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ABSTRACT

Shockwaves produced from ballistic impacts and improvised explosive devices are
capable of causing severe internal trauma to soldiers. Current antiballistic materials give
adequate protection to soldiers from high velocity impacts, however they are insufficient
at absorbing and dissipating shockwave energy generated by these impacts and explosive
blasts. The goal of this research was to develop shockwave absorbing protective
materials which can be used as liners in conjunction with current antiballistic materials

by reinforcing thermoplastic polyurethane nonwovens with high modulus nanoparticles.

To determine the appropriate TPU for the application, a series of TPUs of shore hardness
ranging from 60D to 85A were melt blown to investigate processability, web structure,
mechanical, and thermal properties. It was determined that a TPU of 90A shore hardness
was most suitable and possessed a glass transition in the ideal range to exploit the
transition from rubber to glass phase upon high velocity impact to allow for large
amounts of energy dissipation. Nanoparticles investigated for reinforcement include:
nanoclay, graphite, C60, POSS, and inorganic disulfide nanotubes. Methods used to
incorporate the nanoparticles into the nonwoven web were: dip coating, ultrasonic spray
coating, and melt blowing with compounded mixtures of polymer and nanoparticle
blends. The loaded webs were fabricated into sandwiched nanocomposites to investigate

the performance by dynamic, and high frequency testing.

The ultra-sonic spray coating method produced the most uniform dispersion of
nanoparticles and greatest improvement in the dynamic mechanical properties of the
reinforcement methods investigated. Of the multiple nanoparticles used for
reinforcement, C60 provided the greatest improvement in damping ability. With
optimized spray coating parameters, the storage and loss moduli of the C60 reinforced
sandwich composite at 0.2% by weight loading were increased by 15 times over the
control sample. The study showed that by proper selection of materials and processing, it

is possible to develop materials for energy absorption at high strain rates.

iv



TABLE OF CONTENTS

CHAPTER I: INTRODUCTION .....cctiiiieieieiie ettt sne e ens 1
N oo oL PRSP PRUPRPPIN 1
1.2: Description of Threats and SNHOCKWAVES............cccoeiiiiiiiiiiieecese s 2

1.2.1: BalliStiC IMPACES .....cvveiiieie et 2
1.2.2: EXPIOSIVE DBVICES.....c.eeiuiiiiiiieieie ettt 3
1.2.3: SNOCKWAVES ...ttt bbbttt 5
130 INJUITES ot b bbbt bbb 7
1.3.1: BIUNE TFAUME ..ttt sttt bbb 8
1.3.2: Traumatic Brain INJUries (TBI) .....cccoiieiiiiiiee e 9
1.4: Anti-BallistiC ProteCtion GEAN ..........cocceiiiiiiniiieiesie e 10
1.4.1: Personal ProteCtion GEAI ........ccccveieiierieie e sieeie e e see e sre e eeeenee s 11
1.5: Proposed Addition to Existing Personal Protection Gear..........c..ccccccvevvevvenneennenn, 15

CHAPTER 2: LITERATURE REVIEW ......ccoiiiiitceecee e 16

2.1: Thermoplastic EIaStomers (TPES) ......cccvcveiieiicic et 16
2.1.1: Structure and Morphology Of TPES ..o 18
2.2: Thermoplastic Polyurethane (TPU) ........cccoiiiiiiiieiicie e 20
2.2.1: SNOME HANANESS ...ttt 25
2.2.2: TPU FIDBIS ...ttt ettt 26
2.3: Energy Dissipation Mechanisms of EIaStOMErs ...........ccocviviiiiiiieninciesene 28
2.4: MElt BIOWING PrOCESS....c.viiiiieieie ettt sttt snaenne e 32

CHAPTER 3: OBJECTIVES AND METHODS. ..o 38

3.L: INEPOTUCTION. ...ttt ettt se et reene s 38
3. L1 ODJECTIVES ...ttt bbb 40
312 APPIOACH ... s 41

3.2 IMIALETTALS ...ttt et 42
3.2.1: LUBFIiZOl EStANE TPU ....ooiiiiiiee ettt s 42
3.2.2: NANOTIIEIS ... 42

3.3I MEIE BIOWING ...t 47
3.3.1: Ether and Ester based TPU SCreening .........cccccvvevveieiieieeiie e eie e sre e 47
3.3.2: TPU Web for Nanofiller ReINfOICING .......ccevveiiiiiiniiiiieceec s 49
3.3.3: TPU/C60 Compounded BIENdS ...........cccvevieiiiiiiecc e 50

3.4: Nanofiller Reinforcing Strategies on Preformed Webs ...........cccooeveieniiciininnnns 52
3.4.1: Dip Coating Strat@gieS .......ccvevriiieiieeie e ettt 52
3.4.2: Continuous Ultrasonic Spray COating .........ccceeevererireninieeiesesie e 55

3.5: Sandwich Composite Fabrication .............cccccveiiiiiicie e 61

3.6: Characterization MethOdS.........ccveeiieie e 62
3.6.1: Differential Scanning Calorimetry (DSC) ........ccoceviviiieiie e 62
3.6.2. Melt FIow Rate (IMFR) ....c.oiiiiiiiiiieee e s 63
3.6.3: SOIULION VISCOSITY ....cuviiiieiiie ettt 65
3.6.4: Scanning Election Microscope Imaging (SEM) ........ccocvieiviinencicncncsen 68
3.6.5: Fiber Diameter MeaSUIEMENTS.........ceiuirieiieiesieeiteeee e 68
3.6.6: Strength and Elongation at Break ... 69

\



3.6.7: AIr Permeability.........ccooiiiiiiii e 69

318.8: POFE SIZE ...t bbb 70
3.6.9: Dynamic Mechanical AnalysiS (DMA) .......cccooiiiiieiieiieie e 70
3.6.10: DENSITICALION ...ttt bbb 82

3.0, 11 FrACUMING .. ettt bbb 82
3.6.12: MINI-SNAKET ....eiiiiiieieee b 82
CHAPTER 4: MELT BLOWING AND COATING RESULTS .....cccccevvviereieneiesieanns 85
4.1: Ether and Ester based TPU SCreeNINgG .......c.cccvereerieiieereeieseeseesieseesieeseesaesseeees 85
4.1.1: Determination of Process Parameters .........ccocvivevierieneeneenie e seereesee e 85
4.1.2: Nonwoven Web CharaCterization..........c.ccooevereieneniniseseiese e 87
4.1.3: TPU Nonwoven Web Screening Conclusions............ccoovveverenencncnenenn 109

4.2: TPU Web for Nanofiller Reinforcing .........cccccoevveviiieie e 109
4.3: Compounded TPU/C60 Polymer and WEeDS ...........cccoceiiiiiiiiiiciecc e 117
CHAPTER 5: Nano-reinforced Sandwich Composite ReSUlts............ccccceeiveieiieinennn. 126
5.1: DI COBLING ...c.vivetieiieieeiiei ettt bbbttt b e bbb b 126
5.2: Continuous Ultrasonic Spray Coating ..........ccccvveveeiieieeie e se e 129
5.3: TPU/C60 Compounded Sandwich COMPOSITES.........ccovriririeieieie e 139
5.4: Spray and Compounded C60 sandwich Composite Comparison...............c........ 141
5.5. High Frequency RESPONSE .........ccoiiiiiiiiiieieiiesie sttt 146
CHAPTER 6: CONCLUSIONS .....oooiiiiiiieiie sttt 150
6.1 TPU SCIEENMING ....eui ittt bbbttt b e bbb 150
6.2: Nanoparticle Reinforced Sandwich COMPOSILES .........ccevivieiieiiiciciecce e 151
6.3: High FrequenCy TeSTING.........ooiiiiiiiiieieiee et 152
6.4: OVErall CONCIUSIONS......cuiiiiiiiieie s bbb 153
6.5: Recommendations for further Work............coccovvevvienienie e 154
REFERENCES ...ttt bbbt ne bbb nne s 155
Y1 SRS 168

vi



LIST OF TABLES

Table 1. Commercialization of thermoplastic elastomers...........c.ccooeveiiiiiiiiinens 17
Table 2. Shore hardness conVersion table. ... 26
Table 3. TPU Melt BIowing CONAITIONS .........coeiiiiieieiie e 48
Table 4. Melt blowing conditions for TPU T90A shore hardness webs for nanofiller
COAtING FEINFOICEMENT. .....ooiiieiiiie et 50
Table 5. Melt Blowing parameters for compounded TPU/C60 blends and control (neat)
SAMIPIES. ..t 52
Table 6. Dip coating parameters for 30 gsm TPU preformed nonwoven webs in
nanoclay/pentanol SOIULION ...........cuiiiiiiiiiii s 54
Table 7. CB0 SPray PAramMeLerS. ........ciiveiueiieieerieeieseesie e e e seeee e e steaeesseesreeseesraesseaneens 59
Table 8. POSS SPray ParametersS. ......c.couieiirerieieieiesie sttt sne e sneas 60
Table 9. Spray parameters for Trail 2: C60, Graphite, and INT...........ccccoevviieiiiinenne 61
Table 10. TPU pellet and web intrinsSiC VISCOSITY. .......cocerviriiiriiriiinieiee e 90
Table 11. TIOA WED PrOPEITIES. ..ccvveieiieiieeieieese ettt 110
Table 12. Summary of DMA data at 1 and 100 rad/s for Trial 2..........ccccceevvivnvninnnnn. 138
Table 13. Theoretical and experimental storage moduli............cccccoevvevviiciieiicce s, 143
Table 14. Peak frequency and damping ratio for each mode...........cccocoveiiiiiiiiinnnnn 147

Vil



LIST OF FIGURES

Figure 1. Bullet SNOCKWAVES. [B] ....ceoivveiiiieiieie s 3
Figure 2. Schematic Of IED. [7]...cc.coiiiiiiiiiieeeeee e 4
Figure 3. Blast wave parameters. [12] .....cococeoiveieiiieiieie et 6
Figure 4. Mechanism of ballistic protection and stress dispersion. [12] .........cccocvvvrvnnnnn 7
Figure 5. Back-face deformation. [6]..........cccoiveiiiiiiiiieie e 8

Figure 6. Pressure profiles in the air and in the brain during intracranial pressure wave
penetration. Note that the intracranial pressure wave is faster than the incident shock

