surface of metal particles without reducing the active metal
content3®

Aerosol methods such aserosol spray pyrolysis(ASP)?3%8 evaporation
induced sekassenbly,?® and electrospray depositi6h®’ have potential for scale up
while offering the ability to synthesizalightly less precisesub-micron coreshell
particles simply decoraté®8® or encapsulaténtimately assembledhixtureswithin a
polymer matrix or recrystallizedxidizer shell?>?6°° The atomization of precursor
droplets effetively generates thousandsrofcroscale mixednicroreactors whiclsan
be subjectto electric fields andelevated temperatures in facilitating chemical
processe$® Aerosol methodscan assemblesynergetic composition®f soluble
oxidizersor explosivesembedded in porous structures limit crystal growth(e.g.
impregnated porous silicd)°*°'or synthesizeize restricted neat dioped oxidizers

The synthesis of doped perovskite oxidiz&*&and alloyed metal fuelée.g. High
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Entropy Alloys (HEAS), AlLi, Al-MQg),%?%4in itself represent materiaith an eve
higher degree of microstructure tunabiliffhese material©iave demongtated the
ability to tune the ignition temperatureactivation energy chemical kinetics, and
specific impulseof MICs as microscopic properties within the crystal structiie (
average bond energy, electronegativity, oxygen vacancgncentration ion-
conductivity,melting/boiling pointsetc.) aresystematicallyvaried

The aerosol technique ofleetrospray depositiofESD), in particular, is
compatible with many polymer contaig, conductive precursoffer useasa facile
means for nanoparticlessembly within monodispersed micron sized droplets which
dry before deposition @o a substraté®?42>83This techniquehas demonstrated a
bottom up approacfor direct controlof packagng sub-micron particlesnto narrow
sizedistributions ofmicron scale structuréeld together by w loading ofpolymeric
binder scaffolding (-10 wt.%)?>4%% Particles of this type are referred to as
A me s o p aand may hagestlieir size and morphology chdrdgpending on the
solvent type, polymer concentration, solids loading, and strength apgiedelectric
field for atomization of the liquid precurs®f®2>83Mesoparticleabrication stabilizes
andintimately assembeprimary particles consisty of submicron metal fuels and
oxidizers, drofet-size controlled soluble oxidizers.(. AP, KCIO4),** high specific
areacatalystswith complex architectur@s(e.g. mesoporous silicaCuO, FeQOs), gas
generatingexplosive$ or other niche additive€#2% The pimary notivation for
fabricating mesoparticles lies in its intrinsic characteristicsimiultaneouslybeing
micron siz2d while havinga porous microstructure giving it tleguivalent specific

surface areasan ensemble dhdividual nanoparticleg>4%*°The micron size gives
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mesoparticles the advantageeaise of processing within propellgrecursorsvhile
still maintaining reactivity enhancementsf nanoscale materiafer faster propellant
combustion rates and larger specific impulsé”*-*® Furthermore, using low
temperaturggas generating eneartic polymers€.g.NC) and explosive additivés.g.
TNT, RDX, AP) enhanceslispersion of nanoparticles prior psimary ignitionand
contributes to convective heat transfét4%41-6Qptimal composition mixtureduce
aggregation and prevesintering of nanoparticlé$®” at the onset of combustion,
resulting inimproved reactivity** short burn timeshigher pressurization ratésand

smaller (submicron) product pares compared to physically mixed MI&5:40.90

1.12 Rapid Prototyping of Energetic Materigdsdditive Manufacturing)

Electrospray deposition is a unique method of aerosol fabrication as it is capable
of fabricatingvarious propellant architectures. These architectures in2iDdein film
nanocomposité$® and 1D nandiber mats (electrospinning¥f in addition to the 3D

mesoparticle architecturggigure 16).587.97

Thin Film Laminates (2-D) Thin Fiber Mats (1-D)

Mesoparticles (3-D)

Fiber Mat

Figure 1.6: Polymer bound energetic composite architectures: Mesoparticles (3D),
Thin films (2D), Fibers (1D§/%®
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In general, ach architectural type is obtained bgjusting the precursor
solvent type, polymer typgolymerconcentration, andolidsloading® The porous,
high specific area nanofiber maadone allow forimprovedprocessing@nd dispersion
of high viscosity precursorghile dramatically increaag combustion propagation
velocity with decreasing fiber diametef60 cm/s vs.F10 cm/s)t?70:96.98 Egch
architecture type is built up along a single dimension which niakessible to
fabricate a single materialhich combineswo or morearchitecturdgypesof potentially
differing equivalence ratios a layer by layetaminate structure

As mentioned in Section 1.7, the aggregation of nanoscale energetic
components eveually leads to degradation of both reactive and mechanical properties
at high mass loading. This point remains true for electsprayed thin films but is
alleviatedwhen eitherthin, high-strengthenergetic nanofibet$® or dense layersf
neat polymer bindér are interspaced betweeenselayers of high mass loading of
nanoenergetic material. Both material schearesobserved to have increased burning
rates with decrasing layer separaticandreinforcemechanical strengthith respect
to fracture toughness, impact behavimear corrosion, and tensile strendti{>*®
Addi t i eplmaselahgyphaseoPVDF polymer binders are polahleby the large
electric field toformp i e z o e IpkasetPVDFE2*BThis may be an unintended
molecular architectural manipulatioout ultimately allows these materials to be
utilized for novel engineering controlslodeling and experimental eftsrhave been
made t o -phaseRVDF°evhose orientation relative to Al nanoparticles has

shown to result in superior reactivity with both tthenaina shell and Al cor&
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Electrosprag s c o n bothonhicrosadpic andmacroscopic patterning,
porosity, and geometrglassifiesit as an additive manufaging (AM) technique.
Additive manufacturing, or 3D printing, is a broad set of fabrication techniques and
technologies for cost effective rapid prototypingomplex, high resolutiostructures
based on digital model filés?97101 Breakthroughs in additive manufacturing
technologies over the last decade have allowed 3D printing to be successfully applied
to diverse fields, including the energetics commuffifif:!%! Traditional casting
methods of propellant systems are restrictive in the types of architectures which can be
achieved as well as the quality of the finished prod@&dditive manufacturing of
reactive systems expands component mixing capabilgigsif situ activethermite
mixing for graded materidl}> as well as control overmacrosale and micrscale
architecturesSuch architectures maynethe degree aénhancemesif heat transfer
modes andprovide a spectrumof propellant thrust prfides.20:8497.1031040ne such
example ighe recentdevelopment of repeatably manufactured and successfully fired
30 mm caliber rounds with complex bore shaj3e$3¢

Reactive materials additive manufacturing can be roughly divided into two
types; those with 2D planar structures or those which are manufactured astkiolume
structureg®1%1 Techniques range in complexity from solwatsed blade casting, spin
coating,electrodynamiaeposition and direct ink writing to solveritee aerosol jet
printing, vapor deposition (physical/chemicdl)sed filamentfabrication(FFF), and
photopolymerization througprecisionultra violet (UV)laser stereolithography (SLA)
or digital light pro@ssing (DLP).2097.101L105The specific choice ofan additive

manufacturing method typically comes down to material compatibility, cgige
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ranges of precursor viscosity, architeatyorecision, mechanical integrity, and cost of
potential scale ugRobotically directedayerby-layer extrusiot® where liquid phase
materiat/suspensionsolidify upon depositioneither bythermally assisted fused
filament fabricatioh®>%or direct ink writing (DIW), is the mosibiquitous brm of
additive manufacturinglue to itssimplicity andrelatively low cost for an individual
user (Figure 17).62097.10L104\whjle fused filament fabrication has been uged
manufacture and tailahe performance of Al/PVDEnergetic systerhs" 10 wet AM
processeare safer and more compatible wétfiergetic materialgtilizing a wide range

of high-performanceolymersanddispersed phases of materiti§#*10108

Direct Ink Writing

Pressure
Fused Filament Fabrication "‘ Piston Electrospray/spin
Of$ > C\“‘re 5 g Pressure
) * "
/ A ' ’ | )
P
Filament OO = == < Part | < Piston
spool l % ; |«— Liquid ink
Heating __ —— ! 4l High voltagf'e
element — r power supply
Part —» //// Sﬂnﬁ!ament

i@.ﬂ.wnq

2
-
Substrate Heating //

Figure 1.7: Subdivisions of most common methods for macroscopic additive
manufacturing of energetic materidls

Propellant compositions fabricated throu@jhV may either bentirely solvent
based or combine a mixture &fLP photopolymerization and chemical curing to
produce materials which are mechanical isotrgpigure 17).29°710511The |atter is

generdly preferred as solvertasedprocessemtrinsically produce potentially toxic
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fumes upon solvent evaporation ar€ave behind relatively porous product
materials?®’27"9"11However, since propellants incorporating nanometal fuels reflect
muchof the incoming UV lightsolventbased precurssare preferable fometdlized

high mass loading prints which may be aided by antclogging ultrasonic
vibration?%%"113Many of the thin films produced ksolventbasedIW processes are
similar to those manufactured by electrospray as they may use the same precursor
formulations DIW, however, can be a much faster procesdenddiowing for much
greater control over specific patterning with precursor inks at much higher particle
loadingsand product materials which are den@et*With no mechanism to control

or limit crystal growth, most DIW fabricated materials dad use solid materials which

are soluble within the precursor solvahtisbarring any practical use of high oxygen
containing perchlorate oxidizef$Moreover, the solverbased process eliminates the
use of mesoparticlesr nanofiberswith higher degrees ahicrostructure Mixing of

nanoscale materials for DIW still remaia potential challenge.

1.13 Dissertation Research Obijectives

The studies undertaken in this dissertation look to build upon the knowledge of
some of theprior worksmentioned in this introductory sectiand explore avenues to
push the limitdn the understanding of fundamental processes which may have been
overlookel or not well studiedThe ability to experimentally emulate and probe the
behavior of underutilized reactive systems subject to rapid heating conditions is a core
feature of this dissertation. Thermogravimetric/Differential scanning calorimetry
(TGA/DSC) testing has been the most common technique to characterize thermal

properties, phase transitions, and exothermicities of both explosives and heterogenous
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reactive materials in various chemical environmeaig.&ir, oxygen, nitrogen, helium,
argon, etc.§''*® Slow heating rates (60 °C/nin) of TGA/DSC allow for precise
observationsand activation energy measurememf crystallinity changes and
decomposition behavior prior to a perceived thermal initiation értlowever,
heating rates withiself-sustained reaction events exceed I0's with mechanisms
for reaction proceeding far from equilibridih®°3°8 Commercial thermal analysis
techniquesusing $ow heating TGA/DSQargely fail to set the appropriate conditions
for properly analyzingrapid chemical processeshich may have mass transfer
constraint$3°"115 Thus, many chemical mechanisrosrresponihg to combustion
events at high heating rates require diagnostics which enmudatbustionbehavior
within various environments!067

Heating rates in the range of*100® °C/s have been achieve in previously
published works using Temperatulemp (Fjump) rapd wire heating’-%”1*%or in situ
TEM rapid heatingi(e. Protochips rapicheat stage, laser heatinghd combustion
behavior captured and characterized with  high-speed color camera
pyrometry®’:636467.116rhe coupling of TJump for ignition with Linear Timef-Flight
mass spectrometry {Jump/TOFMS) in particularhas been a core diagnostic tool in
the Zachariah Research Group for over a decade as a means to probe the chemical
evolutionand activation energies of reactive materials and their componeis
subject to rapiglatinumwire heatingT-Jump)®”-°%1However there exists a lack of
mechanististudiesat high heating rates where the kinetics, and relationships between
ignition conditions and performanoéheterogenouseactive material systems are still

not well understood’33453115The large majority of studies have focused on
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aluminum based MICs and their ggmition and posignition morphological
properties and chemical speciatit/®*®” MICs with fuels of differing
thermochemical properties such as silicon (Si), titanium (Ti), zirconium (Zr), and
magnesium (Mg) have not beewell investigated by the same types of studies
aluminum has been subjeot®>® Furthermore, while much extsive work has been
carried out on the decomposition kinetics of single solid oxidizers and fluoropolymer
interactions with nanoscale Al fuel, little to no studies have investihatedlternative
nanoscale fuels and solid oxidizers fundamentally intesdit the polymer binder
within tertiary reactive systentkiring combustior{811°

One of the main objectives of this work is to investigate the reaction
mechanisms afuperficially studiechlluminum and titanium narAbermiteMICs, and
further probe fluoropolymer interactions with solid oxidiZzeative oxide shellssing
rapid heating @gnostic tools My experimental and theoretical research efforts not
only probe architectural and thermochemicabased synergetic relationships of
multicomponent nanoscale systems (e.g. laminate structures,carbon fibers,
mesoporous silicd)?%%°1%put lock to understand how these energetic systants
their microstructuresnay couple and respond astuatedexternal stimulusif. laser,
microwaves, static fields, mechanical straiogusticsetc.) for controllable throttling
of ignition behavior and combustion burn raté$’

One of the many challenges in the energetics commuagymentioned in
Section 1.12,is moving from nanopowdered systems high thermite loading,
architecturally complex objects with the potential for industrial scaleang

strergtheningthrough additive manufacturirg:1°6112.11&lventbased DIW methods
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were used in this research poovide flexibility in pattern desigrand the range of
viscosities and material constituents which may be fagatoducingrelativelydense
materiak with reduced anisotropy between consecutive layers compared to
electrospray fabricatioff'1°>12Although solventased wet processes for depositing
polymer thin films exhibit some limitations regarding fabrication of multilayers and
control over thin film spatial composition, DIW additiveanufacturel thermite
laminaes can be used for architectural throttliagd mechanicastrengtheningof
nanaenergetic materials with appropriate choice of laminate constituants

engineering controls for optimized solvent evaporattén.

1.14 ChapterPrefaces

Throughout this dissertation, each chapter will describe specific experimental
approaches whose objective is to addhe general goal ofrpbing chemistry at
metal/ceramic/polymer interfaced metallized energetic nanocompesiivhen far
from chemical/thermal equilibriunThis knowledgewill ultimately be usedo tailor
thethrottling of ignition behavior and combustion burn raiesnergetic systenfsr a
desiredapplication

Chapter 2 presents itself as a chapter whraharily focuses on the diagnostic
tools both old and newysed throughout each of the chapters and goemiotedetail
aboutthe importance, background, and functionality of each measurement technique.
More specifically, this chapter attempts to anstike following questions: Howo we
emulate rapid heating of steadiate combustion of energetic materials and measure

ignition propertiesMow can one acquire thermochemical data at rapid heating rates?
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What were some attempts at improving these methodscrease their reach of
scientificrelevance?

The collaborative study with Sandia National Labsnvestigatethe reaction
mechanisnof thenanoscale dry powder pyrotechnic powder, Ti/K&I® the topic of
focus of chapter.3This chapter highlightthis highly exothermic mixture as the first
study of mine which looks at the use of an underutilized metal fuel and how its
interaction with the strong metal salt oxidiaghen subject to rapid heating conditions
may be potentially unique based on themposition and thermal response of the
nanoscalemetal fuel.In situ TEM heating is conducted to help answer question
regarding both the reaction mechanisms as well as the progression of nanostructure
morphology, if any.Would titanium nano fuel be susdiye to the same stability
concerns as aluminum when combined with a hygroscopic oxidizer? Do nano titanium
particles sinteand lose their nanostructure priorgomary reaction? Additionally,
this chapter acts as a continuation of chapter 2 in denatingtthe extent to which the
technique of temperature jumpl/tiroéflight mass spectrometry can be utilized to
reveal the behavior of rapidly progressing thermochemical procetssegrgetic and
norrenergetic compositiona various ambient environments

Chapter 4 combines the methods learned in chadein the study of
determining the effect opacking aluminumbasednanoethermitesinto previously
studiedaluminum/PVDF propellant films. How does integrating aluminum thermites
effectlocal energy densi and energy release rates, flame speed, flame temperature,
gasification, mechanical integrity, and ignition behavior? What is the difference in

performance between dry thermite powders and thotihey behave once bound by a
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PVDF binderDoes the tertiargystemhelp reduce apparent sintering behavigrit
even useful to do this? Much of these questions are addressed +RingpITOFMS
but also heavily relies on color camera pyromefioy mapping spatiotemporal
measurements of the respige flame fronts and the estimation of energy release rates.
Several assumptions are made in chapter 4 regarding the energetic formulation
of the AI/MO/PVDF films as the aluminum fuel may react with both the metal oxide
and the PVDF binder oxidizers. Fsimplicity, the stoichiometry of the formulations
assumed the metal/metal oxide and metal/PVDF reaction were mutually exclusive with
minimal consideration of the metal oxide/PVDF reaction. Chapteuillls onthis
aspectand focuses solely on the metaide/PVDF interaction when subject to high
heating rates. This topic has previously been studied by ressamokt exclusively
focusing on the aluminum oxide shell interaction with PVDF as it relates to the role of
released HF gas in the facilitation bktoverall reaction witthe metal core. Chapter
5 generalizes the interaction and subjects several energetic material relevant metal
oxides, either as a primary oxidizer native shell oxide of alternative metal fuels, to
T-jump/TOFMS characterization
Although the chapter 6 and chapter 7 still focus on PVDF bound energetic
systems, the studies explored in these chap®esnine synergetic relationships
between materials and material architectures which aid inateeofenergytransfer
throughoutthe gystems to tune and actuate their capabilitspter 6 highlights intra
material coupling and distribution of energy while chapter 7 investigates the ability of

added materials teespondo external stimuli for remote actuation purposes.
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Chapter 6 asss how randomly distributed/oriented high conductivity rods of
various aspect ratio can effectively facilitate the proliferation of energy throughout the
material to enhance overall burn rates. Such a study was approached from a flame front
model point ofview to effectively control the various parameters which are normally
difficult to control. Dense, porous free energetic materials are consitie@tswer
some fundamental quest®pertaining to the flowof heat using highly conductiye
relatively inertmaterials a avector forprimaryheat transfer: to what extent can highly
conductive, norenergetic additives enhance the burn rates and energy release rates?
At what point does adding more volume percentage of material hinder propagation?
What aspect rai enhances the flame behavior the best and why? Does increasing the
thermal conductivity of the additive relative to the energetic material indefinitely result
in appreciable gains in energy release rates?

The ability to control the reaction rate ancer\vgnite an energetic material
remotely without traditionasurfacejoule heating methods is an incregiliseful and
sought out capability. Past studies have analyzddmetric heatingvith the use of
microwaves which are absorbed by a microwave seasitateriabr couple to ionized
products of an already propagating flame front. However, microwaves have not had
much success in effectively coupling saignited aluminumized energetic systems
even with the use of microwave absorbing carbased addities. Chapter 7
investigates this behavior further by considertigrnative metal fuelas a potential
energetic microwave sensitive additie®d how theircoreshell morphology and
chemical compositionmay lead to successfumaterial ignition. Furthermore,

microscale architectures are fabricated through additive manufacturing to combine
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materials which may be highly sensitive to microwaves to those which are not to
supplement microwave absorbing deficiencies of superior propellant systems.

The final chapter of this dissertatiocovers overall conclusions of this
dissertation and highlightzrojects of note where much lab time was devoted but did
not end up in a publication due to an unsatisfactory result or collaboratiocisdid
not contine. Topics here include molecular beam mass spectrometry for atmospheric
sampling of rapidly heat materials, in situ TEM studies of oxygen mobility in doped
perovskites for tunable oxygen transfer rates, and novel isotope labeling methods for
T-jump/TOFMSin reaction mechanism tracking. Much of the completed work gives
impetus for future workén the improvement of novel diagnostic techniquédsch
captue transient thermochemical behavior of increasing complex energetic material

systems.
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ChaptRirag®nostics and I nstrument a

2.1 RapidThermometry of Materials (Temperattiigmp)

2.1.1Methods and Motivation of Temperatutemp Thermometry

Thermogravimetry and Differential Scammi@glorimetry (TGA/DSC) is a
powerful, standardizetbol for thermal analysis of materialg can be viewed as a
sophisticated high resolution scale which can sense heat fluxes from a platinum
thermocouplé!® It has been th&ey instrument for many of the most basic research
studies across several difént fields of researdor which many material properties
such as material melting and boiling point temperatures, heat capacity, exothermicity,
and chemical kineticscan be quantified® The thermal behavior of energetic
composites through the perstige of TGA/DSCcan giveone the abilityto heat a
small sample to temperatures as high as 26@Mhd obtairhigh resolution quantitative
thermochemical daff”°112°122 However, energetic materials amémarily researched
for theirinherentability to undergo thenal runaway aftebeing supplied with enough
initial energyto reach the ignition temperaturEhermal runaway, by definition, can
only occur wheneaction rates arthe rate at which kinetic energy is generated within
the system is much larger than thaée at which kinetic energy is lost from the system.
Additionally, an energetic material must be ablettansportenough of itsnascent
chemically liberated kinetic enerdgg spatial regions which have yet to igniioe the
reaction to be sustained. Sueheaction must reach a sufficiently high adiabatic flame
temperaturever a sufficiently small distance which allows a high enodiffasive

heat flux for unburned material to reach the ignition temperature before the flame is
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quenched®1?412’ The characteristic tlmal gradient of the flame frosbrresponds to
a heating rate between®00° °C/s, much larger than the @Fmin heating rate of the
TGA/DSC.

To analyze how materials behavior under rapid heating conditions, the
TemperatureJump (FJump) system was ddeped. The basic premise of this
experimental technique is to mimic the heating rate delivered by a flame front by
initiating the reaction athe characteristic heating rate of *00° °C/s. The T-Jump
assembly consistsf awire flashheating approach wheeerf6e m di amet er pl at i
wire (OMEGA Engineering | nromwirebetsveeptve par ed
electricalfeedthrougltoppereads of asacuum flangeThe flange assembly of the T
Jump was incorporated to allow otie alility to use a weHlsealed, isolated chamber
to conduct flash ignition experiments of energetic materiasnospheres of differing
pressure$103-10° Torr) and gas specieSolid materialsuspended in an inextolatile
solvent in the form of powdein hexaneor composite precursor solutipmay be
deposited onto the wire with a micropipette or other suitable coating technique such
that there exists a thin homogeneous layer of sample |{g1,®-50 pg). If one is
coating powder, it is best to use powadrich is submicron (<um) for effective
intimatecoating on the wireurface Largerfeatures can make coating the wire difficult
and result in anisotropic heating of the samipigure S21, in the supplemental section
of chapter 2 serves as an example of the difference in platinum wire coating for
particles of the same chemical composition but drastically differing particle size.
Samples to be coated may also be dissolved snlvent and coated such that the

dissolved sample recstallizes on the wire upon the quick evaporati8i10s) of the
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pipetted droplet.Generally, the sample need not be energetic if tiarmp technique

is coupled to another diagnostic system.

2.1.2Conducting and Analyzing theJimp Experiment

Flash heting is implemented by utilizing &iggering square wavepulse
generator(Stanford Research Systems, Inc. Model DG535 Four Channel Digital
Delay/Pulse Generatoand a DC power supplywhich is connected to a heating
actuatofmodulator When triggered byhetrigger box, the actuator deliveap to 10
A of current when supplied with singlevoltage puls€4-14 V) with a predetermined
pulse time(1-9 ms) across the platinum wiréghe raw data of thecurrent and the
voltage outpud from the actuator are monitored using a Teledyne LeCroy 600 MHz
oscilloscope with two channels connecting a Teledyne LeCroy CP038/68MWHz
current probe and BNC cableplacedin parallel with the platinumwvire circuit. The

voltage of the DC power supply (B1 V) is adjusted for each pulse time length for

optimized heating such that the platihnumwire as hot as possi bl e,

breaking the wire.
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Figure 2.1: Routine setup of the-Jump experiment conducted in a sealed chamber
of differing atmosphere. Key heating, timing, and monitoring components are
depicted.

When flashedthe platinum wire acts as the probe by which fast response

thermometry of the wire came acquired. Temperature readings obtained through the

calibrated relationship between the temperature of the Pt wire and its resistance from
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D1400K 67120128130 |f gne uses & ms heating pulse, this correspomala heating rate

of roughly D4x10° K/s, whenstarting from room temperatur€he key assumption of

this technique is thahe temperature of a sufficiently small amount of coated sample

is approximately the temperature of the wiheis replicatinghe heating rates expected

in a combustion event°

Synchronizing the triggerg mechanism of the heating to the acquisition of

high-speed videographfl 0> FPS)allows one to visually analyze the time at which an

ignition eventoccurs relative to the start of heatifidgnroughout all studies using this

technique, the ignition temperature is defined by the suthdeease idight intensity

originating from the thermal runaway of the reacting sartfSl€he raw data of the

voltage and current acse the platinum wire are processed through a Matlab code
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(Supplementalpy t i I i zi ng t he Cal | i@ardeato gentate adbt s e n

of theaveragewire temperature as a function of time with a B4 resolutiorand an
instrument base uncertainty 25 °C. Despite the temporal resolution, the behavior
of the temperature plot is smooth enough such that interpolations of the dataagints

be made to form a continuum of values. With this information, one may measure the
ignition temperature of a@nergetic material by comparing the time of ignition, found
through videography, to themperature of the wire at the time of the observed ignition
event.This analysis is also aideingtwo Matlab scrips, ong(Appendix:C-0) which
corrects for the cdact resistance of the heated wire circuit, and the ¢&mpendix:

C-1) whichreports the temperature of the wire at a given iwitk afinite difference
estimate of the heating ra#¢ the point of ignitionThe heat rate is calculatetl the

point of ignition with the time resolution limited to the frame rate of the Figked
cameraThe analytical and visual results of the ignition behavior are showigure

2.2. Other than monitoring the maximum temperature reached, it should be noted that

the temperature of the wire after the ignition event is nodoagalytically useful

1.64ms (Ignition)

a)

/\ —— Light Intensity

Temperature

Ignition
1 Temperature

N

Light Intensity (norm.)
= N W kA OO~

(=]

2.13ms (Peak Intehsity)

time (ms)

Figure 2.2: Ti/CuO thermite TJump ignition in argon illustrating the a) temperature
profile and light intensity as a function of time where the b) ignition point can be
determined througframeby-frameanalysis of synchronized higdgpeed

videography.
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2.1.3Measurngthe Activation Energy of Ignition

Considering the specific range of heatiiagesis 1-1° °C/s, the choice of
heating pulse time may seem a bit arbitrgiyen the constant maximum wire
benchmark temperature B1400K. One may use any pulsene between -B ms and
achievea heating ratevithin the desired rangdhe convention used the Zachariah
labis that measurements between differing sample type will use the same heating pulse
time (3ms) in oderto better compare therHowever the T-jump analysis of materials
is not limited to simply the observation of the ignition temperature of an energetic
system.Utilizing differing pulse times/heating rates results in a behavior where the
observed temperature of ignition appears to increasedmetting rate increasés:!?°
It has been shown that that onaynusehetemperature of ignition as a function heating
ratedatain order to extract an effective global activation enefgy of the ignition
eventusingthe si ng t he Arrhenius kinetic model ap
isoconversion methott>*31134 An example of this analysis is shown Figure 23
where multiple measurements of the ignition temperature are made for the same heating

pul se time over five pulse times correspon

~
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Figure 2.3: T-Jump analysis of the a) ignition temperature of Ti/K{d@ergetic
composition as a function of heating r
ignition maybe calculated using the re
isoconversion method.
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The activation energy analysis of this type is conducted birigeiieaverage
ignition temperature for each heating rate regime (heating pulse time) as being the
reported ignition temperature. The reported ignition temperature is then used to plot

Figure 22b and extract the activation enerte ignition event

2.2 Rapid Chemical Speciatidh-Jump/Timeof-Flight Spectrometry)

2.2.1Linear Timeof-Flight Mass Spectrometry

TemperatureJumpTime-of-Flight Mass Spectrometr§T-Jump/TOFMS)is a
chemical species detection instrument whwbuples linear timef-flight mass
spectromatly with the rapid heating technique dfJumpflash heatingBy itself, the
linear ime-of-flight mass spectromeaté¢Jordan TOF Products Indg an instrument
which is capable of samplingnd detectingas phasspeciesat a rate of 1 full mass
spectrum per 0.Ins using an 18m Z-Gap microchannel plat@/CP). To obtain a
full mass spectrumthe sample ofjaseousspecies must be separated into tightly
consolidated regions according to the mass of the species. The tighter the bunching of
like masses, the better resolution of the spectrum when detected by theTRECP.
degree of resolution shlolibe in a state such that the mass spectrum can clearly resolve
peaks which are 1 mass unit apart, although a resolution of 0.5 mass units & ideal.
basic schematic of tHmeartime-of-flight setup and operation is shownHigure 24
where a more descriptive diagram maybe found on the Jordan TOF Products Inc.

webpage

46



a) b)

| MCPAssembly |

] \ [ 1
| |
| | * 3.5V 100us
| | || TOF Tgbe Trigger
| I ~24 —_ Electron lonization (~3ps)
: | : 3 A2 GND

i @ | (Extraction Plate) 200V ﬂ

A3 (-1500V Liner) % A3
'u_, (Liner/Accelerating Voltage) 1500V
A2 (-200V Bias) — Species Signal
E: MCP /.\/ pecies Signa _\’H
A1 (GND) I — * 100ps >
s 6T [ — >
10° Torr /‘ Time
E-Gun

4' Turbo
Pump
Figure 24: Schematic of the a) TOF ionization, acceleration, and detection of gas

species which have a b) voltage/signal profiles which are actuated by a trigger source

|

To form the spectrum in the first place, the gas species must enter a sampling
region defined bywo plateswith established voltageene set at ground and the other
capable of being voltage biased tempordBgs pecies which havdiffused intothe
sampling region are subject to ionization as a result of a current of bombardivg 70
electrons enmaating from a electron gun sourcélthoughthe level of electron energy
utilized is enough to obtain optimal sigmadise ratios, the electron energyaiso
enough to fragment the parent species into a signal profile containing the parent species
along with its fragmentation species. Many known species have #ileitron
ionizationfragmentation patterndocumented (NIST Web Book) and thus presents a
means to refine the identification process paeentspecies which may have the same

mass as anothepscies.