WAVE 1N TNE AIT. [18] et 10
Figure 7. Woven fiber StruCtures [22]........covieeieeie e s 13
Figure 8. Different camouflaged Interceptor VeSts. [23].......ccccovvrviininieicnc e 13
Figure 9. Military helmets. [24] ..o s 14
Figure 10. ACH and itS PartS.[24]......cccooeiiiiiiiiiieee s 15
Figure 11. Cost and performance of TPES. [26] .......ccccoveviiiieiieie e 16
Figure 12. a.) Vulcanized Neoprene. [28] b.) physical crosslinking by crystallization... 18
Figure 13. Morphology of TPES. [30], [52]....eccieeriiierieie e 19
Figure 14. Block copolymer TPE alternating segments. [27]........cccooeveienencnenencnenn. 19
Figure 15. Commonly used aromatic diisocyanates. [30].......cccccevviveviiericieiieenesie e 21
Figure 16. Commonly used macrodiols for TPU soft Segments. ..........cccccevererenernninnne. 23
Figure 17. Hydrogen bonding in TPU. [30]......ccceviiiieiieiecicce e 24
Figure 18. Estane, a polyester based TPU from Lubrizol............ccccooeviiininiiciiiiie, 25
Figure 19. Polymer chain alignment extension under tension. ...........ccccccvevevverecvieseenn. 26
Figure 20. Typical tensile curves of thermoplastic fibers. [32] .......cccoooeiiiiiiiiiiiin 27
Figure 21. Tensile curves of TPU fibers. [33] ..ccoooiieiiiieeceee e 28
Figure 22. Urea and urethane chemical StTUCTUIES. ............coevveiririeinineese e 30
Figure 23. a) Schematic of horizontal melt blowing line. b) Exxon style melt blowing

0SSR 33
Figure 24. UTNRL 15.4 cm (6 in) melt blowing line coathanger. ............ccccoovevvivieiueenne. 34
Figure 25. Schematic for melt blown nonwovens and nanofiller incorporation by dip

coating and Ultra-SoNIC SPraying. ......cccccveieevueiiieieeiesee s eree et 41
Figure 26. Dispersion and exfoliation of nanoclay. [106] ...........ccccvrereienencnenenisee 44
Figure 27. Graphite SrUCLUIE. ......ccviiieie et 44
Figure 28. Fullerene C600 structure. [108].........cceoueiriiriniieiiiiseeeee s 45
Figure 29. Methacrylate 1so-octyl POSS structure. [109].......cccccoviviivievecie e 46
Figure 30. Tungsten Disulfide multi-walled nanotube. [110].........cccocvveiiiiniieiiiiniee. 47
Figure 31. (a.) Single screw extruder. (b.) Fibers exiting the die. (c.) Web being

collected on the bODDIN. ........cvi i 49
Figure 32. Illustration of TPU/C60 masterbatch preperation. ...........ccccccevvviiievie e, 51
Figure 33. Mathis Coater/Padder/Dryer SYSTEIM .........cccooeierereninesieieie e 53

Figure 34. Estane coated with C60/toluene solution. A. Control, B. 1 wt%, C. 5 wt% ... 55

viii



Figure 35. Sono-Tek WideTrack spray system paired with a Mathis Coater/Padder/

D] =] SRR TUPRUPR 56
Figure 36. a) Illustration of nozzle and jet block emphasizing positioning of air jets to
control spray width. b) Nozzle ConStruCtion ............ccccovvevieiieesieie e 57
Figure 37. WideTrack Spray System COMPONENES. ........coceiiririneiinieeie s 58
Figure 38. Wabash HOt PreSS.......c.ccuiiieiieie e 62
Figure 39. Tinius Olsen Extrusion Plastometer MPO87 ...........ccccoiviiiiiiincnc e 64
Figure 40. Ubbelohde VISCOMELET .........coveiiiieice st 65
Figure 41. Extrapolation of intrinSiC VISCOSITY. ........cceieriiieiirininieieee s 67
Figure 42. Cannon Temperature bath CT-1000 with Cannon OB K361 Ubbeholde
AV ES o0 11 (- PSS UPRRTROPRRN 68
Figure 43. TexTest Air Permeability TESIEN .......ccccvieeiieie e 69
Figure 44. Cyclic stress-strain curve for purely elastic materials showing stress in phase
WIth the Strain. [L11].c.eceeiieeeee e 72
Figure 45. Cyclic stress-strain curve for purely viscous materials showing stress 90° out
of phase With the Strain. [111]......cccciiiiiiiieeii e 72
Figure 46. Sinusoidal curve with strain lagging behind the applied stress by the phase
ANELE, 0. [ L1 1] i 73
Figure 47. lllustration of storage modulus, loss modulus and tan delta for a polymer in
Various Phases. [112] ...cveiioiieie ettt 75
Figure 48. Free volume in polymers as a function of temperature. [94] ..........ccocevvnnenne. 76
Figure 49. Crankshaft model showing various motions of a polymer chain. .................. 77
Figure 50. ldealized DMA temperature scan showing possible transitions for different
POIYMEr TYPES. [LLL] .oiieiiiieiieie et 78
Figure 51. Master curve generated form the WLF equation.............ccccevevencnencnnnnnnn. 81
Figure 52. Mini-ShaKer SELUD ....cc.ecieiieie e 83
Figure 53. Half power bandwidth method (-3dB method) ...........cccooeiiiiniiiiiiie 84
Figure 54. Ether and Ester based TPU resin melting CUrves. .........cccocevveveveececie s, 86
Figure 55. Ether and Ester based TPU resin melt flow rate as a function of temperature.
................................................................................................................................... 87
Figure 56. Ether and Ester based TPU resin cooling CUIVES...........ccceveienencneneninninnn 88
Figure 57. Ether and Ester based TPU resin and web intrinsic viscosity. ....................... 89
Figure 58. SEM images of ether based webs. Top down: T55D, T92A, T85A. Left to
right: 20/25, 30/25, 50/25 (DCD/AIF PIrESSUIE)......cveiveeireireeirierieeeesreesieseesraeseesseenns 91
Figure 59. SEM images of ester based webs. Top down: S60D, S92A. Left to right:
20/25, 30/25, 50/25 (DCD/AIF PrESSUIE) ..ecuveivieieerieiteesie e sieesteesresreeste e srae e enee s 92
Figure 60. Avg. fiber diameter of TPU 80 gSm Webs. ..o 93
Figure 61. Ether based web fiber diameter distributions. The curve peak represents the
LNV =] £ T [P TURPPR PR 94
Figure 62. Ester based web fiber diameter distributions. The curve peak represents the
LNV =] £ T [P OTUR PSR 95
Figure 63. Web strength and elongation % at break in the machine direction. ................ 96
Figure 64. Average pore diameter as function of DCD and air pressure...........cc.coeveveee 100

Figure 65. Ether and Ester web air permeability as function of DCD and air pressure.. 101


file:///C:/Users/JFo/Documents/PhD/Dissertation/JFogle-Dissertation.docx%23_Toc373064464
file:///C:/Users/JFo/Documents/PhD/Dissertation/JFogle-Dissertation.docx%23_Toc373064464

Figure 66. E'and E" of DMA frequency scans at room temperature of 80 gsm 1 layer

WEDIS. ottt bbbt bbb r e 102
Figure 67. Storage Modulus (E’) of 4 layer composites of 80 gsm webs............cccceeee. 103
Figure 68. Loss Modulus (E”) of 4 layer composites of 80 gsm webs. ..........cccvevivveenne 104
Figure 69. Tan delta of 4 layer composites of 80 gSM WEDS...........ccccereriieniiinininens 106
Figure 70. Ether and Ester based TPU web activation energy. ..........ccccoevveververneennnn 107
Figure 71. Tg prediction at high freQUENCIES. ..........coeiiiiiiiiii e 108
Figure 72. T90A 4 layer sandwich DMA temperature SCan. .........c.ccoceevveresveeseerreenenns 111
Figure 73. Prediction of Tg for T90A at high frequencies. ..........cccceoeviiiiiiniiis 112
Figure 74. T90A pellet and web melting and cooling CUIVES. ...........cccecvvereivieseeciecnnn 113
Figure 75. Effects of annealing temperature on TO0A WEDS. ........ccoovviiiiieniiinininns 115
Figure 76. Melting and cooling curves of T90A/C60 compounded webs....................... 118
Figure 77. Neat (top) and TPU/C60 at 0.1% wt loading (bottom) at 20, 30, and 40 cm

DICD. ittt bbb et r ettt bbb n e 119
Figure 78. Melt blown TPU/C60 webs at 0.1% wt. C60 loading collected at 30 cm DCD.

................................................................................................................................. 120
Figure 79. Melt blown TPU/C60 webs at 0.1% wt. C60 loading collected at 30 cm DCD.

................................................................................................................................. 120
Figure 80. Average fiber diameter of T9OA/C60 webs as function of DCD................... 122
Figure 81. Fiber distributions of TO0OA/CB0 WEDS. .........ccoveviiieiiiiice e 122
Figure 82. Break force and elongation of T90A/C60 webs in the machine direction. ... 124
Figure 83. Air permeability and avg. pore diameter of TPU/C60 webs. ...........cccve.e... 125
Figure 84. Estane TPU continuously coated with Cloisite 30B nanoclay. a.) 1%, b.) 5%

................................................................................................................................. 126
Figure 85. DMA of 16 layer continuously coated webs with Cloisite 30B nanoclay. ... 127
Figure 86. DMA of 4 lay individual coated Cloisite 30B nanoclay samples. ................ 128
Figure 87. DMA of 4 layer single dip coated C60 COMPOSITES.........cccerververienierereriennnns 128
Figure 88. Single dip coated C60 webs. a.) 1%, 0.) 5% ......cccceiveiiiieiiecece e, 129
Figure 89. SEM images of Trial 1 sprayed WeDS. ..........cccooiiiriniiiiiiieie e 130
Figure 90. Trial 1 DMA results for C60 sandwich COMPOSIteS. .........ccccvvevveiieveeineennenn, 131
Figure 91. Trial 1 DMA results for POSS. ........oooiiieeee e 131
Figure 92. SEM images of C60 sprayed webs form Trial 2. (1000 and 5000

MAGNITICATION) ..t 132
Figure 93. SEM images of graphite sprayed webs from Trial 2. (1000 and 5000X)..... 133
Figure 94. SEM images of INT sprayed webs from Trial 2. (1000 and 5000X)........... 134
Figure 95. SEM imagers of hot pressed C60 sandwich composites: top layer, 3rd layer,

Y0 o] €0 1T =Tod o SRS 135
Figure 96. SEM imagers of hot pressed graphite sprayed webs of 3rd and top layer. ... 136
Figure 97. Trial 2 C60 4 layer sandwiCh COMPOSITES..........coireririiieieie e 137
Figure 98. Trial 2 Graphite 4 layer sandwich COmMpPOSItES. .........cccevvviiiiiiiciiecic 137
Figure 99. Trail 2 INT 4 layer sandwiCh COMPOSITES.........ccoireriririieieieriese e 137
Figure 100. Frequency sweep of 4 layer neat and TPU/C60 compounded sandwich

COMIPOSITES. ...ttt b et b bbbt b e bt e st et e et et e bbbt nre s 139
Figure 101. Temperature scan of 4 layer neat and T90A/C60 compounded sandwich

composites at 10 and 100 HzZ. .......cccooiiiiiiiiieiee e 141

X



Figure 102.
Figure 103.
Figure 104.
Figure 105.
Figure 106.