2.2.2Conducting and Analyzing the TOFMS Experiment
The same triggering mechanism which initiates th#éuip experiment also

triggers the extraction plate and electron gun power supply with a continuous TTL
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square wave. After a dwell time B8 ps for electron ionization, the A2 biasing plate
extractgposiively chargel ions into the accelerating region between A2 and A3 plates,
as illustrated irFigure 24.1%° A liner at the same voltage as A3 is establisivétin

the TOF tube in order to creaad shieldh field free region which maybe traversed at
constant viecity. Lighter species will be accelerated to a higher velocity than heavier
species and will therefore separate themselves from the initial pécketsoas the
species traverse the length of the flight tube. In this way, the length of theulghis

linked to the resolution of the MCP species signal. The longer the flight tube, the more
time species will have to separate into consolidated regidrich impact the MCP
detector at different times depending on their mass. Generally, lighter masses will have
higher resolved mass speaks since they move faster and are able to separate themselves
guicker than the higher mass specidse raw data of MCBignal voltages as a function

of time are output to the same oscilloscope mentioned in section 2.1.2 and collected
over a predetermined time length of Ifis or 100 full spectr&ince the electron gun

and extraction plate are triggered multiprees with 10Qus intervals, multiple spectra

are collected with theame species being observed at periodic absolute time values.
This periodic behavior is broken up into intervals defined by the LKfor each
spectrum clbection time and thus each spwom, as a whole, corresponds to an
absolute time value in increments of 4. In this manner, one may track the evolution

of the spectrum, and therefoeesinglespecies, with a resolution of Orfhs until
reaching theotal datacollection time allotted10 ms).A simple box schematic of the
wiring of the system outside Bfgure 24 is shown inFigure 25which includes trigger,

monitoring, and pulsing systems used.
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Figure 25: Box schematic of the Timef-Flight electronics wiring setuwhich
includes the triggering device, oscilloscope, and power supply for all necessary
components.

The transient details of the spectrum intensity over time are managed by a
Matlab script(Appendix C) which takes the raw datdirectly from the oscilloscope
(times and MCP signals), procesghe data through a masme calibration, and
outpus themass specdtras the signal intensity as a functionnadisgion-charge ratio
The timemasscalibration is constructed by sampling species of known mass and
noting the time elapsed after the falling edge of the trigger signal before being detected
within a single spectrumrhis measurement is done until enough known species are
sampled which outhes a smooth calibration curwehich spans mass values of m/z=1
to m/z=260 Species which are easiest to use for calibration include noble gases (Ar,
Ne, Kr, Xe), air, Sk and sublimating iodin&® Theoretically, the calibration should
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be one which is quadratic since the species should follow a trajeetuch is
consistent withkinematic motion which hasa constant acceleratiorfconstant

electrostatic force between two charged platesyo regiors, constant velocity (field

free) in one regionanda time of O for— 1. Therefore, the general form of the

calibration curve should take the form %.f +< 4 <« 3 where the values cfcit

are determined by the parameters of the fitted quadratic determined from calibration
measurement3.he exact detection time of each ion depends on the electriafigid
accelerating region which is directly proportional to the set voltage of the phates.

example of such a calibration curve is showhigure S22.

2.2.3TemperatureJump Timeof-Flight Mass Spectrometiylethod

The samples of primarynterest include solid energetic materials and their
individual constituentsf belonging to a heterogenous compositiornorder to observe
gas phase reaction intermediates and products evolve from an energetic reaction on
combustion time scales, it is useful to couple Foiélight mass spectrometry to the
T-Jump technique disssed in section 2.1.2 The previously discussed resolution of the
TOFMS (0.1 msand total collection time (10 me)akes coupling -Dump to TOFMS
ideal given the characteristic time scales of a ftaeanite combustion event being
roughly £1-2 ms in length(Figure 22). T-Jump is coupled to TOFMS by using a
custommade FJump probe which consists of a vacuum sealing flange and electrical
feedthroughs, bulso the ability to extend and contract. How the probe couples to the
main components of the TOFMS system is illustratedrigure 26 which was

previously made by a former member of the Zachariah GrSup.
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Figure 2.6: Coupling of the a) TOFMS system witihe T-Jumptechniqueusing the
b) customized FJump probe.

Theretractedod-like T-Jump probe is prepared with the coategurgPt wire
and inserted into a roughimtpamber. The roughing chamber is pumped down te 10
10! Torrusing a mechanical pump and remains at thestqure range for50 minutes.
After this process, a gate valve separating the roughing chamber from the mechanical
pump is closed and another gate valve separating the roughing chamber froamthe
TOF ionization chamber (~10 Torr) is immediately operte The pressure should
equilibrate to ~16-10° Torr, a safe pressure for usage of the electron gun and other
high voltage elements within the TOF chamber. Theriip probe is then extended to
closeproximity (F1-2 in.) of the TOF voltage plates for effse sampling of the
ignition species upon heating. As in the purdump setup shown iRigure 21, a
viewportdirectly opposite the -Dump probes integrated within the TOF chambter
allow for capturing of higkspeed videography and the capability to inspect instrument
parts for potential maintenance issuBse proximity of the violent ignition events to

the £nsitive TOF voltage plates and electronics may cause there to be issues in terms
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of plates shorting and burning out easily replaceable electronic componentsrer
permanent corruption of voltage plate insultation. Issues pertaining to these
possibilities are linked to how violent the energetic reaction is and its ability to produce
many transient ions, and the amount of material utilized. Therefore, it is best to coat
the platinum wires as lightly as possible when dealing with violently reacting msiterial
in order to maintain the functionality and integrity of the TOFMS instrument. This
problem is largely not a factor when dealing with endothermic reactions, but small
amounts are still needed for more accurate temperature measurdvimmeton the
specifcs of how to maintain the instrument and things to consider when
troubleshootings noted in the Appendix A.

Since the premise of TOFMS relies on an environment which is essentially free
from collisions with other gas molecules, the TOF tube and sampling regions, shown

in Figure 24, must be under high vacuum in orderléagthen the mean free path
(L x -) for nascent gas species to be sampled correctly. This means that all

experiments coupling-Jump and TOFMS must be conducted under vaguwumch

has beershown to affect the behavior and morphology of the ignition event when
compared to pressurized environmeit&® Regardless, thetechnique of T
Jump/TOFMS gives onéhe ability to simultaneously monitor the temperature of
ignition between samplesapture higkspeed videography, drcollect time resolved
speciation of the entire heating process from start to fiSisite FJump and TOFMS

utilize the same triggering mechanism, the two setupgure 25 andFigure 21 can

be seamlessly incorporated with channels 1,2,3,4 of the oscilloscope representing the
pulsar voltage timingignal, the MCP detector signal, the voltage across the platinum
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wire, and the measured current flowing through the platinum wire, respectively. As

such, T-Jump/TOFMS is not exclusively used for energetic compositions since now

there is an added diagnasti t echni gque to fiseed the unseen
oxidizer components suchaanoscalenetal oxides (CuO, E6s, Bi2O3) orsubmicron

strong oxidizing salts (Ammonium Perchlorate, K@QIOKnowing the reaction

pathway for oxidization is aimportant task which this instrument was designed for
andpresents quantitativanethod to tweeze out individual component contributions

to overall energetic reactiorisigure 27 is an example from a published paper of mine

given as an example of the type of quantitative data obtained from the tecbiigue

Jump/TOFMS.
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Figure 2.7: Time resolved a) full mass spectrum dndaingle species detection
profile as a function of temperature from the heating of KGlimicron particles
(T-Jump/TOFMS)

2.24 Measuring Activation Energy of Species Release

In the same way that the pureJimp technique data iRigure 23 can be
processed si ng the FlynniT Wal | T Qmzoatama actigaboo onv er si
energyfor ignition, an activation energyf species release, such as oxygen rejease
be measuret® The same Matlab script (Appendi®-1) used to report the ignition

temperature and heating rate can be used to report thereome of initial species
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detection and the heating rate at that point in time with a characteristic time step of 0.1
ms. These measurements may be usetkevel@ a kinetics approach to understanding

the energy landscape of energet@empositions and realing reaction pathways
involving norrenergetic additive constitueygnd/or the oxidation pathwag$oxidizer

componentsvhich lead to ignition.

2.3 Rapid Chemical Speciation: Molecular Beam Mass Spectrometry

2.3.1 Methods and Motivation dflolecular Beam Mass Spectrometry

Although T-Jump/TOFMS mass spectrometry is an extremely piolvierol in
analyzing the transient behavior of chemical species under rapid heating conditions, it
can only be conducted under high vacuum conditions with smadunts of material
(F10 pg). Samples to beapidy heaed from the T-Jump Pt wires are intimately
integrated within the system ionization chamber with no way of decoupling them and
getting comparable resultsarger amounts oénergeticmaterial being sapled will
either compromise the-Jump/TOFMSelectronicsor lead to deviations from the
temperature gathered from Pt wire thermometry.

Molecular beam mass spectromgMBMS) presents anethod ofconducting
chemical speciatiothrough timeof-flight massspectrometryof energetic systemntsy
decoupling the ionization chamber from tiegion where the energetic reaction takes
place. MBMS decoupling of the sample from the ionization region allows one the
capability to probgas phase products fronflameusingrelatively large samplg/pes
(films, liquids, powders) at elevated pressuoésiiffering ambientcarrier gases°

Since the TJump@gTOFMS system is performed in vacuum, gas phase interactions are

54



limited with very few collision interactions between species. Elevated presdlows
for an environment rich in molecular collisions and interactioher& various reaction
products not sen in vacuum can be detected during the full duration of film
propagationf{1 second), allowing the reaction to be studiea\ide range gbractical
application conditionsGiven the duration of a full combustion event of several
milligrams of materiglroughly 3.5 seconds worth of time resolved data can be captured
utilizing the 600 MHz Teledyne LeCroy Oscilloscope at a sampling rate3ofull
mass spectra per millisecond3kHz). Additionally, MBMS utilizes an altered form
of the TOF tube called &lectron Timeof-Flight (RF-TOF). RF-TOF effectively
doubles the flight distance of iomsd enhances the resolution of their detectipn
integrating a voltage lens array which digeicicident ions back towards tH® mm
diameterMCP (larger detection rea) located adjacent to the ionization chamtyr.
Adjustments the voltage lens can be made which enhance signatticesaind the
shape of the signal envelope of the incident mass spAamsre technical drawing of
this system is provided by Jordan TOF Products The. choice oih RFTOF over a
guadrupole mass spectrometer is based on the need for detecting attearesig thus
the need to sweep the entire mass spectrum in an enhancedsotived mannefF(0
kHz). The specifications of the build required additional customized parts for which
the build of the MBMS was undertaken, completed, and documented byer fiab
member of the Zachariah Research Group, Jeff Défii®he way in whichthe
sampling region is separated from the ionization regiontlaachethod ofmolecular
beamsamplings illustrated by the MBMS schematickigure 28. Energetic material

areignitedvia wire joule heatingvithin a controlled atmosphere and the species of the
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transient combustion are samplddough a small orifice, ionized from electron

impaction, andletectedhrough RETOF.
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Figure 2.8: Experimental setup and Molecular Beam Mass Spectrometer schematic
of flame sampling during combustion.

2.3.2Formation and Chaacteristics of the Molecular Beam

The premise of molecular beam mass spectrometry relies on the phenomenon
ofcreating a molecul ar beam. The mol ecul ar
molecules with some degree of correlated motion, despitattfence of any overall
hydr ody na®iTle fofmatmwaf such a beam is only possithieough a
differential pumping approachithin a choked flow system using the assumption of
isentropic flow ¢I5=0) which expands gas from a regionatively high pressure to
one of much lower pressurehile creating a supersonfree-jet of molecules3& 14
Hot gaseous prodaits within a carrier gaswith no directed motionfunnel througha
sampling orifice at the eraquartz tubdrom which the resulting shock wavepsobed

andfurther collimatedby a skimmerconeinto a refined beam with little directional
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deviations among gas molecules shown inFigure 28149141 The aergy of the
isentropicflow system must be conservedring the transitiomnd can be represented
as the sum of the direghal kinetic energy and the enthal@s equatior2.1 shows.