BUIK DEBNSITY ...ttt 142
Cross-section of liquid nitrogen fractured samples. .........ccccoccvvvevverircnenne. 145
FrequenCy reSPONSE CUNVES.......ccuiirieiieiieesiee et 146
Damping CUrVeS fOr 3™ MOUE ... 148
Damping of 3rd and 4th MOGES .........cceieriiiieieri e 149

Xi



CHAPTER 1: INTRODUCTION

1.1: Scope

The rise of fundamentalism in certain pockets of the world has been accompanied by an
increase in encounters involving asymmetric threats. Defined as extended and
unanticipated operations conducted by individuals, organizations, and nations specifically
targeting weak and vulnerable sections within the enemy countries, the prevalence of
asymmetric threats continues to rise. In the words of former Secretary of Defense
William Cohen, asymmetric threats are a major component in warfare [1]. Vulnerable
sections at risk during these threats often include logistics, maintenance, communication
and supply units, health care professionals, etc., and any individuals involved in all of
these areas are at high risks during a conflict [2]. An important consequence of the large
number of improvised explosive devices (IEDs) soldiers are being confronted with is the
subsequent increase in traumatic brain injuries. While personal protection gear has been
greatly improved over the years, protection from shockwaves generated by IED
explosions has never been a priority. However, with the increasing number of soldiers
experiencing TBIs, it is clear much work must be done to understand the nature of the

injury, how it occurs, and what can be done to prevent them [3].

Considering the United States’ manpower, advanced weaponry, and modern
technological capabilities, many weaker organizations and nations utilize asymmetric
threats against the USA as their preferred form of combat. However, the threats of
asymmetric weapons can be deterred through the implementation of a multifaceted
strategy, which includes intelligence, data acquisition and analysis, and disruption of the
asymmetric threat chain and technology through the utilization of protective gear,
armored military vehicles, and hand held shields, etc. There are certain necessary
requirements for protective gear in such situations. For example, usable materials must
be light-weight, balanced, durable, cost-effective, and compatible with other equipment,

comfortable, reusable, water repellent, moisture-vapor permeable, fire resistant, and



camouflage capable. The gear should also have a low heat stress, contain the ability to

defeat projectiles, and have a longer service life.

Only a composite material can fulfill a multitude of properties. Currently, much of the
military protective gear is fabricated from composite materials based off very strong yet
stiff and brittle fibers [4]. These materials perform well at preventing penetration of
projectiles, however they are inefficient at absorbing and dissipating the remaining
projectile energy and shockwaves generated from explosions. A different material is
required to absorb and dissipate this type of energy. Thermoplastic elastomeric
composites are a rapidly growing field of advanced materials. Composites comprised of
reinforcing nanofillers embedded in a matrix of thermoplastic elastic polymers offer high
specific strength, stiffness and low density. Reinforced composite materials can play an
important role in military applications and provide materials with very high strength,
impact resistance, and energy dissipation. To achieve diverse properties in the gear, a
prudent selection of nanofillers, polymers for the matrix, and soft and hard laminates
have to be selected, and the construction has to be engineered based on the level of

hazard that is critical. This proposed research will address several of these aspects.

1.2: Description of Threats and Shockwaves

1.2.1: Ballistic Impacts

A ballistic impact is generally described as a low-mass high velocity impact by a
projectile propelled by a source onto a target. The high velocity impact may be initiated
from handguns, rifles, and fragments or debris from explosive devices. During the
ballistic impact, energy transfer takes place from the projectile to the target. The nature
of the impact strongly depends on the properties of the projectile and target. Aspects of
the two include the shape, size, velocity, and constitute material properties of the

projectile and the material properties and makeup of the target. For impacts

2



corresponding to typical velocities from defense related terminal ballistics (~ 0.3 - 2
km/s), the peak strain rates generated are of the order of 10° to 10° s [4]. All strain rates
below the peak strain rate are likely to also be developed during the event at sufficiently
long times and substantial deformation may occur as these lower strain rates as well as
they are sustained for longer periods of time. Upon impact, a series of physical
phenomena takes place in a very short period of time: elastic and plastic wave
propagation, fracture and fragmentation, perforation, and spallation [5]. Unfortunately,
these phenomena are yet to be fully understood and controlled. This is mainly due to the
very quick time scales in which these phenomena occur, making observation and data

collection difficult.

Figure 1. Bullet shockwaves. [6]

1.2.2: Explosive Devices

An explosive device is device that relies on the exothermic reactions of an explosive
material to provide an extremely sudden and violent release of energy [6]. In the scope
of this research, this includes devices such as grenades, missiles, bombs, mortars, and the
so called improvised explosive device (IED). The Department of Defense describes an
IED as:



“A device placed or fabricated in an improvised manner incorporating destructive,
lethal, noxious, pyrotechnic, or incendiary chemicals and designed to destroy,
incapacitate, harass, or distract. It may incorporate military stores, but is normally
devised from nonmilitary components /9/.”

The use of IEDs has risen significantly in the last few years with the US wars in the
Middle East and the more frequent terrorist’s attacks. In fact, in 2003, it was estimated
that there were approximately 10 million IEDs planted underground in Iraq [7]. It has
also been estimated that approximately 75% of deaths in Afghanistan were due to IEDs
which is an increase from 40 to 60% of deaths in the Iraqi war attributed to IEDs [7].
The increase in use of IEDs is likely due to the ease in which IEDs may be produced
from ordinary household items at low cost coupled with the magnitude of destruction
they are capable of. A diagram of a typical homemade IED and its components is shown

in Figure 2.

Improvised Explosive Device

Figure 2. Schematic of IED. [7]



Currently, IEDs are the biggest threat to soldiers located in both Irag and Afghanistan [8].
One reason for this is due to the very nature of IEDs as they are produced in low
technology, makeshift methods with random items. This makes them hard to locate prior
to detonation. IEDs can be detonated either remotely, by disturbance, or by suicide
bombers.  Injury can occur by either infringement of projectiles or fragments
incorporated in the device or debris from surrounding structures disturbed by the blast.
Also generated in the blasts are shockwaves which propagate at high rates from the
detonation site and are capable of causing great destruction to surrounding structures and

severe bodily harm to individuals in its proximity.

1.2.3: Shockwaves

Shockwaves are high speed, large-amplitude mechanical transients generated by violent
impacts and explosions. They are caused by an extreme increase in pressure in a short
amount of time which spreads out over a large area at high speeds [9, 10]. To be defined
as a shockwave, the wave must be moving faster than the speed of sound, 340 m/s at sea
level. It has been estimated that shockwaves may reach speeds of at least 1,600 ft/s (490
m/s) from the detonation point [10].

A blast or explosion results when solids or liquids are rapidly converted into a gas. In
this state, the gas molecules become heated and highly pressurized. The heated gas
expands into the surrounding air at speeds higher than that at which sound travels,
compressing the air and creating a peak of overpressure wave or shockwave radiating
from the point of detonation. Closely following the shockwave is a blast wind that also
radiates from the point of detonation. As the gas expands, the pressure drops and creates
a vacuum or negative pressure wave. The effects of the primary overpressure wave are
nonlinear and very complex. The damage produced by the overpressure wave typically
decreases exponentially from the blast epicenter. If the explosion is detonated within an

enclosed space or if the blast waves travel inside an enclosed space, then the effects of



the blast waves become additive nonlinearly as the waves reflect off walls, floors, and
ceilings. The discontinuous waves cause abrupt changes in density and pressure which
can reach the range of giga Pascals (GPa) [11]. A diagram of a typical shockwave action

is shown in Figure 3.

P, = Peak Overpressure
t, = Rise Time of Overpressure
t-= Overpressure Duration Used in Approximations
t;= Overpressure Duration or Length of Impulse
t; - t; = Length of Suction Phase
Red = Impulse (area under positive portion
of pressure-time curve)
Blue = Negative Pressure

Po

Type of Curves Often Used in Approximations

Pressure ———————

b % L Suction Phase &
Overpressure Phase (negative pressure)
(away from explosive) (toward explosive)

Figure 3. Blast wave parameters. [12]

In ballistic impacts, the Kinetic energy of the projectile is transferred to the material at
impact. Depending on the type of material impacted, some of the kinetic energy is
dissipated through deformation and material failure at and near the impact zone. The
remaining energy is then transferred to the impacted object and dispersed throughout the
impacted material, being reflected and amplified at edges and junction points in a manner

similar to shockwaves generated by explosions. Figure 4 depicts the dispersion of energy
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from the projectile over the material.

The vest disperses the bullet's energy across the ballistic panel

v

Ballistic Material Strain Wave

Figure 4. Mechanism of ballistic protection and stress dispersion. [12]

1.3: Injuries

The primary and ultimate function of anti-ballistic protection materials is to prevent
fatality of individuals. While fatality may not occur if the armor is fully penetrated, the
resulting types of injuries are not relevant to this application and will not be discussed
here. The type injury of concern occurs when the armor performs its primary function of
stopping projectiles. When the projectile is stopped however, a high strain wave or
shockwave may still be spread to the underlying individual. As stated previously, this
type shockwave is similar to those generated by explosions and both are capable of
inflicting serious and sometimes fatal injuries. It is interesting to note that as advanced
body armor and head protection gear have greatly reduced soldier fatalities from
explosion and ballistic attacks, the problem of brain and internal organ injuries in the
attack survivors has become more prevalent [14]. These blast and impact induced
injuries which are typically not accompanied by visible, external bodily injuries have

become a serious problem.



1.3.1: Blunt Trauma

When a projectile strikes body armor, although it may not fully penetrate said armor,
injury can still be caused by two distinct mechanisms: localized deformation behind the
armor due to out-of-plane displacement of the armor into the body and also via the
shockwave created due to the rapid deceleration and transfer of energy from the projectile
to the armor which propagates through the body. Injuries due to the localized
deformation are classified as “behind armor blunt trauma” (BABT) and in some cases
result in fatality. In this situation, the armor distributes the impact energy over a large
area causing global deformation to the chest. Localized deformation of the body armor
can cause “back-face signature” in the armor, potentially causing lacerations to the
individual. (Figure 5) Although the vest is successful in stopping the projectile, it is not
effectively dissipating enough energy to stop large deformation on the back face of the
armor in the impact area. The back-face signature of body armor is classified as the
distance between the original plane of the back face of the armor and the point of

maximum displacement of the projectile line of flight.