Y U Y o P
G G ¢

In thesystem of interest)  1tsince the gas which diffuses through orifise
largely stagnate witmo directed motion. The act of rapid expansion through the
transition from the higipressure continuum region (reaction event) to the collision
less lowpressure region (ionization region), through the small orifice-g@um),
constitutes isentropifree-jet expansiont3¥ 142 Thus, the work needed to exparghs
within the lower pressure environment must originate from the internal energy of the
system.How much internal energy is converted depends on the change in the
temperature of the gaas it transitions form the high pressure to low pressure regions
corresponding to the relationship between presstr@nd temperaturel, during an

adiabatic proceg®quation?.2).
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One can see from equatior22that a systerwith a nitrogen((  p&) carrier
gaswhich starts at rom temperaturaith a pressure difference ratio of 1QL0* Torr
to 10* Torr) results in a final beam temperature of roughlyK. Other experiments
also reporthe drastic decreagemolecular beam temperatures as lovlgs4%142The
ultra-cold molecularbeamis a corner stone feature of MBM&amplingin which the
creation of the beam not only efficiently transports the sample@amlels to the

ionization chambelbut also freezes the gas molecules to no longer, er@abling the
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preservation of the sample during traf&itGiven the degree of temperature decrease
from the transition from high to low pressure regions through the choked flow orifice,
nearly all the thermal energy of the system has converted to kinetic energlgich

one can define the Mach number as it relates to the supersonic speeds reached as
result}4%142143Combining equationg.1 and 22 while dividing the beam vetity by

the speed of sound gives an expression shown in equadiovhich relates the Mach

number, Ma, to the initial pressure drop ratio across the choké$oint
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©
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As equatior2.3 infers, one would need a pressure difference ratio of at least 2
for the supersonic (Ma>1) nature to be obtained and the molecular beam fétiied.
Figure 28 representghe specific instrument setup which routinely establishes a
pressure difference ratio of 1etween the sampling region and #itenospheric
condtions within the quartz tube, inferring teenergence of the supersonic molecular
beam This pressure differentiétheoreticallycorresponds to a beam speed of roughly
Mach 20 in anitrogen(’ p&) gas carrier, and Mac#0 in anargon(’  p#®) gas
carrier* Differential pumping utilizing a molecular pump and turbo pump adds an
additional difference of I®Torr established across the skimmer cone separating the
ionization chambefrom the sampling regiofMhe gate valve behind the skimmer cone
in Figure 28 is only opened once the appropriate pressure in the sampling region has
been reached.

The skimmer cone orifice was designed vatdiameter of 10im so thatthe

molecular beam flow through the skimmer coaabe optimizedsuchthatthere exists
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a large MBMS signal to noise ratio anthe ionization chamber pressucan be
maintained betweeh0® Torr and 1@ Torr.13° The structure of the shockwave relative

to the position of the skimmer cone has been previously documented and visualized by
studiesusingsketches and Schlieren photagmg**14°For optimal species sampling

and optimized MBMS signal intensity jg paramount that the skimmer coneabgned

well with the sampling orifice of the quartz tube gutacedwithin the isentrof center
streamlineregion of the shockwave structuaé a separation distancé roughly 1
cm.13*141This separatioputs the entrance of the skimmer cqumgt before the Mach

Disk of the shockwave structut&:'41The alignment process can be difficult but made
easy whenaided with the use of a 3D stage manipulator which allows omete the
sampling orifice into place while monitoring the live signal of a carrier gas displayed
on the oscilloscope. The quartz tube is then lockiepiace once the maximum signal

for molecular beam sampling has been foufde results of preliminaryBMS
experiments are discussed in chapter 8 and will highlight limitations and expanded

utilities of MBMS beyond what has been noted in this chapter.

2.4 Instrumental Build T-Jump Nano

2.4.1 Introduction and Project Purpose

As mentioned in sectio.2.1, thecornerstone instrument in the Zachariah
Group is the Temperature Jump {Jump) Time of Flight Mass Spectrometer
(TOFMS). In summary,the main feature of this instrument is that it couples and
synchronizes mass spectrometry with the rapid heafiadast response platinunire

thermometecoated with a small amount of sampa.it stood a single synchronizing
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function generator acts as both a single and continuous triggering mechanism. In
normal operation, a-10 KHz TTL square wavewith a width of roughly 5us, triggers

an oscilloscopédo start recording datan electron gumpulsarpower supp} to vary
ejection of ionsand the heating of a platinum/Nichrome wire. Data collection occurs
overa1l0ms where 14100 total spectra are collectdd.order to achieve this type of
data collection, both the oscilloscope and electron gunapstsurce must see a
continuous trigger signal corresponding to each spectra/ionization time period.
However, heating of the wire over a period éfd0ms requires only a single heating
pulse with a variable width and amplitude. As a resiiicurrent setup must utilize a
separate heatingulsarbox powered by a variable power supply which takes the
continuous trigger input and outputs a single hegiirige with a calibrated width and
amplitude.

The purpose of this project is to modernize the current setup while physically
consolidating all the major control components, increasing versatility of control, and
enhancing ease of availability and mobilityr this type of system to be utilized for
otherinstrument setups requiring synchronizatamdvariousheating schemesuch
as laseheating

Whil e there isndt anything necessarily \
components are bulky and lapkrtability. The system requires a function generator,
heatingpulsarbox, oscilloscope, and power supphll these componenti total,
require considerable desk space and are also interchangeably used for different
experiments in the lalmaking setuand break down of the instrumentation quite time

consuming The current heating scheme is also fairly one dimensional by only allowing
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a single heating pulsBreviously therewasno way of being able to take the continuous
trigger inputvoltageand outptia continuous square wave with a variable width and
amplitude for heating purposes. This capability alone would broaden the $twmiidc
undertake with the -Dump/TOFMS systenand other experiments requiring such

behavior.

2.4.2 T-Jump Nandperation and Design

Theproject desigrand construction were undertakenbgand Dylan J. Kline.
This project was called theJump NanoThe designelies on the versatile capabilities
of a programmable Arduindno microcontroller in place of a functiagenerator. This
switch instantly downsizes the current function generator while enhancing control
capabilities with a modernized and simplified interface. #hes specific designa
programmedArduino Uno was coupled to theircuit boardto have three BNC output
types: a programmable continuous waveform, a programmable single shot, and a
modulated heating waveform which could be either single shot or continuous. Switches
are implemented complementary to the programmed Ardummaction wthin the
circuit scheme for all waveforms to be output simultaneously. This allows for the
capability of triggering aroscilloscog, or any other electrical componenthile
capturing the data which may come as a result of the single shot output.

The base circuit design for creating a device with these functions was adopted

by a circuit scheme put together by anlax member of the Zachariah Groupr,

61



Jeffrey DeLisiot*® Elements of the base design are depictethénmodifiedcircuit

diagram shown ifrigure 29.
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Figure 29: Schematic of the -Dump nangAutodesk Eagle 8.4.2gpparatus
including the high heating rate wire, sefithte relay, and oscilloscope.

The base design was adapted to integrate the Ardimaeamicrocontroller as
the brains to operate the backbone of the instrument in the monostable multivibrator.
The low voltage/current mechanical relayas replaced with a relatively high
voltage/current solidtate relay for flexibility in utilized current and voltage while
ensuring longevity of instrument components. Indicator £&Bre also integratefor
troubleshootig purposes and presentatiéithough the label for the input waveform
for the monostable multivibratofPinl) has a parallel BNC monitor output labelled
ABNC OUT Single Shoto, the waveform can be
the ArduinoUno software which can be a single pulse or a series of pulses of varying
time widths.A push switch initiates the waveform delivered by the Ardwmo and
will run until completon.The ABNC OUT Repeat Shot o moni

waveform which is needddr the TOFMS configuration. This waveformastivated
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viaaflipswitchandis ndependent of the ABNC OUT Singl e
thatit may have a unique customization simultaneouBhe prototype of this design

in depicted irFigure 210.
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Figure 2.10: Initial solderless breadboard prototype of théufmnp nano. The
breadboard in the top left includes a monostable multivibrator andstatiel relay
that would actuate a higfoltage pulse to resistively heat a wire. This multivibrator
would be modulatedith a signal sent by the Arduino Uno (top right) which is
controlled with triggers wired in on the breadboard below it.

Initial experiments to test the functionality of the Arduino Uno and its execution

of the trigger s c odelseplikedibsedoregure 22llwo si mul t a
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Figure 2.11: Arduino output waveforms: repeated (green) and single shot (blue).

As onecan segthedeviceproperly exectes the implementesims, single shot
pulse (blue) that would be used to trigger the resistive heating of aAtitlee same
time, theother segment of the circuit board continuously produces2ilses (green)
until cdlection by the oscilloscope stops or the trigger is deactivated. When examining
the pulses closely, there appeared to be a response resembling those seen in
proportionalintegral (PI) or proportionahtegratderivative (PID) control schemes.
Zoomed image of the initial setpoint change (from LOW to HIGH) was reflected by
the output of the device through a sharp step change accompanied by oscillations as the
device attempts to control the output voltage intern@lys noise to signal ratio is well
within the acceptable range for its desired utility.

When the single shot pulse ends, there appears to be afEgOH00 s that
can be readily explained by the code showAppendix D In the section of the code

executed from lines 464, the code turns &Pulse Width ModulationRWM) pin 3 to
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low, which has been benchmarked as lasthi@ fis, and then the code prints a serial
output to indicate the amount of time the single shot pulse was on. This series of actions
accounts for the remaining time. In ogtonal conditions, the prototype code shown
would eliminate the serial printing since it could be measured much more easily on the
oscilloscope directly and the digitalWrite() command could be substituted for direct
port calls that are benchmarkedrFét4 ps. It is important to note, however, that the
typical application of this device calls for 18 pulses and thus the significance of the
gap in the collection by the oscilloscope would kK& damples at maximum.

The heating aspect of this circuit utiis a rdriggerable monostable vibrator
chip (SN74LS221N) which is powered by the Arduldino 5 V pin and activated by
the programmed Arduino waveform input. The chip takes the input waveform and
elongates the pulse width using timing components in tha fof a capacitor and
potentiometeasshown inFigure 29. The width of the output waveform is related to
the discharge time of the capacitor by thatiehW 8 =| .fHaving the resistor be
a potentiometer allows one to have relative control over the width of the output
waveform. This added component does nothing but modulate the input waveform. In
order to gain control over both the output wavefomdth and amplitude,
anamplifying BJT transistor is powered by a 9V battery and actuated by the output of
the monostable vibrator chgt the BJTbase (Pin 13)This action controls solid-state
relay which is connected in series to a separate circuit loop which initiates heating of a
the already existing-Jump probe by a variable power supply. In this way the heating
behavior of the wire can be programmed directly by the Ardumoand executé by

the monostable vibrator in a variety of ways which can be simultaneously measured by
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a continuously triggered oscilloscope for a select number of data segfnsuaismary

of the result is shown iRigure 212.

Single Shot Signal (Arduino)

Variable Single Shot heating signal (Monostable Multivibrator)

Repeated Signal (Arduino)

Variable retriggerable heating signal (Monostable Multivibrator)

Figure 2.12 Theoretical output signals for heating and Arduino control (BNC
outputs)

2.4.3 T-Jump NandPrinted Circuit Boardand Housing

The circuitry ofthis build was designed so that the corresponding circuit board
would attach directlyo the ArduinoUnoas an Arduino shield. This eliminates the use
of the bulkier heating pulse box and function generator and replaces them with a
roughly 4irf board witha 2-inch height. Combined with the sokstate relay and BNC
connects, this corresponds to a build which can easily fit inside a small enclosure that
is several times smaller than the combined real estate taken up by its predecessors.
Although the ArduinoUno does need a computer to initially program it, this
responsibility is simply taken up by the oscilloscope which itself M/indows
computer acting as a consolidated power source and programming interface. Below,
Figure 213 and Figure 214 illustrate thefinal PCB layout, Arduino shield, and the

fabricated aluminum enclosure.
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Figure 2.13: Diagram of custom printed circuit board to serve as a shield for Arduino
Uno (Rev3). Printed circuit board is manufactured by OSH.Park
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Figure 2.14: a) PCB of FTJump Nano circuit mounted to Arduino board and b) PCB
aluminum enclosure with output switches, BNC connectors, and heating relay.
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ChaptPerob3i:ng the Reaction Mechan

Titanium/ Potassium Perchl orat e

Summary:

The reaction mechanism and ignition characteristics of the pyrotechnic
composite of titanium nanoparticles and micgired potassium perchlorate was
investigated under rapid heating conditiof@5x1C K/s) by temperature jump (T
Jump) timeof-flight mass spectrometry. -Kay photoelectron spectroscopy surface
analysis and transmission electron microscopy (TEM) characterization of titanium
nanoparticles show a reactive oxide lay@8 (im) composd of amorphous Tigand
roughly 20% crystalline TiN and titanium oxynitride. The-Jdmp and
thermogravimetric analysis reveals the oxide layer to be responsible for catalysis of
oxygen release from KCLIQ resulting in ignition temperatures as low as 72(nK
atmospheric pressure argon. Fast and slow in situ heating TEM corroborate the findings
of oxygen atmosphere ignition characteristics, which illustrate K@@Ilting and
coating of titanium nanoparticles immediately before oxidizer decomposition and

titanium oxidation. Unlike aluminum, which has been shown to have a rapid loss of

surface area before combustion as a result of sintering, Ti retained its high surface area.

A combination of a reactive shell and the preservation of titanium nanostructure unde
rapid heating may lead to enhanced oxygen diffusion and increased potential for

transient energy release.