Figure 5. Back-face deformation. [6]



1.3.2: Traumatic Brain Injuries (TBI)

Traumatic Brain Injuries (TBI) resulting from impact and blast induced shockwaves are
the most widely diagnosed injuries among the soldiers who returned from recent military
conflicts. It has been dubbed “the signature injury of the Iraq and Afghanistan wars” [2].
As modern armor has substantially reduced fatalities, the lower mortality rates have also
revealed the high prevalence of TBI. The increased use of IEDs has also led to more

soldiers experiencing TBIs.

Brain injuries can be divided into two separate groups: blast-induced traumatic brain
injuries (bTBI) and impact-induced traumatic brain injuries (iTBI). The mechanism by
which a TBI occurs has been researched heavily in recent years due to lack of
understanding of the injury. Research has brought forth different possible traumas which
could be occurring inside the head during and following exposure. The most common
explanation attributes the injury to the rapid compression of organs in the body due to the
high pressure and high velocity shockwave [15]. Also, the sudden acceleration and
deceleration forces often result in contusions of the frontal and temporal lobes which are
located at the interface between soft tissues of the brain and the skull bones [16]. In
addition, they often generate shear forces within different parts of the brain which
displace at different rates, damaging brain white matter and the central nervous system
(CNS).

Blast waves can also impose a complicated series of mechanical and physical reactions
involving local bending, fracturing of the skull and density changes to the intracranial
contents inducing strains and stresses in the brain tissues. This mechanism is known as
coup-countercoup injury and is depicted in Figure 6 [18]. Coup contusions are produced
by the impact of the brain at the loading location while counter-coup contusions follow
from the bouncing of the brain against the inner posterior surface of the skull. Some of
the common symptoms of a mild TBI include headaches, fatigue, difficulty sleeping, and
vision problems while symptoms of a moderate TBI include forgetfulness, speech

9



problems, and decision-making issues [17]. Rehabilitation can include treatment at a

trauma center where a course of action is specific to the patient and their situation.

Incident
shock

Countercoup
injury

Figure 6. Pressure profiles in the air and in the brain during intracranial pressure wave
penetration. Note that the intracranial pressure wave is faster than the incident shock

wave in the air. [18]

1.4: Anti-Ballistic Protection Gear

The primary requirement of anti-ballistic protection gear is to limit penetration of the
bullet, projectile, or fragment and prevent fatality. The secondary function is to dissipate
kinetic energy of the projectile so that only a small fraction of it is transmitted to the
underlying body. Modern armor systems are divided into two main categories: hard and
soft body armor. The hard armor consists of hard metal or ceramic plates and generally
hard armor offers greater protection than soft armor but is much heavier. Utilization of
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soft fabric armor in certain ballistic applications is increasingly preferred over
conventional rigid hard armor systems because of its superior strength-to-weight ratio

and flexibility which allows the wearer mobility and comfort.

1.4.1: Personal Protection Gear

Bullet Resistant Vest

Since the emergence of the high performance aramids and ultra-high molecular weight
polyethylene fibers in the 1960s, a significant improvement in comfort and ballistic
efficiency has been observed [19]. These synthetic fibers possess high strength and
moduli due to high degrees of polymer chain orientation in the fibers. With the advent of
these fibers, personal protection gear was able to be fashioned at weights and flexibility
which was comfortable to the wearer and had minimal effect on mobility. Today, bullet-
resistant vests are quite literally a vital component of the uniform for many of the men
and women serving our country, either in law enforcement or in the military, and have
been directly attributed with saving thousands of lives. The impact resistance of a soft
armor depends on its capability to absorb energy locally at the impact zone and disperse
energy rapidly out of the impact zone. These characteristics are determined by a number
of factors: fiber intrinsic properties, fabric structure characteristics (ie. woven pattern,
nonwoven), number of layers, amount and type of binder if used, projectile shape, mass,
and intrinsic material properties of the projectile, impact velocity, and interfacial friction

characteristics within the impact zone [20, 21] .

The principal factor that dictates the design of body armors is the type(s) of threat(s) for
which protection is required that is, ballistic, fragment, blast, stab, slash, chemical, fire,
etc. Armors optimized for protection against one threat type may not, however, be

suitable for other threat types. For example, textiles designed for ballistic protection
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require sufficient yarn mobility within the weave to avoid premature failures and
typically these materials will not perform well for stab protection. Textiles designed for
stab resistance require dense weaves to prevent yarns from being pushed aside from the
tip of sharp pointed objects such as knives, needles, awls, and ice picks. Dense weaves
that prevent punctures can lead to premature or punch-through failures in ballistic
impacts. Consequently, design parameters for optimizing both ballistic defense and stab
defense often work against each other. This is similar to the issues with resulting blunt
trauma after ballistic impact regarding soft body armor preventing penetration to the
underlying individual by stopping the high velocity projectile and dissipating the blast

and shockwave energy.

Most vests are made from tightly woven Kevlar or Spectra fibers and are designed to
withstand bullets fired from handguns and shotguns, as well as fragments from hand
grenades and other explosive devices. Metal and ceramic plates can be added to ballistic
vests for additional protection, and to help shield soldiers from knife attacks and
stabbings. Most combat soldiers wear "hard plate vests" that have the additional plate
protection. As stated previously, many aspects of the vest and projectile are involved in
the outcome of a ballistic impact. Today, ballistic-resistant vests are fabricated to
different levels of protection with a tradeoff between more protection and wear-ability or
concealability. The 3 most prevalent levels of antiballistic vests are:

Level II-A: ~ 4 mm thick
Level Il: ~5 mm thick
Level IH-A: ~ 8 - 9 mm thick

The vests may consist of 8 to 24 layers of woven high performance fiber plies which are
sandwiched together with heat and pressure [22]. The fibers can be woven together into a
number of configurations, some of which are illustrated in Figure 7, to provide varying
degrees of performance and flexibility. Fiber structures for armor applications have

traditionally been in unidirectional, plain, or basket weave configurations. Unidirectional
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fiber layers may be rotated 90° with respect to adjacent layers to create a cross-ply fabric.
Additional woven structures have been studied for armor applications, such as 3D

structures to enhance the multi-hit capability of the materials.

Plain Basket Triaxial 3D Braid 3D Orthogonal 3D Triaxial

Figure 7. Woven fiber structures [22].

Figure 8 shows the Interceptor Ballistic Armor (IBA) vest currently worn by US military
troops. Depending on the size and additional add on, it can weigh from 8 to 33 pounds
[22]. The IBA is a modular system that consists of an outer vest, ballistic plates, and
attachments that increase the area of coverage. It increases survivability by stopping or

slowing bullets and fragments and by reducing the severity of wounds.

Figure 8. Different camouflaged Interceptor vests. [23]

13



Military Helmets

Helmets have been used for head protection for centuries and are routinely updated as
better technology and ballistic protection are achieved. In the early 1960s, the US Army
embarked on a program to replace the M1 steel helmet design with a single-walled,
lighter, and more protective configuration. After considerable research and development
efforts, the improved Personnel Armor System for Ground Troops (PASGT) combat
helmet made using Kevlar fibers and phenolic resin replaced the steel M1 helmet.
Composite materials have been found to offer increased protective performance for a
given mass when compared with steel, thus all of today’s combat helmets are composed
of aramid or polyethylene based composites. Since the PASGT helmet, the Advanced
Combat Helmet (ACH) has been produced to reduce weight and increase anti-ballistic
performance and comfort (Figure 9) [24]. To add additional energy dissipation qualities
and comfort to the helmets, various padding systems have been developed. The ACH
utilizes a 9 pad system which is shown in Figure 10. These pads are made of
polyurethane foams with size and dimension specifications for optimal performance.
These foams have helped somewhat helped alleviate the TBI problem but not to

sufficient degrees.

Steel -+ Kevlar/ PVB Phenolic =———————y Future Materials

eond

PASGT ACH ECH
Figure 9. Military helmets. [24]
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Rectangular pad Lateral pad

Crown pad

Figure 10. ACH and its parts.[24]

1.5: Proposed Addition to Existing Personal Protection Gear

As noted previously, while current anti-ballistic personal armor is generally
effective at preventing projectile penetration to the underlying individual, they are
not sufficient at absorbing the remaining Kinetic energy of the impact or
shockwaves generated by explosions. This research will attempt to address these
armor shortcomings by developing flexible shockwave absorbing protective
panels from nanoparticle reinforced elastomeric fibrous sandwich composites of
light weight which can be used as a liner in conjunction with current antiballistic
materials to minimize shockwave induced trauma soldier’s experience. This
addition to existing armor will be of minimal weight and may even allow for

reduction of primary anti-ballistic layers.
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CHAPTER 2: LITERATURE REVIEW

2.1: Thermoplastic Elastomers (TPEs)

Thermoplastic elastomers (TPES) are a class of polymers which have the elastic behavior
of thermoset elastomers and the processability of thermoplastics. The development of
thermoplastic materials having elastic properties started in the early 1930s at BF
Goodrich with the invention of plasticization of PVC [25]. In 1937, scientists at DuPont
made a major breakthrough with the discovery of basic diisocyanate polyaddition
reactions which was applied to urethane polymers. After much research, the first
thermoplastic elastomer was commercialized by DuPont as thermoplastic polyurethane
(TPU) in 1958 [25]. Since then, a few other thermoplastic elastomers have been
commercialized to bridge the cost/performance shares of the elastomer market (Figure
11) [26]. The TPEs listed in Table 1 are the six primary TPEs which are relevant in
today’s market. These six TPEs fall into one of two classes, multi block copolymers and
polymer blends. The olefin elastomers are part of the blend class while the remaining

TPEs are multi block copolymers.

High Cost )
Polyamides
Copolyesters
Urethanes
Elastomeric Alloys
TEOs
Low Cost | Styrenics
Commodity General Purpose Specialties

Figure 11. Cost and performance of TPEs. [26]
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Table 1. Commercialization of thermoplastic elastomers.

TPE Year Manufacturer

Thermoplastic

1958 DuPont
Polyurethane (TPU)
Styrene Block
1965 Shell
Copolymers (SBC)
Copolyesters (COPE) 1972 DuPont
Olefin Blends (TPO) 1976 Uniroyal

Olefin Vulcanates (TPV) 1981 Monsanto
Copolyamides (COPA) 1982 Dow

Since the commercialization of the first thermoplastic elastomers, the growth of TPEs has
been truly phenomenal with an annual growth rate of 8 to 9% per year between 1970
(100,000 metric tons) and 1990 (650,000 MT) [26]. TPEs have mostly found their use in
replacement of thermoset rubber compounds in existing parts, but have also found new
applications in the medical, housewares, and fiber industry among others. While the
class of thermosets is made of a broader chemical composition, the major distinguishing
difference in thermoset elastomers and thermoplastic elastomers is the type of
crosslinking between polymer chains. Thermosets are typically molded followed by
chemical crosslinking through wvulcanization with sulfur or curing with peroxide
crosslinking agents. These crosslinks are irreversible and the final product is unmeltable.
Some examples of thermoset elastomers include: latex, silicone, and neoprene (natural
rubber). The vulcanized chemical structure of neoprene is shown in Figure 12a.
Thermoplastics are physically crosslinked by crystallization between short segments of
adjacent polymer chains and reversible hydrogen bonding (Figure 12b) [27]. These
crosslinks may be broken under strain or heat but reform once the source of deformation
is removed [27]. The ability to be melted multiple times is a major advantage for TPEs

as they may be recycled.
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Figure 12. a.) Vulcanized Neoprene. [28] b.) physical crosslinking by crystallization.

2.1.1: Structure and Morphology of TPEs

Thermoplastic elastomers are generally composed of incompatible components where
their free energy of mixing (AGmixing) 1S > 0 [25]. Upon cooling, these incompatible
components undergo phase separation to reach a more favorable entropic state (Figure
13). This phase separation is what allows the polymers to act as elastomers. The more
incompatible the components, the better the phase separation will be and the greater the
elastic properties [27]. Virtually all TPEs consist of at least two polymeric phases, a
dispersed hard thermoplastic phase and a continuous soft elastomeric phase. The
properties of the resulting TPE will be derived from the properties of each of the two
phases and their mutual interaction. In multiblock copolymers, the hard and soft phases
alternate along the chain (Figure 14). The olefinic blends have random arrangement of
the hard segments along the chain but still consist of two separated phases.
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Figure 13. Morphology of TPEs. [30], [52]
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Figure 14. Block copolymer TPE alternating segments. [27]

Mechanical properties are controlled by the hard/soft segment ratio [28, 29]. The soft
segments are typically composed of low Tg polyethers, polyesters, or glycols. They form
the continuous amorphous phase and control the elasticity, hydrolytic stability, chemical
stability and other low temperature properties [29]. The polyether types are slightly more
expensive and have better hydrolytic stability and low temperature flexibility than
polyester types. Mechanical strength properties of the polyester types are generally
higher however due to the higher degree of hydrogen bonding which leads to greater
phase mixing and stronger interchain bonding [29]. As the hard segment content is
decreased and the soft segment is increased, the strength decreases and elongation
increase. These composition alterations allow producers to provide TPESs to cover a

broad range of properties.
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The hard blocks account for the mechanical stability of the material. They give rise to
reversible crosslinks which are embedded in the low glass transition temperature
amorphous phase. Above the melting temperature of these hard domains, a viscous
polymer melt is obtained which can be processed easily on conventional thermoplastic
equipment. The hard blocks are generally based on polyester, polyamide, or
polyurethane segments. At ambient temperatures, the hard blocks are incompatible with
the soft blocks. This induces microphase separation by crystallization upon cooling from
the melt. The ordered arrays are formed by the crystallized hard blocks (Figure 12b and
13). Hard blocks that are not crystallized are dissolved in the amorphous soft phase, and
this incomplete phase separation leads to an increase of the glass transition temperature
of the soft phase, which is undesired for the low temperature flexibility and elasticity of
the material therefore the need for high incompatibility of the segments [29].

Upon static deformation of these materials, the hard blocks remain crystalline and do not
deform. However, the soft elastic domain is easily deformed with the hard segments
acting as tie points that function both as physical crosslinks and reinforcing fillers. The
recovery of TPEs is good as long as the domains are not strained to greatly and the
temperatures are well below the crystallization temperature. Irreversible changes in their
morphologies may occur above a certain point as the hard blocks are disrupted and
reorganize, resulting in energy dissipation but incomplete recovery to their initial

dimensions.

2.2: Thermoplastic Polyurethane (TPU)

A TPU is prepared from three types of chemicals: a diisocyanate, a macroglycol (polyol),
and a short chain extender to form a multiple hard/soft block structure [30]. The

diisocyanate can be aromatic or aliphatic. Diphenylmethane diisocyanate (MDI), toluene
diisocyanate (TDI), and naphthalene diisocyanate (NDI) are common aromatic monomers

utilized in commercial fiber resins. Their structures are shown in Figure 15.
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Figure 15. Commonly used aromatic diisocyanates. [30]

The diisocyanate and short chain extender form urethane linkages and are the basis of the
hard segments (HS). The urethane linkages in the hard blocks are capable of a high
degree of inter and intramolecular hydrogen bonding. Such bonding increases the

crystallinity of the hard phase and can influence the mechanical properties.

The chain extenders play a very important role. Without a chain extender, a TPU formed
by directly reacting diisocyanate and a polyol generally has very poor physical properties
and often does not exhibit microphase separation. The introduction of a chain extender
increases the HS length to allow HS segregation, which results in good mechanical
properties, such as an increase in the modulus and an increase in the HS glass transition
temperature of the polymer [30]. TPU chain extenders can be categorized into two
classes: aromatic diols and diamines and the corresponding aliphatic diols and diamines.
In general TPUs chain extended with an aliphatic diol produce a softer material than do
their aromatic chain extended counterparts [30]. The chain extender structure strongly
influences the TPUs mechanical performance. By modifying the ratio between the polyol

and chain extender, TPUs may result in a change from a hard, brittle material to a rubbery
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elastomer, as a result of the variation of the HS concentration (defined as the ratio of the
mass of the non-polyol components to the total mass of the polymer) [30]. Some
common diol chain extenders include: ethylene glycol (EG), diethylene glycol (DEG),
butanediol (BD or BDO), hexane diol (HG), octanediol (D) and aromatic diols such as
teiazine diol. Examples of diamine chain extenders include: diamino-dibenzyl (DAB),

diamine-pyridine (DAPy), and methylene diamine (MDA).

The long chain macrodiols used for the soft segment (SS) typically have a molecular
weight between 600 and 6000 and can be divided into polyester and polyether diols [29].
Some examples are shown in Figure 16. With higher molecular weight, the degree of
phase separation of the two phases increases. These long chain diols form the continuous

amorphous phase.
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Figure 16. Commonly used macrodiols for TPU soft segments.

The ether (C-O) bond in the polyether soft segment (SS) and ester (CO-O) bond in the
polyester are capable of hydrogen bonding with the urethane linkages (NH-CO) in the
hard domain, influencing the degree of phase segregation. There is also hydrogen
bonding within the hard segment urethane groups. Figure 17 shows the hydrogen
bonding interactions found in thermoplastic polyurethanes. The polyesters are generally
stronger hydrogen bond acceptors than polyethers as they generally have no unreactive
end groups which contribute the higher strength of polyester based TPUs [30]. The
increased polarity of the ester carbonyl group also leads to stronger hydrogen bonding
between the hard and soft segments. Therefore, polyester based TPUs typically have

enhanced phase mixing due to the increased number of ester groups capable of forming
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hydrogen bonding with the urethane groups of the hard segments while polyether based

TPUs have higher phase separation.

The phase mixing of polyester based TPUs leads to a higher temperature dependence of
the TPU properties including more hysteresis or stress softening [29]. The higher degree
of hydrogen bonding leads to higher strength and modulus, better chemical resistance to
solvents and high temperatures but leaves them susceptible to hydrolytic chain scission.
In contrast, polyether based TPUs typically have good hydrolysis resistance and
flexibility. The polyether based TPUs usually have a lower glass transition temperature
than polyester based TPU with equivalent SS molecular weight due the better phase

separation and less phase mixing.
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Figure 17. Hydrogen bonding in TPU. [30]

TPUs are melt processed into single fibers, yarns, spunbond, and melt blown into
nonwovens. Very little literature of TPU fibers can be found as most research and
development has been done in industry. A few articles concerning melt blowing and
crystallization kinetics of TPU have been published [76-79]. Numerous patents have
been filed covering a broad range of chemical compositions. Newer research is directed

at shape memory TPUs which are heat activated. These shape memory TPUs offer
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advantages over the traditional shape memory alloys as well as new applications which

are designed to take advantage of their behavior [31].

There are numerous manufactures of TPU fiber-grade resins and fibers. A few of the
notable supplier and product names in the US are BASF (Ellastolan), Bayer (Texin), and
Lubrizol (Estane and Pelletane). An MDI hard segment and polyester based SS TPU
from Lubrizol is shown in Figure 18. TPU fibers are the most used out of the four TPEs
used in fiber spinning and elastic fiber applications. It is a common belief that the
traditional Lycra or Spandex fibers are thermoplastic elastomers and melt processed,
however the majority on the market are dry spun while others are wet spun. These
polymers are polyurethane-urea based and degrade at temperatures below the
urethane/urea linkages melt. This along with extensive hydrogen bonding prevents most

from being melt processed.
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Figure 18. Estane, a polyester based TPU from Lubrizol.

2.2.1: Shore Hardness

TPUs are commonly rated by shore hardness. Shore hardness is a measure of the
resistance of a material to penetration of a spring loaded needle-like indenter. Shore A
scale is used for testing soft elastomers and other soft polymers. Hardness of hard
elastomers and most other polymer materials is measured by Shore D scale. A

conversion scale for the two is shown in Table 2. Shore hardness may be used to relate a
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hard/soft segment ratios and mechanical properties.

Table 2. Shore hardness conversion table.

Shore A | 45 | 50 | 55 | 60 | 65 | 70 | 75 | 80 | 85 | 90 | 95 | 100

ShoreD | 10 | 12 | 14 | 16 | 19 | 22 | 25| 29 | 33 | 39 | 46 | 58

2.2.2: TPU Fibers

Fibers extend and contract by conformational change from compact random coils to
extended chains as shown in Figure 19. Conventional fibers like polyethylene
terephthalate, nylon, acrylic, polypropylene etc., which have the stress strain curves as
shown in Fig. 20 exhibit strain up to 50% depending upon the fiber type and show little

recoverable extension which is sufficient for the traditional apparel end uses.