" The results presented in this chapter have been previously published and are reprinted with
permission from: NMes C. Rehwoldt, Yong Yang, Haiyang Wang, Scott Holdren, and Michael R.
Zachariah, The Journal of Physical Chemistr2@18122 (20), 107920800. Copyright 2018
American Chemical Society.
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3.1 Introduction

Nanoscale metal particles such as aluminum, boron, zirconium, magnesium,
and titanium have been the focus of recent researchdiegdheir potential as fuels in
energetic composites. The combination of relatively high combustion enthalpies and
reduced reaction length scales make nanoscale |ipetal energetic systems
particularly interesting for their potential fotransient, high vyield energy
releasé7'37'13°'14" 147

Although the favorable thermodynamics of such systems are well known, their
kinetics are relatively slow and specific reaction mechanics largely unknown. The
nature of such reaction mechanics depends heavily on the individual and collective
charateristics of the fuel and oxidizer under the rapid heating conditions indicative of
combustior?’ Although there have been several mechanistic studies of this type
involving aluminum nanopatrticles due to itsatetely low cost and high energy
density, there have been few such studies that have investigated titanium nanoparticles
(nTi) as a viable alternative fuel sourf@@As a fuel with strong oxidizers, titanium can
boast of a higher theoretically normalized combustion émghper unit volume
compared to aluminum and typical organic monopropellants such as
cyclotrimethylenetrinitramin€RDX) and 2,4, étrinitrotoluene(TNT).2”0Significant
differences in physical and thermal characteristics between ralomititanium, and
their respective metal oxides make such an investigation enticing when considering

their possible consequences on ignition mechaiiaslé 31).
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Table 31: Highlighted physical properties of aluminum and titanium species
Thermal Expansion Density (g/cnd)

Material Melting Point (K)  Coefficient L) (298K)
(298 K)

Al 933 23.1 2.70

Al203 2345 8.4 3.98

Ti 1941 8.6 4.50

TiO2 2116 8.4 4.23

This article investigates the reaction mechanism of titanium nanoparticles (nTi)
with the commonly used, strong pyrotechnic oxidizer potassium perchlorate {KCIO
under rapidheating conditiong®>1#145148149 This class of energetic mixture is
commonly used in energetic components such as thermal igniters and/or mechanical
actuators, taking advantage of a superior combustion enthalpy compared to more
traditional thermites, which use metal oxadedizers Figure 31). Titanium/potassium
perchlorate (TKP) mixtures were previously studied in a mechanistic manner at slow
heating conditions by Sandia National Laboratories as a part of their mission to gain
intui tion and the Aability to preWdThst and mc
investigation expands upon the findings from the Sandia work by subjecting the
nanoscale energetic composite to controlled high heating rates while simultaneously

monitoringgas phase species using tiofeflight mass spectrometry (TOFMS).
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Figure 3.1: Maximum combustion enthalpie$ stoichiometric mixture¢ € = 1)

3.2 Materials/Sample Preparation and Characterization

3.2.1Materials Preparation

Titanium nanoparticles30 B0 nm) were purchased from US Research
Nanomaterials, Inc. and anatase TiO2 nanoparticles (<50 nm) were purchased from
Sigma Aldrich. Micromsized KCIQ (D500 nm mean diameter) particles were
synthesized viderosol Spray Pyrolysis operating at 423 K by first dissolving roughly
2 g of largersized particles purchased from Sigma Aldrich (99.5%) in 200 mL of
deionized watet#®:148.151 particle sizes and composition were characterized by
transmission electron microscopy (TEM, JEXIDO, JEOL Ltd.), scanning electron
microscopy (SEM, Hitachi, SU0 FEGSEM), X-ray diffraction crystallography
(XRD), and xray photoelectron spectroscopy (XPS, Kratos AXIS 165 spectrometer).
Utilizing images from TEM and SEM, specifics of the particle sizen be analyzed

using the Nano Measurer 1.2.5 softwdfg(re 32 andFigure 33).
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Figure 3.2: SEM characterized spradried micronsized KCIQ patrticles with b) a
rough particle size distribution (200 particle sample size)

3.2.2Titanium Nanoparticle Characterization

The as received titanium nanopatrticles are quotédve an average size of 40
nm with a specific area of 50%fg from the manudcturer but appear to haneany
particles which are slightly larger (8b0nm) indicating a wide size distributioAs
is the case with many reactive metals, there exists a thin oxide layer on the surface of
the titanium nanoparticles once exposedito’13%1%2The oxide layer both hinders
further reactions with ambient oxygen and reduces the amount of reactive material
available per unit mass of titanium. Probing of the titanium nanoparticles and their
oxide layer was conducted via a combination of XRD, XPS, and TEM analysis, with
initial imaging showing most particle oxide layers being around 6 nm or less, as seen

in Figure 33.
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Figure 3.3: TEM characterized titanium nanoparticles from US Research
Nanomaterials, Inc

3.3 Rapid Heating Experiments

3.3.1Temperature Jump {Jump)/Linear Timef-Flight MassSpectrometry

Ignition of physically mixed TKP at ultrahigh heating rates was conducted via
temperature jump timef-flight mass spectrometry (Jump/TOFMS)367:128.129,148
The apparatus illustrated ifigure 26a couples a linear timef-flight mass
spectrometer with a-Jump probe, which is directly loaded into the ionization chamber
of the linear mass spectrometer. Thdump probe is an extendaldevice, which
consists of electrical feedthroughs and a vacuum sealing flange separating the high
vacuum environment of the TOFMS chambdy1@® Torr) from atmospheric
conditions.

Before each experimental run,theJTu mp pr obe i s pr&pared by
mm of 76 em di ameter platinum wire (OMEGA
leads of the electrical feedthroughs. The nanopowder samples, 10 mg or less, which
have been dispersed in hexane and sonicate
withamcr opi pette such that there exists a thi

( 1071 4 Figuse@)andFigure S31).148
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nTi/KCIO,
Powder

Figure 34: SEM of nTi/KCIOs powder coated on platinumJump wires

Once loaded into the TOFMS chamber, the platinum wire is resistively heated
by adirect current voltage supply, which delivers .& P ms pulsed square wave
signal. The platinum wire acts as the probe by which fast response thermometry of the
wire can be acquired. Temperature readings obtained through the calibrated
relationship betweae the temperature of the Pt wire and its resistance from the
Call endariVan Dusen equation shom4d0he wir e
K at heating rates as rapid@$® K/s. In this manner, the temperature of a sufficiently
small amount of coatesample is approximately the temperature of the wire, whereas
the heating rate replicates the heating rates expected in a combustiof{ Evéfit1°
In all the cases, the heating rate is varied by maximizing the temperature of the wire
while varying the voltage pulse time. Measurements were repeated at least three times
at each heating pulse and heating rates measured at the poirdies sigeection. The
T-Jump measurements in the mass spectrometer and in argon were conducted using
1.5, 2, 3, 5, and 9 ms heating pulses, with the current reaching as high as 10 A when
supplied with voltages in the.range of 4711
Synchronized resistive heating mass spectrometry is obtained by utilizing a

single trigger signal, which communicates simultaneous wire heating and collection of
74



time-resolved mass spectiae tothe sample being heated. Gas phase species produced
as aresult of sample heating are ionized by aeX¥0electron gun ionization source,
which is pulsed at 10 kHz, acquiring 0.1 ms/spectrum. A synchronized Teledyne
LeCroy 600 MHz oscilloscope collects the raw data of mass spectra, voltage, and
current readingCurrent readings measured by a Teledyne LeCroy CP0O30A 30 A 50
MHz current probe are combined with the measured voltage to experimentally
determine resistance, resulting in a tiresolved temperature profile once processed

in Matlab.

3.3.2TEM Heating

In situ microscopy of rapid sample heating was carried out by employing a
Protochips TEM heating probe, which is depicte&igure SR. The ftware allows
for programmable heating of the probe TEM grid, which can reach temperatures as
high as 1600 K at heating rates as fadb@g1( K/s. The heating parameters of the
probe described irdetail by Dr. Jeffrey DeLisiomimic the heating condued in T
Jump/TOFMS experiments, making this instrument ideal for comparable microscopic
analysis of relevant samples at combustion time s¢#l&ar theseexperiments, the
Protochips TEM heating probe was programmed to heat to 1470 K at a heating rate of
4x1@ K/s and held for 1 ms. Intermediate TEM heating rates were also utilized to
capture in situ behavior of the energetic mixture at critical temperature values observed
from the thermogravimetric analysis (TGA) analysis. The TKP sample was deposited
onto a TEM heating grid, heated at a rate of roughly 100 K/s, and held at temperatures

of 773, 853, 1023, and 1073 K.
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3.3.3Ignition Characterization

Thermal characterization of KCkCand its interactions with Ti at elevated
temperatures were conducted using a TGATDS
were heated to 1470 K at a heating rate of 25 K/min under an argon flow of 100
mL/min. Although this method utilizes much slower hegtiates, it was employed to
clearly resolve and identify any significant interactions, which may be of importance
in the reaction mechanism of TKP at higher heating rates. Before mixing, preliminary
thermogravimetry and differential scanning calorimetyGET DS C) tests w e
conducted on titanium nanopowder to determine its active titanium content using a
SDT Q600 from TA Instruments. Roughly 1 mg of titanium powder was loaded into
an alumina crucible inside the instrument and heated to 1470 K at a hatindg 25
K/ min under an oxygen flow of 100 mL/min. Calculations utilizing a series of four
separate measurements taken from the data sets illustrakéglune 35 report the

average active titanium mass content t®Fé%.
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Figure 35: Average active Titanium content determined by FTBBC of titanium
nanoparticleheatedn oxygenat 10°C/min.

Physically mixed TKP was prepared stoichiometrically with the percentage of
active titanium (70%) taken to be the {BS assumption of a fyllTiO- oxide layer.
As the results will show, the existence of TiN in the oxide layer adds a chemical species
which can be further oxidized to form TiCSincethe TGAmeasured reactive mass
content remaingvariant with respect to the findings of XPSe fhercentage of active
titanium is smaller than in the case of a 100%;Tixdde layetbut still contains reactive
TiN content However, even if 20% of the chemical species of the oxide layer is
composed of TiN and titanium oxynitride (TiION), this onlyrc@s ponds t o a 31
decrease in the estimated active mass percentage of titanium. Thus, the following
singlestep exothermic reaction assumption was the foundation of the TKP reactant

mixture compositiort>°
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Elemental mapping analysis and XRD of TKP combustion products confirm

this assumption to be valid for both slow and fast heakitgife 36d andFigure S33).

A
a) g ATi(Hexagonal) PDF#44-1294
—_ T  * TiO PDF#02-1196
=1 x TiN PDF# 65-0970
s
2
g s
g gg
= ng : b % Y
* g X2 8 ar
p=4 *= € xT§
WTl - llJlLA T J T w‘?‘““'ﬁ*i-
10 20 40 50 60 70 80
20
c) Spray Dry-KCIO,
(Orthorhombic)
= PDF# 07-0211
3
s
7]
c
3 - =
= g = 3 ==
L.Jl i;l.i'uxli_; i aapa
10 20 40 50 60 70 80
20

Intensity (a. u.)

Anatase-TiO,

(Tetragonal)
PDF# 21-1272

30 40 50 80

20

60 70 90

o KCI (Sylvite) PDF#41-1476

o TiO, (Rutile) PDF#65-0190
o TiO, (Anatase) PDF# 01-0562

Figure 3.6: X-ray diffraction pattern of a) Titanium nanoparticles as received, b)
simulant TiQ nanopatrticles, c) Spray Dry KCl@articles, and d) TKP combustion
products heated to 750(TGA)

Spraydried KCIO4 particles, 51 wt %, are first dispersed in hexane and

sonicated for 30 min. Titanium nanoparticles, 49 wt %, are then added and sonicated

for another 30 min. The energetic composite is deposited onto the platiJumpr

wires and ignited using various voltage pulse widths. Ignition was carried out in

vacuum,oxygen, and argon environments, with a separatermponly chamber used

for the latter two. The gas phase species of ignition can be monitored in the vacuum

environment of the TOFMS but not in the atmospheric pressure environments due to
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operational limiations of the TOFMS. In this study, ignition is defined as the point of

first light of the heated sample above the visible thermal emission of the wire itself.
Light emissions from the ignition event are captured through the chamber viewports
using a synatonized Vision Research Phantom V12.1 highspeed camera running at 80

000 frames per second (FPS) at 10 &€s expos

3.4 Results and Discussion

3.4.10xide Layer Characterization

The XRD measurements of the-regeived titanium nanoparticles show both
the hexagonal lattice structure of titanium and the composition of the oxide layer
(Figure 36a). Interestingly, none of the nontitanium metal peaksespond to any of
the phases of Ti§) but match the patterns for titanium nitride (TiN) and titanium(ll)
oxide (TiO). The overlapping diffraction patterns of these two species make it difficult
to distinguish between the two.

Further analysis of titaniumapticle surface composition was conducted using
high-resolution XPS, with the results shown kigure 37. Samples for analysis
included ageceived tiinium nanoparticlesat room temperature titanium
nanoparticles heated to 650 K inside the highuum XPS environment, and anatase
TiO2 nanopatrticles. Along with carbdrased surface contaminants, the XPS analysis
of anatase Ti@particles reports an atacpercentage of titanium, which has roughly
a 1:2 ratio with oxygenHRigure 37a). The atomic quantification measurements, along
with O 1s and Ti 2p peak positioning, confirms the chemical composition to be TiO

for thecontrol sample. All the relevant XPS peak§&igure 37 are the given chemical
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labels based on the NIST XPS database and literature using C 1s 284.8 eV calibrated

XPS153
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Figure 3.7: XPS analysis of titanium nanoparticles and Jf&datase nanoparticles
with peak fits
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Just as with anatase TiChe O 1sand Ti 2p peak positions of the titanium
nanoparticle oxide layer are indicative of the F@idation state of titaniumF{gure
3.7b T &3 With the lack of TiQ corresponding XRD peak#, was concludel that
TiO2 exists in the oxide layer in an amorphous state. The atomic percentages report a
titanium-to-oxygen ratio that is slightly smaller than 1:2, but also includes a significant
amount of nitrogen not seen in the anatase S&@nple Figure 37a). This nitrogen
content detected with XP&greeswith the XRD analysis that observed TiN as an
additional component in the Ti nanopartictes>°> Additionally, it was observedhe
existence of an accompanying N 1s and Ti 2p broaddamghich peak fit positions
correspond to titanium oxynitride (TION) making up a small percentage of the oxide
layer Figure 37b T d>¥°%n total, the XPShased quantificain of nitrogen estimates
the species composition of the oxide layer to be as much as 20% TiN and TiON, with

amorphous Ti@roughly making up the remaining 80%.

3.4.2Rapid Heating (~10K/s) Mass Spectrum Characterization
The T-Jump/TOFMS measurements of micieimed KCIQ were conducted

and the results are shownRigure 38.
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Figure 3.8: a) KCIOs T-Jump averaged spectrum over 10ms collection time (used
only for species identification purposes) and&Kk)O4oxygen release as a function of

Heat Rate (K/s)

heating rate (Release temperatures determined by averadirep8ated
measurements).

The transientmass spectra shown kigure 27a clearly illustrats potassium
ions and molecular oxygen being the primary detksfeecies above thmckground.
The full mass spectrum averaged over 10 ms is showRigwre 38a with the
temperature of first detection of potassium/oxygen ions as a function of heating rate
shown inFigure 38b. The temperatures of oxygen releérsen KCIOs decomposition

was experimentally determined by analyzing oxygen (m/z = 32) as a function of time
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and noting the time where the signal rises above the backgrousdure 27b. By

varying the heating rfotorygenfeleasdchnde abtaihed v at i or
using the Arrhenius kinetic model approach
method applied ifFigure 39 (Table 32).115148
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Figure 3.9: Arrhenius plots 0KCIlO4 oxygen release and ignition of relevant
mixtures. Sedable 32 for activation energies.

Generally, determination of the time of oxygen release is limited by the rate at
which a full spectrum is acquired (0.1 ms). This can make identifying the point of
oxygen release ambiguous, especially at higher heating rates. It is estimated that the
extent of wuncertainty in this measur ement
contribution to this error stems from the intrinsic uncertainty in the current dtiag&o
measurements. This uncertainty is typically larger than the statistical uncertainty of a
collection of repeated measurements but can be reduced by considering the standard
deviation of the mean from those same repeated measurements. It shouldl bleatote

compared to the findings from work by others at Sandia National Laboratories at slow
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heating conditions, there appears to be only one oxygen release event that can be
resolved at high heating rates.
At slow heating rates of KCI{On the TGA, one cardentify the 20 K interval

in Figure 310, where exothermic decomposition immediately follows the melting

endotherrﬁ.44,149,15'6158
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Figure 3.10: TGA-DSC of Spray Dried KCl@depicting the onset of a) crystalline
phase transition (orthorhombatibic) at 308 , b) melting at 599 followed

immediately by ¢) decomposition to KCI at @10and finally d) KCI melting at
7703

In comparison, the release of oxygen under rapid heatowg®at temperatures
bel ow the TGAT DSC obser veddD8mEK).Pieviogslyt e mper a
conducted FJump studies investigating the oxygen release of metal oxides
demonstrate the same behavior of oxygen release occurring at lower temperatures for
significantly higher heating raté& The heightened activation energy of oxygen

release compared to the metal oxides mentioned in literature may suggest a heightened
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degree of sensitivityota sudden release of oxygen, enhancing its ignition capabilities
for combustion with titanium. It should also be noted that smaller K@é@icles will
cause observed melting to occur at slightly lower temperatures compareédteiasd
larger particle *>8

Outside of oxygen detection, mass spectrum analysis of TKP reveals the
presenceof by CI 1T O p r2fordhationt a;md oth€ ®agmentation complexities.

As the mass spectrum showsHigure 311a, the H peak (m/z = 2) is unexpectedly

large.
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Figure 3.11: a) nTi/KCIO4 ignition species averaged mass spectrum over 10ms
collection time and b) nTi-Dump averaged mass spectrum over 10ms collection time
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Whereas the presence of id the mass spectrum of KCJ©@an be attributed to
the ionization fragmentation of water vapoiginating from background atmosphere,
the increased His a consequence of added titanium nanoparticles and its behavior
under rapid heatinglhe T-Jump mass spectrometry of titanium nanoparticles shown
in Figure 311b alone reveals that these particles release a relatively large amount of
H2 after rapid heating. Similar observations efrelease from rapidly heated aluminum
nanoparticles were documedtinthe Zacharialgroup as being an indication of a
reaction with surface water. The proposed mechanism suggests that upon heating to the
aluminum melting point, aluminum diffuses outward and reacts with water adsorbed to
the alumina shell, producing*® Though thismay be a viable mechanism in the case
of aluminum, there are a couple of observations that make this an incompatible
mechanism for the case of titanium. Unlike aluminum, titanium does not react readily
with liquid water Figure S34) and does not have a low enough melting point for metal
diffusion to take place within the temperatures achieVatdlé 31). Though it may be
possible for water to react with surface TiN to form Fi8>, and NH, there is no
evidence from mass spectrometry indicating the abrupt emergence of ammonia (m/z =
17) above the background as strgngé hydrogen gas. Given the vacuum conditions
(~10° Torr) of the mass spectrometer and their absence from the O isehajution
XPS inFigure 37e,the majority of water and hydroxyl radicals must desorb from the
surface either at room temperature or far below the ignition temperature of TKP, thus
rendering water as a negligible factor in the ignition mechanism of TKP under vacuum

conditions
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High-resolution XPS measurements of titanium nanoparticles illuminates a
surface that is laden with carbbased contaminants for which the existence of TiN
has been shown to have surface nitrogen organic compftesitu XPSheating of
titanium particles shows a reduction in both the broadening of the N 1s peak and the
contribution of carbon contaminates to the total carbon XPS sifinguiré 37c).
Reinforced by mass spectrometry, the carbased oxynitride contaminants
decompose upon heating and are further fragmented by the electron gun ionizer of the

mass spectrometer resulting in the largeebk seen frorfigure 311

3.4.3Rapid Heating (~10K/s) Ignition Characterization

As mentioned previously, ignition studies of stoichiometric nieguof TKP
was conducted in vacuur®10® Torr), argon D835 Torr), and various pressures of
oxygen with video snapshots of combustion intensity shownFigure 312
Determining the ignition temperature is a much clearer process, given the capture rate
of the ignition event using 8000 FPS videography, which allows f@1 0 € s

resolution, and 10 times thaf the mass spectra acquisition rates.

1.350 ms 1.525 ms 2.000 ms 2.468'ms. > 3.675ms

1.529 ms 2.005 ms _ 2.483 ms 3.437 ms

Figure 3.12 nTi/KCIO4 T-Jump ignition in vacuum (top) and argon (bottom) at
D3x1C K/s visually depicting the constraining effect of ignition in a pressurized
environment.
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Analysis of ignition in each environment reveals the dependence of ignition
temperature on the heating rate depictedFigure 39. Further data processing
determined activation energies of ignition listedable 32.

Table 32: T-Jump activation energies

. , Pressure E. (kJ/mol)
Material Eventtype  Environment (Torr) (+10)
KCIO4 O2 Release vacuum T pT 160
nTi/KClO4 Ignition vacuum T pT 140
NTi/KCIO4 Ignition argon 835 140
NTiOz/KClO4 Oz Release vacuum T pT 105

The results summarized Trable 32 characterize the ignition activation energy
as determined from Arrhenius plots fiigure 39 as being independent of external
pressure.Figure 39 consolidates the resulting ignitiodata found from Tump
experiments in argon and vacuum and plots the corresponding data for oxygen release
of the pure oxidizer for comparison. In the case of the two ignition environments
analyzed thus far, the ignition temperatures all occur at |€akt ielow the oxygen
release temperature of the pure oxidizer for a given heating rate. This finding suggests
that either the reaction mechanism is dominated by a purely condensed phase reaction
before the temperature of oxygen release in K@IiQhe relase of oxygen is catalyzed
by interactions not yet consider&gp3129:150.160

Past studies aiming to differentiate the effects of free and bound oxygen on
ignition in aluminumbased thermite systems evaluated the ignition dependence on
oxygen environments of various pressureBor example, the reaction of aluminum
nanoparticles with bismuth oxide has been accepted as being one that is dominated by

a condensed phase reactionween aluminum and the highly mobile oxygen ions
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within the crystal lattice of the metal oxiéeThe results of the study conducted by
Zhou et al. confirmed this notion by observing the independence of ignition
temperature with added free oxygen concentraidh® Thisinvestigation utilized the
same approach to test the possibility of a condensed phase dominant reaction
mechanism.

With ignition of neat titanium nanoparticles in varied oxygen environments
acting as a reference, the ignition of TKP was conducted adtmbeaate oD2x10
K/s, and the results are shownFigure 313. Theresults conclude that the reaction is
not dominated by a condensed phase interadtigure 313 demonstrates the gaseous
dependence of ignition temperature for which both bare titanium and TKP become
increasingly sensitive to the alability of gaseous oxygen at lower pressures,

indicating an ignition dependence on gas phase interactions.
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Figure 3.13 Pressure dependence of nTi/KGIignition in G; and Ar.
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In Figure 313, whereas a higher ignition temperature for pure titanium results
from the lack of oxygen as the pressure approaches 0, a higher ignitmeratume of
TKP in vacuum is due to the nascent oxygen rapidly escaping the reactioRigone.
3.12illustrates this behavior where ignition in vacuappears to have a less restrained
behavior compared to ignition in argon, resulting in isotropic dispersion of hot
particles. At elevated pressures, the diffusivity of nascent oxygen from the oxidizer
decreases, increasing its likelihood of being in clmsximity with the titanium fuel.
This ficagingo effect of external argon pre
the wire, increasing the reaction energy release density and lowering the temperature
necessary for a runaway exothermic reactionitfign). The feature dFigure 313that
appears most discernible is that the ignition temperature of TKP at elevated oxygen
pressure is higher than thaf pure titanium by more than 80 K. This suggests a
mechanism that is actively retarding the reaction rate of gaseous oxygen with titanium.
As shown inFigure 313, the superimposed ignition temperature of TKP in argon
suggests that though the ignition temperature does depend on whether the system is in
a pressurized environment, the ignition behavior does not appear to be affected by the
species ofthe pressurizing gas. This reinforces the hypothesis of a process that
effectively insulates the titanium particles from the ambient environment before
reacting with oxygen supplied by the oxidizBi760 K). Althoughthis studyconcluded
that there is nod dominant condensed phase reaction, this does not necessarily mean
that a parallel condensed phase interaction path does not'&ecur.

In situ TEM heating aD100 K/s was carried out to further investigate the

mechanism within the TKP system which rd&oxygen mobility to the titanium core,
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delaying ignition. Images shownigure 314 were taken of a single aggregate before,

during, and after heat.

) .Q\

N TifTi,0, t‘

Figure 3.14: In situ heating of a (a) single TKP aggregate at room temperature with
micron sized KCIQ@superimposed onto nanosized titanium particles. Subsequent (b)
heating of the aggregate up to 850 K (580 °C) results in K@&@omposition (c)

leaving the remaining reactant/product particles coated in KCI.

In Figure 314a, an aggregate of the TKP mixture is depicted with the larger
KCIO4 particles encompassing most of the titanium nanoparticles. Heating of the
aggregate resulted in rei@ine observatins of KCIQ melting, followed by immediate
decomposition with the apparent extinction of relatively smaller KQ@rticles
occurring at temperatures as low as 780FKre 314b). Closer examination of the
aggregate posteating Figure 314c) reveals what appears to be a thin layer of KCI
product residue coating the residual titanium particles, providing evidence for a
mechanism that conceals titanium nanoparticles from external oxidation before
reacting with oxidizer released oxygen. Furtheating to 1073 K, past the melting
point of KCI, illustrates a definitive melting event where the expansion of the KCI melt
wets and further cloaks the once resolvable titanium/titanium oxide particles. TEM
elemental Xray mapping (EDS) irFigure S3 confirms the existence of chlorine,
titanium, and oxygen within these coalesced structures.

Additionally, Figure 314 andFigure 315 depict the agglometas of titanium
nanoparticles whose morphology appears to be minimally affected by the prescribed
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rapid heating. Unlike aluminum particles, the nanostructure of titanium particles is

preserved under high temperature rapid heating, with the titanium coeenneg

immobile 3740

4 x105°C/s
to
1200°C

Figure 3.15: Rapid Heating TEM of titanium nanoparticles with minimal sintering

Consequently, titanium nanoparticles maintain their potential for enhanced
reactivity, which could potentially lead to reduced ignition temperatures ceohpar
commonly studied aluminum nanoparticlésGaseous oxygen would thus need to
diffuse through th titanium oxide layer to react with the titanium core. The oxidation
kinetics study of nantitanium particles conducted by Muravyev et al. affirms the
enhanced reactivity of naridanium particles and supports the model of oxygen
diffusion through the xide layer®* Compared to the findings from Muravyev et al.,
resultsfrom this studyfor the ignition behavior and TGA characterization of rano
titanium particles in an oxygen environment, showiigure 313 and Figure 310,
correspond to padies whose ignition temperaturBg50 K), oxidation onset, and
metal content (70 wt %) are more similar to what the Muravyev et al. study finds for
their porous titanium particlé§* As such, the oxidation mechanism and behavior of
thetitanium particles at relatively high and slow heating rates may align with what their

study finds for the oxidation trends of the porous titanium particles.
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Diffusion of oxygen to the titanium core may also be further facilitated by the
added compbaty of a reactive oxide shell for which TiN is oxidized by nascent
oxygen!®® Evidence for this is drawn from the absence of Tihi&a XRD pattern of
TKP combustion product$igure 36d). Thesefindings are also corroborated with the
conclusions made in a previous study conducteddnyg et al., which investigated the
burning time of titanium nanoparticles synthesized via laser ablation as a function of
particle sizé*’ The burning time was found to be a linearly increasing function of
particle diameter, suggesting a ballistic oxygen diffusion within a kinetically limited
shrinking core mechanism. The overall proposed mechanism for the TKP reaction is

summarized and ilgtrated more clearly iRigure 316.

~500nm KCIO, Melt
KCIO, Particle T T <T, D |
Tcegt:uyz:d)oz Q’ .f‘ ..
= oe'e

TiNITIONITIO, layer ~50nm

(Decomposition)

T=To, l KCloy — KCL+ 0,

KCI Residue
Reaction Products

TI0, (Sintered)

Figure 3.16: TKP primary reaction mechanism summary; the sudden release of
oxygen fran the enveloping KCI@melt reacts with the preserved nanostructure of

the titanium particles. Oxygen reacts with the oxide layer, enhances oxygen diffusion,
and then reacts with the titanium core.