Figure 19. Polymer chain alignment extension under tension.
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Figure 20. Typical tensile curves of thermoplastic fibers. [32]

The amount of stretchability desired in the products like sportswear, leisurewear,
stockings, tights, socks, underwear, elastic bands in clothes, and personal care products
like baby diapers, incontinence products, and medical bandages is far higher than these
levels achieved by the conventional fibers [33]. TPUs have the potential to exhibit the
required level of extensions as shown in Figure 21. Note the elongation ranges from ~
300 to 750%. This graph also shows the effect of changing the hard/soft segment ratio.
The fiber of 75D shore hardness has a tensile strength of ~ 10,500 psi with ~ 300%
elongation. As the ratio of hard to soft segments decreases (75D to 80A), the strength
decreases and the elongation increases. All of the TPEs show this trend with hard/soft

segment ratio chemistry changes.
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Figure 21. Tensile curves of TPU fibers. [33]

2.3: Energy Dissipation Mechanisms of Elastomers

Research in elastomer energy absorption and dissipation has increased in recent years due
to the increased number of soldiers suffering from TBI and blunt trauma. The high cost
for the development of a new high performance fiber which may at least maintain current
antiballistic properties while improving upon the residual energy dissipation also led to
investigation of existing materials in which little research had been performed for
mechanical properties at high strain rates. It is well known that thermoplastic polymers
and especially elastomer mechanical properties are strain rate dependent. In particular,
phase separated copolymers have displayed outstanding energy dissipation capabilities
and researchers have suggested this could be a result of the phase separated structure
[34]. Even with the abundant research devoted to elastomers, the nonlinear viscoelastic

mechanisms and dynamics in polymers during and immediately following ballistic or
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blast events remain obscure. A major problem in investigation of polymer behavior at
high strain rates is the lack of methods and instruments which can be utilized to study the
phenomena exhibited on those time scales as well as difficulty relating to easily
attainable small strain, linear viscoelastic measurements in DMA to large strain, highly
nonlinear behaviors encountered at impact. Polymers exhibit strong rate-dependent
mechanical behavior and in a high frequency regime, the rate sensitivity of polymers

changes as various primary and secondary molecular mobility mechanisms are accessed.

Early research focused on qualitative correlation between the mechanical dampening
peaks and impact toughness of polymers. Heijboer et al [35] and Boyer et al [36]
observed that if a polymer possesses subambient relaxations (y and o) which originate
from side chain and main chain motions, the polymer would exhibit good impact
toughness at room temperature. The a transition also known as the glass transition is a
second order transition during which the first order Gibbs free energy terms, (volume,
enthalpy, entropy) remain constant while second order derivatives such as specific heat
and coefficient of thermal expansion undergo change [54]. Though the glass transition is
generally reported as a single temperature, it occurs over a range of temperatures. For
ease in quantifying, Tg is generally taken to be the temperature at which half of the
transition is complete. During this transition when the temperature is increasing, the
polymer behavior changes from glassy to rubbery over the Tg range, and the opposite
occurs on cooling through Tg. Tg can be monitored during calorimetric experiments or
under dynamic mechanical loading in the linear region of the polymers viscoelastic
properties over the appropriate temperature range. It should be noted that the two

methods will give different results with the DMA Tg value typically being greater.

Vincent et al [37] disputed this relationship of dampening peak (y transition) and impact
toughness proposed by Heijboer and Boyer, citing a large number of polymers in which
only about 60% of the cases could be accounted for by the loss peak toughness
relationship. Never the less, many other researchers have been able to make correlations

between polymer viscoelastic properties in the linear regime with nonlinear behavior at
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strain rates and time scales associated with blast impacts and shockwave energy.

Of the multitude of elastomers available in the market, much research has been devoted
to polyurea as a coating or laminate on hard armor and structures for blast resistance and
reduction of fragmentation. This polymer is very similar to polyurethane with only
nitrogen in place of the oxygen in urethane (Figure 22) while maintaining the hard/soft
separated phase morphology. Reflecting the performance advantages of the polymer and
the desire to further its application, there has been a large amount of experimental
research aimed at a better understanding of the structure, molecular dynamics, static and
dynamic mechanical properties, blast and impact resistance, constitutive modeling, and

sophisticated multi-scale modeling [38-56].
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Figure 22. Urea and urethane chemical structures.

Rowland et al [38-43] has done extensive research into polyurea and various other
elastomers to a lesser extent under high strain rate deformation. He found that not only is
the polymer behavior dependent on the rate of deformation but also on the temperature
and pressure increases caused by ballistic impacts and shockwaves. Particularly, if the
loading or impact imposes a strain rate sufficiently high that the material response
extends to frequencies beyond the rubbery plateau regime of the viscoelastic spectrum,
large scale rearrangements of the polymer chains over a significant length are precluded

[40]. Under these conditions, the elastomers rubbery like behavior becomes more leather
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like as it transitions into the glassy state and displays large energy dissipation [52]. An
important aspect of this phenomenon is the relaxation time (z) of the segmental dynamics
of the polymer in comparison to the strain rate during loading. For ballistic impacts and
shockwave infringement, the strain rate may be as high as 10° s™ or more. If the polymer
chain relaxation time is similar, the deformation will involve the polymer segmental
dynamics and relaxations by transferring to the glassy state. However, if the deformation
rate is too low (low frequency) compared to the chain relaxation time (t >> 1), the
material will respond in a rubber like fashion due to large scale mobility of the chain
segments. If the deformation rate is very high (high frequency), the material will behave
like a glass as the chain motions will be frozen out (t << 1) leaving the material with little
energy dissipation ability. To analyze this, Rowland investigated two materials with
different Tg and relaxation times, polyurea and polybutadiene. The polyurea had the
higher Tg and shorter relaxation time of the two. Under the same high strain rate testing
conditions, he found the polyurea to undergo phase transition from rubbery to glass while
the polybutadiene remain in the rubbery state. The polyurea was able to absorb over two
orders of magnitude more energy than the polybutadiene due to the phase transition
during impact. To exploit this effect, Rowland proposed that the polymer must have a
relatively high Tg being close to the operating temperature. Also since the glass
transition is rate dependent, the polymer Tg should be 5 to 20 degrees lower than the
service temperature with a broad transition to further maximize the deformation-induced

glass transition energy absorption phase change.

Other possible energy dampening mechanisms of polyurea or polyurethane could involve
the breakage of H-bonding between chains, the high frequency resonance of the hard
segments, the viscous dissipation of the soft matrix, and the nano and micro-scale

interactions with the separated phases.
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2.4: Melt Blowing Process

The melt blowing process concept was developed by Wente in the 1950s at the Naval
Research Laboratory and later further developed and commercialized by Exxon Chemical
Company in the early 1970s [57,58]. Since then it has become one of the major
nonwoven processing methods utilized commercially due to its high quality webs and fast
production rate. Melt blowing may best be described as a process in which thermoplastic
polymer granules are fed into a heated extruder where they are melted and mixed and
then pumped into the die. The molten polymer is then extruded through the die orifices
into converging hot air streams that rapidly attenuate the fibers while transporting them to
the collector [57]. When the fiber exits the die, it immediately begins cooling and usually
completes quenching while on the collection belt, forming a self-bonded nonwoven web.
The average fiber diameter of melt blown nonwoven microfiber webs typically average
from 1 — 10 um depending on the polymer viscosity and processing conditions.
Conventional fiber spinning methods and spunbonding typically produce textiles with
average diameters between 12 and 50 um [58]. The small fiber diameters of melt blown
nonwoven webs give them excellent filtration qualities and consequently filtration
applications present a great demand for nonwoven webs. Other applications that utilize
nonwoven materials include: hygiene products (i.e. wipes), wound dressings, tissue
scaffolding, oil absorbents, thermal insulators, battery separators, and various apparel
garments [58, 59].

A typical melt blowing line (Figure 23a) consists of a hopper, extruder, metering pump, a
multi-hole die assembly, an air compressor, air heaters, a collection belt equipped with a
suction system, and a winding apparatus. Consequently there are numerous parameters
which have an effect on the final properties of the melt blown nonwoven web. Starting
from the beginning of the process, the extruder speed and temperature zones, the
metering pump speed and temperatures, the die design and orifice diameter, die
temperatures, air temperature and flow rate, the die-to-collector distance (DCD), and

collection speed all play a role in the final web quality and properties. Some melt
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blowing lines may also use a secondary quenching air system to solidify the fibers at a
faster rate. Many of the web characteristics can be manipulated by altering multiple
process parameters. For instance, the average fiber diameter mainly depends on the die
orifice size, throughput rate, melt viscosity and die temperature however, air temperature
and velocity can also have a significant effect for some polymers while DCD can have a
small effect under select processing conditions. The web basis weight (g/m? or gsm)
depends on the throughput rate, die orifice density and collection speed. Other properties
such as strength and elongation, pore size, and permeability are largely influenced by the

temperature of the fiber exiting the die, air temperature, air velocity, and DCD.
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Figure 23. a) Schematic of horizontal melt blowing line. b) Exxon style melt blowing
die.

The die assembly is the most important part of the melt blowing line and must be
precisely engineered for production of acceptable quality webs. It consists of three
components: the polymer distribution, die faceplate/nose, and air flow manifolds [60].
The polymer distribution may utilize a conventional T or straight manifold, fishtail, or
coat hanger geometries. Most commercial systems utilize the coat hanger type which is

also used in this study. (Figure 24) It is designed to yield a uniform polymer flow and
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temperature distributions at the die exit without excessively increasing the pressure drop

in the die.

Figure 24. UTNRL 15.4 cm (6 in) melt blowing line coathanger.

The die nose piece geometry has a great influence on the uniformity of the web. The
prevalent geometries in melt blowing are: slot dies (Exxon style shown in Figure 23b),
Hills, AGR/NTI, and annular capillary (Biax) [61]. The melt blowing dies typically
contain several hundred orifices in single or several rows and must be precisely
engineered to very tight tolerances. Hole diameters may range from 0.3 mm or larger for
microfibers to 0.03 mm for nanofiber production. The angle and the gap or air distance
the die nosepiece (see Figure 23b) makes with the air manifold also influence web

uniformity and fiber attenuation.

Little research has been published concerning the melt blowing process and the properties
of the nonwoven webs produced at different parameters. This is likely due to the high
startup cost for pilot scale melt blowing lines to be used in academics as industry doesn’t
typically publish. Many researchers have adapted by building small single and multi-
hole orifice melt blowing equipment to investigate aspects of the process and formulate
mathematical models. Shambaugh and coauthors [62-68] have modeled many aspects of
melt blowing concerning die geometries, air flow fields, and air temperature profiles and

their influences on fiber diameter and distributions. Sun [69] and Xin [70] modeled melt

34



blown fiber formation and whipping motion while Tan and Zhau [71,72] modeled

viscoelasticity effects.

Provided the molecular weight is not too high, any thermoplastic polymer can be melt
blown though very few species have been reported on. PP is by far the most used in
commercial operations. Lee and Wadsworth [73,74] investigated the effect of different
processing conditions on 700 MFR PP webs produced on a 20 in. melt blown line
equipped with an Exxon style die (401 holes of 0.4 mm diameter) at a throughput rate of
0.4 g/hole/min. They found little change in average fiber diameter with changes in DCD.
However they did see significant diameter decreases with decreasing die temperature and
increasing air velocity. They also found air permeability and pore size to increase with
increasing DCD while both decreased with increasing die temperature and air velocity.
They proposed these changes were due to the average fiber diameter and the degree of
fiber entanglement and bundling in the web at the respective die temperature and air flow
rates. From examination of SEM images, they determined the degree of entanglement to
decrease with decreasing DCD and increasing die temperature and air velocity. They
also studied strength properties of the webs in the machine (production) and cross
(transverse) directions. Overall they found strength to decrease with increasing DCD
while elongation increased. Machine direction (MD) strength was greater than CD
strength at low DCDs and became similar as DCD increased due to decreasing fiber
orientation in the web at higher DCDs. Web strength was also found to increase with
increasing die temperature and air velocity. Bresee [58,75] studied effects of DCD on
fiber entanglement, fiber orientation, and pore structure of 1259 and 400 MFR PP. All of
his findings were similar to Lee [73,74] except he found fiber diameter and entanglement

to increase with increasing DCD.

Lee and Wadsworth [76] also investigated microfiber nonwoven polyether based TPU
webs of shore hardness 79A and 80A respectively. The webs were processed on
UTNRL’s 20 in line equipped with an Exxon style die of 30 holes/in at a diameter of

0.368 mm. They found melt blowing TPUs to be much more complicated than
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processing PP due to much narrower range of processing conditions which produce high
quality webs. They found average fiber diameter to increase with increasing DCD when
die temperature and air flow rate remain constant. This is fundamentally different than
the trends PP webs show under similar circumstances [73,74]. They also found average
fiber diameter decreased by approximately 8 um with increase from ~ 123 scfm to ~150
scfm air flow rate for the polymer with 79A shore hardness. Fiber orientation in the web
was also found to increase in the machine direction with increasing DCD. Again, this is
the opposite of what they found with PP [74]. They observed that the fiber entanglement

increased with increasing DCD.

Zapletalova [77] investigated melt blown polyether based TPU melt blown webs of 80A,
90A, and 98A shore hardness respectively. The webs were processed at North Carolina
State Research Center (NCRC) though die characteristics were not discussed, the
polymer flow rate was maintained at 0.5 g/hole/min. Webs were collected under the
same air flow rate at different DCDs. They found all webs produced, no matter shore
hardness, had an average fiber diameter of ~ 5 microns with similar distributions. The
polymer intrinsic viscosities decreased 75 to 80% after processing. Web breaking
strength and break elongation decreased with increasing DCD. The effect of decreasing
polymer shore hardness was found to decrease breaking strength and increase breaking
elongation.

Bergenir [78,79] investigated polyether and polyester TPUs and PEBA of various shore
hardness’s. The webs were processed at NCRC using a slot die with 535 holes having
0.381 diameter. TPU webs were processed at 0.5 g/hole/min while PEBA at 0.24
g/hole/min. They investigated the crystallization rate, finding it to be dependent on the
relative concentration of the hard and soft segments under similar cooling conditions and
increasing with polymer hardness. The PEBA webs showed decreasing web strength and
elongation with increasing hardness while the TPU webs showed increases with
increasing hardness. The strength of the two softer PEBA webs remained almost

constant with increasing DCD while the highest shore hardness web showed significant
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decrease and elongation. The TPU webs breaking strength and elongation decreased over

the entire DCD range investigated.

PLA melt blown webs were investigated by Gazzola [80] for use in tissue scaffolds.
Nano and microfiber webs were processed on UTNRL’s six inch research line. An in
depth study was conducted involving web crystallization, strength and pore size for
different processing conditions. Liu [81] studied the filtration performance of PLA melt
blown webs. Interestingly, they found average fiber diameter to increase with increasing
die temperature and air gap width. Chen [82] processed PBT webs and formulated a

model to predict average fiber diameter.

In this research, we will investigate properties of melt blown nonwoven aromatic hard
segment based and polyether and polyester soft segment based TPU’s of different shore
hardness collected at multiple air flow rates and DCDs. One web will be used for

reinforcement with nanoparticles.
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CHAPTER 3: OBJECTIVES AND METHODS

3.1: Introduction

The primary function of a bullet resistant vest is to stop the projectile therefore the
materials utilized in the vest construction are chosen based on their ability to contribute to
that function. While the current high performance fibers have high strength and moduli,
they are brittle and have poor viscoelastic properties. These fibers are highly efficient at
preventing penetration. Conversely, they are not as efficient in absorbing and dissipating
the remaining kinetic energy after the projectile has been stopped or from shockwaves

generated by explosive blasts.

As discussed previously, polyurea and polyurethane elastomers have displayed
outstanding energy dissipation capabilities [34, 38-56]. Polyurethane foams have long
been utilized as damping materials for the auto industry and are also incorporated into the
ACH combat helmet shown in Figure 10 [83 — 88]. Other forms of polyurethane such as
injection molded parts, fibers, and films have also shown excellent damping ability [89-
93].

Composite materials are designed to achieve unique mechanical properties and superior
performance characteristics, not possible with traditional materials. The need for high
strength, high stiffness and lightweight materials for structural applications has increased
the use of composites in high performance applications like aircraft, land-based vehicles
and armor. Many researches have shown that addition of nanoparticles and nanofillers
can greatly increase the inherent damping ability of polyurethane materials. Hwang [94],
Mackintosh [95], Xia [96], Tzong [97], and Chen [98] have all shown polyurethane
strength and damping ability can be improved with addition of carbon nanotubes. Other
nanoparticles such as graphene, cellulose nanocrystals, and silica have also been shown

to improve damping in polyurethane [99-101].

Multi-layered sandwich composites may be engineered to absorb and dissipate shock

energy by using elastic materials such as TPU nanocomposites which exhibit damping
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properties. In addition, fibrous composites composed of nonwoven webs have an ability
to disperse the shock energy over a large area due to their high degree of fiber-to-fiber
contacts and their small fiber diameter. The web structure can also be tuned to capture
and hold high modulus reinforcing nanoparticles which increase the composite strength
and provide additional surface area for shockwave interaction. A layered nonwoven
composite system fabricated with high pressure at low temperatures can yield densified
nanoparticle reinforced fibrous structure engineered for maximum energy dissipation at

high frequencies or time.

This research is aimed at designing and fabricating elastic sandwich nanocomposites to
use as a layer behind the current anti-ballistic armor to minimize the transfer of energy to
the underlying individual. The approach has been to reinforce thermoplastic
polyurethane nonwoven webs with nanoparticles consisting of nanoclay, graphite, C60,
POSS, and tungsten disulfide multi-walled nanotubes (INT). Whereas TPU polymers
have high-energy absorption, this can be enhanced by reinforcing with nanoparticles that

have high modulus and energy absorption capability.

To exploit these characteristics, studies are performed by physically dispersing
nanoparticles into preformed TPU microfiber melt blown nonwoven webs and melt
blowing webs with compounded TPU/nanoparticle blends. The webs are then fabricated
into sandwich composites by compression molding. Methods will be utilized such that
these nanofiller infiltrated fabrics will have a fairly uniform distribution and dispersion of
nanoparticles in the matrix. These sandwich nanocomposites are designed to exploit the
energy dissipation capabilities of the raw materials and the composite design. Some
possible energy dissipation mechanisms consist of: strain induced phase transition, high
frequency of the hard segments, viscous dissipation of the soft matrix, interaction with
nanoparticles, nanoparticle mechanical properties, strain dispersion of the nonwoven
fibers, friction at the nanoparticle/polymer interface, and the sandwich layer interfaces

and delamination processes.
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3.1.1: Objectives

Project Objective: The overall project objective is to develop potential shockwave

absorbing protective panels which can be used as a liner in conjunction with current

antiballistic materials to minimize shockwave induced trauma soldiers experience from

ballistic impacts and/or blast exposure.

Research Obijectives:

1. Understand the influence of Melt Blowing behavior and property development of

TPU nonwoven microfiber webs and optimize process parameters. This includes

investigation of the:

a.
b.
C.
d.

Influence of Ether and Ester based resins
Influence of shore hardness
Influence of die-to-collector distance (DCD)

Influence of Air Pressure

2. Develop Processes for Dip and Spray Coating and optimize those processes to

investigate different nanoparticle add on wt%

3. Melt Blow compounded TPU/Nanoparticle blends to understand process behavior

and characteristics of nanoparticle loaded TPU nonwoven webs

4. ldentify the nanoparticle and method of introducing nanoparticles to the TPU

nonwoven web which should be investigated for high strain rate performance.
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3.1.2: Approach

Ether and ester based soft segment thermoplastic polyurethane of various shore hardness
are melt blown into microfiber webs with one being chosen for the reinforcing
procedures. The chosen web is reinforced with nanoparticles by dip and spray coating
methods. The selected TPU is also compounded with C60 fullerene and melt blown into
nonwoven TPU/C60 webs. The reinforced webs from the 3 strategies are then fabricated

into multi-ply sandwich composites. A flow chart for the process is shown in Figure 25.

Polymer

Figure 25. Schematic for melt blown nonwovens and nanofiller incorporation by dip

coating and ultra-sonic spraying.
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3.2: Materials

3.2.1: Lubrizol Estane TPU

Estane 58315, 58219, 58271, 58277 and Estane ETE 55DT3 and 60DS3 TPU elastomers
provided by Lubrizol, Inc. were used in processing melt blown nonwoven webs. All of
the TPUs have aromatic based hard segments. The 58000 series consists of 2 polyether-
based soft segment TPUs and 2 polyester-based soft segment TPUs with matching shore
hardness of 85A and 92A. The ETE (Easy to Extrude) TPUs consist of a polyether-based
soft segment TPU with shore hardness of 55D and a polyester-based soft segment based
TPU of shore hardness 60D. Within this study, ether and ester series will be denoted as
Txxh and Sxxh, respectively, where T and S represent ether and ester based soft segments

while the xx represents the shore hardness and h represents the shore hardness scale letter.

Estane 58215, an aromatic based hard segment and polyether-based soft segment TPU of
90A shore hardness was used for reinforcing with nanoparticles. It was chosen after

analysis of the results for the melt blown webs of the TPUs detailed previously.