3.4.4Pre-Ignition: Oxide Layer Interaction with KCLO
Considering the observations thus far, the interaction of the oxide layer with

potassium perchlorate was investigated using-mGanoparti cl es wi
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analysis. To simulate this interaction, various weight percentages of anatase TiO
nanoparticles (niD2) (<50 nm) were physically mixed with spray dried K&l®@he

results from this analysishown inFigure 317, clearly illustrats a catalytic behavio

of TiO2, where the melting and oxygen decomposition temperature of XsBi@ to

lower temperatures as the weight percentage of ihi€eases. This behavior has been
investigated previously by repeated studies conducted several years ago, which
characterized and modeled the catalytic behavior as one that is electronic in nature and

related to the semiconductor properties of ;19160162

TiO,+KCIO,
100 KClO, —» KCl +20,
— : -_\L \\./ (Decomposition)
A\ . ‘\
o \
%0 = N
S i Increasing
- 60 F Tio, wt. % O E—
-= L
D
o i ——— .
=40 | nTiO, 75 wt. %/KClO, 25 wt. %
r \
-———— nTiO, 50 wt. %/KClO, 50 wt. % \
20 nTiO, 25 wt. %/KClO, 75 wt. % ' )
[ — .. — nTi0, 10 wt. %/KCl0, 90 wt. % " ce—
————— KClO, 100 wt. % \
O |||||||||||||||||||||| I\ ~i -l | —
300 500 700 900 1100 1300

Temperature (K)

Figure 3.17: Catalytic effect of TiQ on KCIO; decomposition (TGA analysis in
argon).

Based on active titanium content and stoichiometry of a typical mixture of TKP,
it was estimated that theeight percentage contributed by the oxide layer is roughly
15 wt %. This equates to a Ti©@ontent of roughly 20 wt % when mixed only with
KClO4. The TGA analysis of the stoichiometric TKP and the simulant mixture shows

oxygen release weight loss occuginat roughly the same time. This
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phenomenologically confirms the validity of using this weight percentage oftdiO

simulate its interaction with the oxidizer as showkigure 318.

i ' 1 Ti Oxidation
100 prossessassaczizinizisiman il | )
L | ‘.L‘l“‘. X .
80 [ PN
- L o\
s 70 °C!
60 | S
E 1 1
-E, 1 1
L P
=40 f Lo .
————— nTi 49 wt. %/KCIO, 51 wt. %
nTiO, 20 wt. %/KCIO, 80 wt. % \
20 F . KCIO, 100 wt. % \
\
0 L 1 L L " 1 " L L L 1 L " L 1 L " " 1 L1 \u"n_J L
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Temperature (K)

Figure 3.18 TGA analysis in argon between simulant mixture, TKP, and bare
oxidizer; oxygen decomposition of TKP and simulant mixture occur at roughly the

same temperature.

The T-Jump/TOFMS measurements of the simulant mixture (pTED wt

%)/KCIO4 (80 wt %)) shownin Figure 39 once again demonstrate this catalytic

behavior, with oxygen release occurribg 0 1 5 0

K before

oxygen

bare oxidizer. The &henius plot of oxygen release for the simulant mixturd€igure

3.9 gives a corresponding activation energy, showhahle 32, which isD55 kJ/mol

smaller than the activation energy for pure Kgl@xygen release, and roughly

consistent with thé>42 kJ/mol drop in oxygen release activatiemergy found by

Collins et al. under slower heating conditidfCatalysis of oxygen release reconciles

the previous findings, which suggested that ignition occurs before the oxygen release

from the oxidizer. The ignition temperature displayeBigure 39 closely follows the

catalyzed oxidizer oxygen release for each respective heatingreattorcing the

notion of a gas phase dominant reaction mechanism.
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3.5 Conclusions

This article reports othe efforts to probe the mechanism by which passivated
titanium nanopatrticles reacts with micrsized potassium perchlorate particles. The
roughly 6 nm particle shell composed of BI'ION, and crystalline TiN plays a role
in the gas phase dominant reaction mechanism of TKP. As in situ heating TEM
observations and TGA measurements demonstrate, the oxide surface acts as a point of
catalysis for whth KCIOs melts, encapsulates the titanium nanoparticles, subsequently
decomposes to release oxygen, and reacts with both the oxide layer and titanium core.
Along with oxide layer catalyzed oxygen release and facilitated oxygen diffusion, lack
of preignition sintering could be a factor for lower ignition temperature of TKP
compared to mixtures incorporating widely utilized aluminum fuels. From an
application standpoint, titanium nanoparticles could thus be a séestdption in
place of, or complimentaryo, aluminum nanoparticles in terms of characteristic
specific combustion enthalpy and its intrinsic ability to avoidignition sintering. To
obtain concrete conclusions on this manner, a more rigorous comparative study with

aluminumwith respect to nice applicationsvould need to be undertaken.
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Chapitlegrni ti on and combustion ana

fabricated alumi numy met al oxi

Summary:

Metdlized energetic composite films incorporating high mass loadings of
aluminum nanoparticle fuels and metal oxide oxidizers (thermite) within a
polyvinylidene fluoride (PVDF) polymer matrix were constructed via repeatable direct
write additive manufacturing {B Printing). High speed videography, Temperature
Jump/Time of Flight MasS$pectrometry (FJump/TOFMS), and 2D spaciotemporal
temperature mapping were used to analyze the role of composition and particle loading
with respect to ignition behavior and combustion performance. This study reveals that,
while the ignition temperaturesf films are relatively unvaried in pressurized
environments, ignition temperatures in vacuum are strongly dependent on the inclusion
of thermite material and the specific type of thermite utilized. Increasing thermite mass
loading results in a reduction film flame speed and mechanical integrity but increases
flame temperature. Coupled time of flight mass spectrometry reinforces and elaborates
on previous findings regarding the Al/PVDF reaction mechanism as it pertains to the
coupled behavior of incorpating increasing amounts of metal oxides. TOFMS
highlights carbon dioxide generation from the metal oxide interaction with PVDF,
leading to unintended stoichiometric considerations and distinct changes in steady burn

behavior which contribute adverse fasttowards flame propagation.

AThe results presented in this chapter have been previously published and are reprinted with permission
from: Miles C. Rehwoldt, Haiyang Wang, Dylan J. Kline, Tao Wu, Noah Eckman, Peng
Wang, Niti R. Agrawal, Michael R. Zacharidignition and combustion ahgsis of direct
write fabricated aluminum/metal oxide/PVDF filn@ombustion and Flam&02Q 211, 260
269 Copyright 202Elsevier
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4.1 Introduction

The fabrication of solid propellants employing metallic nanoparticles as an
energy dense fuel has become a promising frontier in the search for novel materials
with the potential for enhanced energy releastes: In recent years, the draw to
research metal nanoscale energetics stems from their theoretically greater chemical
energy density compared to traditional CHNO chemiSftipespite reaction enthalpy
considerations, reaction kinetics of traditional micron scale solid energetics are
relatively slow, limited by the diffusion length scales between fuel and oxidizer.
Contemporary formulations utilizing nanoscale fuels and oxiglizseek to increase
specific surface area and reduce characteristic diffusion length scales for enhanced
reactivity to approach that of molecular monopropellants such ast@pittoluene
(TNT). Studies utilizing metal particles for energetic purposesamonly use
aluminum nanoparticles as the fuel for nhietad energetic composites due to its light
weight, superior combustion enthalpy, and cost effectiveness compared to alternative
nanoscale metal fuels such as titanium and tantalum. Formulatiawifopropellants
typically involve high mass loadings of reactive material incorporated into a polymer
binder such as polyvinylidene fluoride (PVDF), nitrocellulose (NC), and hydroxyl
terminated polybutadiene (HTPR)53163164Recently, fluorine containing polymer
binders, such as PVDF and THV (copolymer of tetrafluoroethylene,
hexafluoropropylene and vinylidene fluoride), have come to the forefrébnt o
experimentation and application due to their ability to act as a reactive binder in the
formation of AFF bond<s?”:1651€6The fluoropolymer PVDF is primarily utilized for its

mechanical strength, thermal stability, and solubility in a suitable solvent for expanded
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materials processirfj. From previous studies, it was shown that early onset
fluoropolymer decomposition occurs through a gas phase exothermignfien
reaction with the aluminum oxide shell, exposing the aluminum core to further
fluorination33:67.167

Thermite systems (metal/metal oxide) have also been the focus of several
studies as a means for high energy release for a variety of applications for which
reactiviy and flame speeds are enhanced when utilizing nanomatéfiaté>1%The
metal oxides (MQ considered in this study are copper(ll) oxidesmuth(lll) oxide,
and iron(Ill) oxide. While FgD3 is the most common oxidizer for traditional thermite
systems, CuO is a wedtudied gas phase oxidizer with favorable heat of formation,
and BpOs is a krown condensed phase oxidizer with high oxygen ion moBit§>3
This study assesses the ability to tuneahergy release of stoichiometric aluminum
fluoropolymer propellant systems by incorporating racale thermites at various
mass loadings. Analysis of both intended and unintended consequences with respect to
the fabrication process, chemistry, compositerphology, and apparent mechanical
properties were documented.

In the past decade, additive manufacturing (AM) has been an increasingly
active field of research in several disciplines with applications and research within the
energetics community becomimgore viable and sought ot The draw to additive
manufacturing manifests from the desire for flexibility, potential scale up, and the
ability to reproduce unique and highly customizable architectdmsn to the
nanoscal¥ in the most cost effective and efficient mantérAlthough additive

manufacturing of aluminum containing polymers has been recently explored by other
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studieg!03:108.163.164,.169,1705 - golvertbased layeby-layer additive manufacturing
techniquewas employedo fabricate thermite integrated energetic materiedm a
precursor solution. This method utilizes a suitable solvent to dissolve the polymer
binder and allow for thorough mixing with suspended particlHss additive
manufacturing techniqueasappliedfor polymer printing, explicitly described in the
study conducted by Manjot et al., to allow for wide precursor variations with respect to
viscosity, employed solvent, and solid loadifityThe controlled translation and
extrusion dynamics inherent to 3D printing allows for increased degreesadbifnefor
energetic materials to be printed quickly and precisely into a variety of patterns, shapes,
and (micro)structures which may be characterized by Scanning Electron Microscopy
(SEM).

The combination of higispeed videography, thermometry, and tinhdéight
mass spectrometry diagnostics were utilized to probe and analyze important ignition
characteristics and potential throttling behavior of energetic propellants integrated with
readily available and weBtudied nanoscale metal oxides. The resiilisi® study may
be used for future studies which focus on tunable architectures provided by this method
of AM to probe the structurlunction relation of film combustion performance

complimentary to the behavior of reactive film constituents.

4.2 Method€¥xperimental

4.2.1 Materials
Aluminum nanoparticles (nAI)Y80 nm) used in this study were purchased

from Novacentrix. It was determined from thermogravimetric analysis (TGA) that the
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passivated aluminum nanoparticles are 81% active by mass. Nanopaetaleoxide
oxidizers in the form of CuO (<50 nm), & (<50 nm), and BOs (90i 210 nm) were
purchased from Sigma Aldrich (Millipore Sigma). Poly(vinylidene fluoride) powder
(PVDF) (MW = 534,000) was also purchased from Sigma Aldrich (Millipore Sigma)
and N, Ndimethylformamide (DMF 99.8%) solvent was purchased from BDH
chemicas. All chemicals were used as receivétEM images of all utilized

nanoparticles are shown in Figure 4.1.

Figure 4.1: TEM of as received aluminum and metal oxide nanopatrticles

4.2.2 Filmfabrication

Energetic composites were fabricated using a System 30M pressure driven 3D
printer purchased from Hyrel 3(2dditional Details in Appendix B)The low viscosity
(D0.1 Pa-s) energetic precursor was utilized as a 3D printable ink in a direct write
approach. Each precursor ink considered was formulated by dissolving a constant 100
mg/ml PVDF in DMF and adding thegpropriate stoichiometric mass content of metal
fuel and oxidizer Eqs.4(1i 4.4). The concentration of PVDF in DMF and level of
particles suspended was chosen based off previous stuthesZiacharialgroup using

electrospray for fabrication of similéitms. 53166
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Stoichiometric mixtures of aluminum oxidized by metal oxide components
incorporated within the films were considered by treating parallel Al/PVDF
reaction and thermite reaction as being mutually exclusive Eg#.4(4). The
individual mixtures and particle loadings are listedTeible 41 where the specific
loadings correlate to 1/4 wt. content (no added thermite), 1/2 wt. content (low thermite
loading), and 2/3 wt. content (high thermite loading) of total nanoparticle material in
the films. These weight percentages were ahdsdetter observe the effects that the
metal oxides may introduce as well as to test the previously documented mass loading
limits of PVDF bound nanopowde?3.

Table 41: Energetic precursor formulations
Al Fuel (w. %) PVDF (wt. %) Oxidizer: (wt. %) Total Particle Loading (wt. %)

25 % - 25
20.8 50 Bi20s: 29.2 50
23.9 50 Cu0: 26.1 50
26.5 50 FeOs: 23.5 50
18.1 33.3 Bi2Os: 48.6 66.7
23.2 33.3 CuO: 43.5 66.7
27.5 33.3 FeOs: 39.2 66.7

Precursor suspensions are sonicated up to 2 h for each component added,

depending on particle loading, then left to stir for 24 h using a magnetic stir plate/bar.
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Before printing, precursor inks are sonicated for 1 h then loaded into a 30cc disposable
syringe equipped with a 2§dauge blunt Luer Lock needle and mounted to the extrusion
pump of the 3D printer. Before printing, the ink is primed, and the glass printing bed
heated to as high as 85 °C. Since the ink is in liquid form, the programmed printing
routine is optimized for solvent evaporation before subsequent layer deposition. The
drying process can be controlled by the temperature of the printing bed, the speed and
extrusion rate of the print, and/or the volatility of the chosen solvent. Dry times fo
theseprints were on the order of IL05 s per pass. In order to study the 1D combustion
performance of materialsingle line strands werprinted with a width roughly
equivalent to the outer diameter of the extrusion needle (0.8 mm). Individual layer
thickness may range betweeizs0 ¢ m/ | ayer and dnkpissasitys st r ong
print speedand specific flow parameters (0% mi/hr). Multiple 3 cm long strands,

like those inFigure 42c, were harvested from a larger 25 cm perimeter rectangular

structure printed and carefully peeled from the glass printing bed.

N

5 layer

Figure 42: SEM images of a) Al/PVDF single layer film cressction, and bf) 5
layer film morphology and combustion sample prep

Film porosity estimations were made using Ed@s5)(and @.6) given their
composition mass fractions § as well as their theoreticand measured densiti€s (

& " ) for which these estimates are displaye®@able 42.53
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Table 42: Film mechanical and morphological properties
Porosity Density Tensile Youngos

Film Type (wt. %) (%) (g/cn?)  Strength Modulus (GPa)
(MPa)
Al (25%)-PVDF (75%) 1145 1.8¢0.2 4442 1.18:0.10
Al (20.8%)-Bi>0s (29.2%)PVDF (50%) 186 3.3t0.2 29+2 0.66£0.12
Al (23.9%)CuO (26.1%)PVDF (50%) 1746 2.6t0.2 24+2 0.83:0.15
Al (26.5%)FeOs (23.5%)PVDF (50%)  20t6 2.3:0.2 18+6 0.470.07
Al (18.1%)Bi20s (48.6%)PVDF (33.3%) 28t5 3.9:0.2 22+4 0.64£0.05
Al (23.2%)CuO (43.5%)PVDF (33.3%) 33t5 2.740.2 13#2 0.68:0.09
Al (27.5%)Fe0s (39.2%)PVDF (33.3%) ----- - 4.4+1.6 0.14t0.02

4.2.3 Characterization

Films in this studywere characterized based on their physical properties and
reaction properties. Physical properties considered included thickness, reproducibility,
morphology, mechanical integrity, and composition. Reaction properties considered
included seHpropagating embustion performance in an anaerobic environment,
ignition in pressured and vacuum conditions, and the content of their condensed phase
combustion products.

Crosssections and top surfaces of each film are analyzed using Scanning
Electronic Microscopy (SH, Hitachi, SU70 FEGSEM) and compared to one
another. Properties of precursor inks were characterized using an AR2000 rheometer
mounted with a 40 mm 20 steel cone and
measured using a Shimazu Autograph AGgnsile tester.

For each film formulation, combustion was conducted in ar@dnatm) and

repeated in triplicate. A small cylindrical chamber with a gas valve inlet and outlet was
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purged with argon fori510 min and a mounting rod used to hold the films el
(Figure S41).

Film geometry was strictly maintained with approximately the same thickness,
(70 N 3) e1h mm,vanddendth, 3 din. Bachnfilstrand is sandwiched
between two braided nichrome wires and anchored at the opposite end with- double
sided tape. Films are ignited within the argon chamber using the nichrome wire and the
combustion performance assessed using a Phantom v12:8pagt djital camera
operating at 3000 (zoomed out view) and 10,000 (zoomed in view) frames per second
(FPS) with an exposur e o-propadatihg charatteridti@ ¢ s ,
flame speeds are measured using videos processed in ImageJ manug| tivaaidiain
time resolved positions using data points with a known pixel to distance ratio at every
251 50 framesigure S42c). Two out of place gape the example data Figure S42c
represent the precisely spaced metal gratings in the foreground which block light from
the flame at certain positions

Temperature dependent reaction chemistry and possible mechanisms were
diagnosed by conducting -Jump/Time of Flight Mass Spectrometry -(T
Jump/TOFMS) and implementing the diagnostic technique of Color Camera Pyrometry
(CCP) described inthe Zachariahgroup® previous work!® This method of
thermometry was developed by members of the Zachariah Research Group, Rohit J.
Jacob and Dylan J. Kline. The method uses the black body radiation of hot particles as
a metric for characterizing temperatures during combusirhe use of the spectral
response of the RBG pixels of a higbeed color camera in tandem with the black body

spectral distribution allows for the use of a temperature matching algorithm. The
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al gorithm cal cul ates t heigirreteenmos iltiyghaf, tahse
color camera Bayer filter, and produces three ratios based on these intensities. These
three ratios are matched to empirical reference data for which the combination of the
three ratios, within the smallest error range, @poads to a specific temperature

value. As a result, one may obtain thermometry of a selected area with a high time
resolution. More on this method of pyrometry is described in their pHpECP offers

a postprocessing method by which the grey body emissibtisediiim flamefront, as

captured by the Bayer filter of the color camera, are processed to refdrn 2
temperature maps of the flame front as a function of tfiE:Jump/TOFMS offers a

method by which transient gas phase species can be detected prior ttearideaf

potential ignition event on the timescale of a combustion event. The technique of T
Jump/TOFMS is outlined explicitly irChapter 2 of this dissertation and within
previously published papers fratre Zacharialgroup In short,a sufficiently thin yer

of materi al (<3 em) is printed directly o
Figure 43, and rapidly heatedD@ x 1@ K/s) in a vacuunchamber (16 Torr) to

temperatures as high as 14067Kk2°

T TR
Ny

Printer Coated Film

Figure 43: a) AIIMO/PVDF T-jump wire coating b) ignited via rapid joule heating (T
Jump)

Rapid heating is temporally coupled to species detecting mass spectrometry

S|

n

(100 es/ spectrum) and ignitioRfAFP8liGuas i zing
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exposue)®’ Solid phase species of combustion products are collected -fay X
di ffraction (XRD, Br uk e rray @Qube) ahd SEVOEDS r CuK

analysis to confirm possible reaction mechanisms fofmseliagation.

4.3 Results and Discussion

4.3.1Fabrication of AI/MO/PVDF films

Al/PVDF films are highly reproducible in both thickness and uniformity with
respect to morphology through the direct write approach. SEM/EDS imagagine
44a show that film crossections have a high degree of homogeneity between
aluminum and PVDF. SEM crosection analysis of-layer films containing thermite
materials incorporating 50 wt.% particle loading are shmwigure 44bi d. Despite
the difference of metal oxide type and relative particle size range, each formulation
printed with 5 layers resulted in filmgith predictable XRD patterns, nearly identical
thickness, Dlodu ght/yl aylerggm (and consi stent un
be said, however, for 67 wt.% patrticle loading films for which their morphology will

be discussed in a later section ostpaper.
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Figure 44: SEM crosssection of Hayer f1 4 e m/ | ay e @)AI/PYDEDbpr i nt ed

AI/ZCg’iPVDF, c) Al / CuOOPPUDBF &mnd mds) Al / Fe

The second row of each columnki§ure 44bi d reveals the contrast between
the aluminum and metal oxide nanoparticles from SEM electron backscattering of
heavier elements. Comparisonstbe BkOz and CuO particle sizes in relation to
aluminum patrticles irigure 44 show that although CuO nanopatrticles are quoted to
be smaller than 56m by Sigma Aldrich, they appear to have roughly the same distinct
aggregate size as Bk particles (90210 nm).Transmission Electron Microscopy
(TEM) images of as received metal oxide particles-igure 41 shows that CuO
nanoparticles have smaller primary structures tha@®ibut are irregularly shaped
with a higher degree of aggregation behavior compared 0z F@anoparticles. This
leads to the conclusion that CuO patrticles lack of particle dispersion, either physically
or chemically, leads to hindered dispersion of CuO particles in Al/PVDF film&zFe

nanoparticles shown ifigure 44, unlike CuO and BODs particles, appear to be
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indistinguishable from aluminum in both color contrast and patrticle size. Figume

4.1 andFigure S43, FeOs particles at 50 wt.% particle loading appear to have superior
dispasion behavior of much smaller particles with no obvious regions of severe
agglomeration.

Higher mass loadings of thermite material (67 wt.%) were added to the
stoichiometric AlI/PVDF mixture to study whether film performance can be enhanced
with an increae in thermite density. Generally, adding more pscale particles has
adverse effects during the printing procE43 he effects that each particle type has on
printability and resulting film morphology becomes more apparent at higher mass
loading%4

The effects of printing film precursors with increasing amounts of
nanomaterials include the following:

1 Increased ink viscosity leading to increased likelihood that the pringzteno

will be clogged if thenozzle is too thin and/or tHewrate is below a certain

threshold:®*

1 Shear rateontrolled viscosity measurements of select precungsrextruded

at pipe flow shear rates on the order df 1A 0?s’ show viscosities between

0.1/ 10 Pa-s while printingHigure 45).

1 Ink with the hghest nanopatrticle loading and smallest primary particle size
displays viscosity values four orders of magnitude higher than the viscosity of

the low particle loading ink, but with clear shear thinning behatiguge 45).
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Figure 45: Shear rateontrolled viscosity measurements as a function of shear rate
for the most viscous (red) and least viscous (blue) DMF based precursor inks

Adding nanomaterials to precursor formulations results in the following
observations to the characteidstof the product films:

9 Other than the increased film density of the metal oxide species, composites
with higher mass loading convey no significant difference in constituent
homogeneity compared to the lower mass loadigufe S43).

1 Reduction in mechanical integrity and increase in film porosity formed due to
rapid solvent evaporation, leading to extremely brittle dilmith irregular
thickness profilesKigure 46 andFigure 47) (Table 42).

1 Small particle size, number of particles, and particle dispersiveness allows for
enhanced intimacy with the polymer binder, causing a degradation in polymer
elasticity and its ability to rak after vaporized solvent has displaced material
(Figure 46 andFigure 47).

1 Considering the density of the metal oxide type@i> CuO > FeOs) and
nominal particle size (BiOz > Cu O 206) (Figue 41), this order also
reflects the gradual reduction in mechanical integritg@B> CuO > FeOs)

(Figure 46 andFigure 47).
110



(o)
o

----- Al (25%)-PVDF (75%)
45 - — — Al (20.8%)-Bi203 {29.2%)-PVDF (50%) P
——— Al (18.1%)-Bi203 (48.6%)-PVDF (33.3%) L
40 Al (23.9%)-CuO (26.1%)-PVDF (50%) o
35 Al (23.2%)-CuO (43.5%)-PVDF (33.3%) L
—_ — - - Al(26.5%)-Fe203 (23.5%)-PVDF (50%) L
E 30 — —AI(27.5%)-Fe203 (30.2%)-PVDF (33.3%) -
€ 55 -7
n =
=] ! |
» 15 : :
! |
10 ] .
5 N |
—_
0.03 0.04 0.05

Strain (AL/L,)

Figure 4.6: StressStrain curves of aingle layer of the various film composites

- »C)*Va- e vv“,ﬂl’*
) f )

»

“R3hea®

Figure 4.7: SEM images of the crossection of a) Al/BiOs/PVDF, b) Al/CuQ/PVDF,
and c) Al/FeOs/PVDF at 67 wt. % particle loading

4.3.2 Film combustion

3D printed films often have similar physical appearances, but their combustion
performance and behavior are quite different. A zoom in of propagation snapshots
captured at 10,000 FPS are displaye#igure 48a and the flame speed results of all
compositions studied shown iRigure 48b-c. Due to its sesre morphological
inconsistencies shown Kigure 47 andFigure S44, the highest film loading of E©3

was not considered for these measurements.
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Figure 4.8: a) Snap shots of steady flame propagation of Al/CuO/PVDF with 50 wt.

% particle loading accompanied by b) representative linear distance over time plots of
each composition. Averaged flame speed results are consolidated in a ¢) comparative
bar graph.

All combustion events are steady burning with a curved flame frorfigAse
49 illustrates, the characteristic combustion behavior of each compos#iovary in

terms of how product material is shed as thermite mass loading changes.

Figure 4.9: Characteristic film combustion (right to left) behavior of a) Al/PVDF, b)
Al/Bi203/PVDF 50 wt. % particle loading, &)/CuO/PVDF 50 wt. % particle loading,
d) Al/FeOs/PVDF 50 wt. % particle loading, e) Al/BDs/PVDF 67 wt. % particle
loading, and f) Al/CuO/PVDF 67 wt. % particle loading

The Al/PVDF composite appears to retain its burned material for a much longer

time, curling on top of itself at times shown kigure 49a. As thermitecontent
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increases, material just behind the flame front is torn away and ejected at greater speeds
(21 10 m/s), outlining a much clearer and thinner flame fréigure 49e-f). Another
interesting feature at the high loading of thermite content was the repeated observance
of the flame to burn in a manner which favored one side of the film with a slanted flame
front shown inFigure 49e. Although this behavior persisted for reasons unknown to

us, flame fronts were still steady burning with flame morphology maintained and
simply translating in time lineayl Further analysis of this behavior by Time of Flight
Mass Spectrometry and Colored Camera Pyrometry will show that these observations
are likely due to the sudden generation of nascent gaseous species originating in some
capacity from the added metal dgg''® carrying away still burning material which
would otherwise contribute to the forward propagation of energy. This behavior would
thus be intensified as more thermite content is incorporated and films become
increasingly porous.

Figure 48c illustrates the hierarchy of combustion performance which is
independent of the metal oxide species utilized. Homogenously incorporating thermite
material within Al/P\DF films does not lead to enhanced burn speed&idige 410
shows, XRD and EDS characterization of films burned in argon finds no evidence for
any renmaining reactant species with respect to aluminum and the corresponding metal

oxide. These finds were the same for both thermite loadings.
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Figure 4.10. Combustion products analysis (SEM, EDS, XRD) of a) Al/PVDF, b)
Al/Bi 20s/PVDF, c) Al/CuO/PVDF, and d) Al/E®s/PVDF films ignited in an argon
atmosphere

Evidence from EDS line scan characterizationFigure 410 shows that
aluminum interacts with both the metal oxide and PVDF. The cubicahléf coalesced
Al20s-reduced metal product structures exist within the immediate vicinity of one
another’*>1%Along with potential changes to composite dependent thermal diffusivity,
it is likely that the kinetics of the Al/PVDF reaction are faster than the Al/MO reaction
due to PVIF proximity and the relatively low temperature of thePAIDF preignition
reaction®’” As a result, aluminum directly adjacent to PVDF would be consumed
readily, increasing the characteristic length scale for which oxygen tiienmetal
oxide would need to traverse to react with the remaining aluminum. The Al/PVDF
reaction would thus be the main reaction driving flame propagation with the AI/MO

reaction occurring just behind the flame front. The proposed burning mechanism based
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