3.2.2: Nanofillers

Nanoclay

The most common type of nanoclay used for reinforcement is montmorillonite (MMT) as
it is readily available in large quantities at low cost, and its chemistry is well understood.
Montmorillonites belong to the family of 2:1 smectic minerals whose layers are
composed of two tetrahedral sheets linked to an octahedral sheet [102]. Stacking of the
layers occurs through weak van der Waals forces and can be broken up by intercalation
into individual sheets having a high aspect ratio of around 1000 that can be subsequently

dispersed in the polymer matrix for reinforcement. The d(001) spacing of
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montmorillonite, comprising the platelets separated by an interlayer called the gallery,
can vary over a wide range from a minimum distance of 0.95 nm which corresponding to
the fully collapsed state [103]. Usually montmorillonite has negative charges on the
interlayer gallery walls, in which cations such as Na+ or Ca2+ can be absorbed. To
reduce the polar characteristic of the silicate, cation exchange reactions are used with
various organic modifiers to render the hydrophilic silicate surface at least partially
organophilic. Also, ion exchange advantageously increases the initial gallery spacing at
the same time as improving compatibility with non-polar polymers. Generally the
structure of nanocomposites can be differentiated by the degree of dispersion of the
layered silicates [104]. Layered silicates can assemble into tactoids, which are relatively
large aggregates in the polymer matrix and thus resemble an immiscible phase as in a
conventional microscale composite. Intercalated structure indicates that a single polymer
chain diffuses into the galleries between the layers, resulting in formation of alternate
layers of polymer and inorganic mineral [105]. In the ideal exfoliated structure, the
silicate layers are completely opened up and dispersed disorderly and uniformly in a
continuous polymer matrix [106].

Cloisite 30B, a alkyl quaternary ammonium salt bentonite nanoclay, donated by Southern
Clay Products Inc. was used in this research. The nanoclay consists of organically
modified nanometer scale, layered magnesium aluminum silicate platelets. The silicate
platelets that the additives are derived from are 1 nanometer thick and 70 — 150
nanometers across [107]. Figure 26 shows the structural change of nanoclay particles

with exfoliation.
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Figure 26. Dispersion and exfoliation of nanoclay. [106]

Graphite

Synthetic graphite powder was purchased from Sigma Aldrich. The particle size was less
than 10 microns. The graphite powder was exfoliated by a high power sonication
treatment to achieve nanoscale graphene powder. The resulting powder was found to

consist of nano and meso sized graphite sheets and platelets. The structure of a graphite

platelet is depicted in Figure 27.

Figure 27. Graphite Structure.
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Carbon 60 Fullerenes

Carbon 60 fullerene was purchased from SES Research. C60 fullerene consists of 60
carbon atoms aligned in a sphere made up of many carbon rings. (Figure 28) Due to the
shape and inherent nature of the C60 sphere, incorporating them in composite materials
can impart energy dissipation qualities. During the shockwave propagation, the C60 is
put under an influx of pressure, and the spheres respond by contracting and expanding
with the pressure, allowing a great deal of the energy to be absorbed and dissipated. The
C60 have a mean sphere diameter of 68.3 nm and sphere outer diameter of 101.8 nm.
[108]

Figure 28. Fullerene C600 structure. [108]

POSS

Methacrylate Isooctyl Polyhedral Oligomeric Silsesquioxane (POSS) was purchased from
Hybrid Plastics. (Figure 29) As received, it is a clear colorless oil. The POSS molecule
contains a basic polyhedral silicone-oxygen nanostructured skeleton cage structure. It
may have 8 or 12 Si atoms surrounded by 8 or 12 organic groups. This particular POSS

has 8 Si atoms located at the corners surrounded by 12 oxygen atoms. There are 7
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individual iso-octyl groups bonded to Si for compatibility and a polymerizable

methacrylate functional group for interaction with polymers and surfaces.
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Figure 29. Methacrylate 1so-octyl POSS structure. [109]

Tungsten Disulfide Nanotubes

Tungsten disulfide multi-wall nanotubes (INTs) were purchased from ApNano. They are
needle-like particles with a large aspect ratio (width: length = 100: 15) with mean outer
diameter of ~100 nm and a length of ~15 nm. INTSs exhibit excellent shock absorbing
properties and impact resistance [110]. They have shown resistance to shockwave

pressures > 21 GPa. [110] An SEM image of a single INT is shown in Figure 30.
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Figure 30. Tungsten Disulfide multi-walled nanotube. [110]

3.3: Melt Blowing

3.3.1: Ether and Ester based TPU Screening

The TPU nonwoven webs were processed on the University of Tennessee Nonwovens
Research Laboratory (UTNRL) horizontal six inch research melt blowing line. The
processing line consists of a 4 zone single screw extruder (1.5 in. diameter and 33 in.
screw length), positive-displacement 10 cc/rev Zenith metering pump, an Ingersoll-Rand
SSR-2000 air compressor, 2 air heaters in series, and a belt collector with vacuum. An
image of the melt blowing line is shown in Figure 31a. A 5.24 cm (6 in.) Exxon style die
with a 60° nose angle, 20 holes/in at 0.457 mm (0.018 in.) diameter, and die setback and
air gap of 1.52 mm (0.06 in.) was used in processing. Prior to processing, all polymers
were dried at 105 ° C in a Compu-Air humidifying dryer for 3-4 hr. to achieve moisture
content below 0.02%. Starting temperatures of the process were determined by analysis
of DSC and MFR results. In melt blowing, it is vital to start at temperatures relatively
close to optimal processing temperatures to avoid die clogging. Clogged die orifices
create webs with poor web quality and consequently, the system must be shut down to
remove the clogged die for burn out procedures. Once the process was begun, the
extrusion temperatures were adjusted to maintain die pressures in the range of 300 — 500

psi (2068 — 3447 kPa) and allow equal comparison of the processed web properties. Air
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temperatures were adjusted in accord with die temperature. The process conditions for
each polymer are shown in Table 3. The polymer throughput was maintained between
0.67-0.68 g/hole/min and the collector speed was adjusted between 8.5-8.7 m/min to
produce melt blown microfiber webs of 80 g/m® The webs were collected at die-to-
collector distances (DCDs) of 20, 30, and 50 cm. and at air pressures of 20 and 25 psi
(137 — 172 kPa) to give a good representation of the effects of DCD and air pressure
(comparable to air flow rate) on the web properties. Figures 31b and 31c show fibers
exiting the die and being collected on the winder.

Table 3. TPU Melt Blowing Conditions

M.P. Die Air

Polymer ID Extruder Temp. (°C) Temp. Temp. Temp.
(°C) (°C) (°C)
55DT3 T55D 215, 260, 255, 245 230 230 250
58219 T92A 205, 220, 230, 230 230 225 238
58315 T85A 200, 230, 230, 225 240 220 225
60DS3 S55D 215, 245, 240, 245 255 245 250
58277 S92A 205, 225, 230, 230 230 230 235
58271 S85A 180, 190, 200, 200 210 190 190
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Figure 31. (a.) Single screw extruder. (b.) Fibers exiting the die. (c.) Web being

collected on the bobbin.

3.3.2: TPU Web for Nanofiller Reinforcing

From the melt blowing trial of 80 grams per square meter basis weight (areal weight)
webs, it was determined by taking into account a combination of ease of processing, web
properties, and characteristics (Tg) that a TPU with shore hardness between 85A and 92A
would likely exhibit the qualities desired. Estane 58215 of 90A shore hardness was
chosen for nanoparticle solution coating methods and melt blowing compounded
TPU/C60 blends. This polymer was not included in the melt blowing trial of TPUs
previously discussed though there was experience with this polymer previously. It will
be referred to as T90A.

Webs of 100 g/m? basis weight were melt blown on the UTNRL six inch research line.
The processing parameters are listed in Table 4. The webs were collected at a DCD of 40
cm with an air pressure of 35 psi. Die pressure was maintained at approximately 500 psi
(3447 kPa) during processing. The throughput was maintained at 0.83 g/hole/min (ghm),
marginally higher than the first melt blowing trial and comparable to commercial
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production rates. It should be noted that the throughput (0.67 — 0.68 g/hole/min) in the

screening trial was limited to what was attainable for the shore hardness D polymer.

Table 4. Melt blowing conditions for TPU T90A shore hardness webs for nanofiller

coating reinforcement.

Die Air Air Collector Basis
Extruder Temp. Throughput DCD
Temp. Temp. Pressure ) Speed Wat.
Zones (°C) 3 . ) (g/hole/min) ) (cm)
(°C) (°C) (psi) (m/min)  (gsm)
230, 260, 250, 230 230 260 35 0.83 5.2 100 40

3.3.3: TPU/C60 Compounded Blends

The C60/TPU masterbatch was prepared at 0.5 wt% loading (4 kg TPU pellets, 20 g
C60). In an attempt to increase C60 nanoparticle dispersion in the compounded
masterbatch, a unique spray coating method was developed utilizing nickel plated
aluminum and steel air atomizing sprayers purchased at McMaster-Carr. A flow chart of
the process is depicted in Figure 32. The TPU pellets were divided into four 1 kg batches
and spread evenly into 20 x 14 x 2 in. baking pans. The C60 nanoparticles, in four 5 g.
batches, were dispersed into four 1 L volumes of toluene, a concentration of 5 mg/mL.
The individual volumes were put under magnetic stir for 5 min followed by sonication
treatment at 42 kHz for 30 min before filling the 32 oz. steel air atomizing sprayer. The
sprayer was shaken periodically during spraying to maintain dispersion of the particles in
the solution. Each TPU batch was sprayed with 1 L of C60/toluene solution. Prior to
spraying the C60/toluene solution, DMF was misted onto the pellets followed by mixing
to cover the entire pellet surface. The pellets were then allowed to sit for 5 minutes to
allow for swelling of the pellet surface. This allowed the C60 nanoparticles to be

absorbed into the outer layers of the individual pellets once dried. The process was
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repeated 4 times to attain the desired 0.5 wt% loading. The 4 kg of C60 spray coated
pellets were allowed to air dry for 1 week with periodic mixing under a laboratory

vacuum hood.

Neat TPU DMEF Misting Cce0 Sp.raying Drying
Pellets (mix) 5 min (mix) (mix)

S -

Figure 32. Illustration of TPU/C60 masterbatch preperation.

The coated pellets were dried at 105 ° C in a Compu-Air humidifying dryer for 3-4 hr. to
achieve a moisture content below 0.02% and remove all toluene. The dried resin was
sealed in an air tight bag until compounding. The compounding of the master batch was
performed at Techmer PM in Clinton, Tennessee. Briefly, the dried C60 sprayed pellets
were fed through a twin screw extruder and the extruded filament was quenched in a
water bath and then pelletized. Out of the initial 4 kg, 2270 g. was returned.

The 0.5 wt% C60/TPU masterbatch was further diluted down to 0.1 and 0.3 wt% by
mixing with neat polymer then melt blown into microfiber nonwoven webs of 100 g/m?
basis weight. UTNRL’s six inch research line was used again. For this melt blowing
trial, the metering pump was removed as a precaution to avoid system clogging and
particle agglomeration. A 5.24 cm (6 in.) Exxon style die with a 60° nose angle, 7.87
holes/cm (20 holes/in) at 0.635 mm (0.025 in.) diameter, and die setback and air gap of
1.52 mm (0.06 in.) was used in processing.

The processing parameters for the TPU/C60 blends and control webs are presented in
Table 5. Loa