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ABSTRACT

In this study, shear thickening fluid (STF) encapsulated electrospun ultra-high molecular
weight polyethylene (UHMWPE) mat was prepared and its ballistic performance was evaluated
at high strain rates under dynamic compressive loading. Two different molecular weights of
UHMWPE, My=2.21x10° g/mole (UM2.21) and 4.43x10° g/mole (UM4.43), were used to
prepare the solutions at different concentrations in a binary mixture of decalin and
cyclohexanone (70:30 ratio) solvent. Using de-Gennes’s scaling theory, a correlation was
established between rheological properties and electrospun morphology of the solutions to
identify their critical entanglement concentrations, the concentrations at which polymer
molecules started to entangle with each other. A smooth fibrous morphology was obtained
when the concentration of the solution reached to 2-2.5 times the entanglement concentration.
Further work was carried out by choosing higher molecular weight UHMWPE (UM4.43) at its
optimum smooth fiber solution concentration (2 wt.%) due to its better properties. Other
electrospinning process parameters such as applied voltage, solution conductivity, solvent type,
etc were also optimized for UM4.43.

In the next step, the stretching of electrospun mat of UM4.43 was performed inside a hot air
oven at different temperature range from 60-150°C. These stretched fibers, along with a single
fiber of Spectra® lamina (as a control sample), were characterized for their mechanical
performance and morphological analysis by SEM, XRD and tensile test under quasi-static
condition.

Shear thickening fluid was synthesized with nano silica particles and characterized for its
rheological behavior such as steady strain rate, dynamic strain rate and structural regeneration
thixotropy test. The ballistic performance of nonwoven fabric with STF was first evaluated
using a commercially available nonwoven felt of UHMWRPE. This hypothesis of non-woven

felt behavior was utilized in electrospun nonwoven fabric of UHMWPE.
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Before STF impregnation in the electrospun mat, the surface properties such as the low
coefficient of friction of UHMWRPE fibers were altered by solution blending of high-density
polyethylene (HDPE) with UHMWPE to increase the adhesion of silica particles on the fiber
surface. Electrospinning of UHMWPE (UM4.43) and HDPE blended solution was performed
at three different weight ratio compositions (100:0, 67:33 and 50:50) for obtaining miscible
blend compositions. Mat prepared at miscible blends composition of UHMWPE and HDPE
(67:33) was selected for shear thickening fluid impregnation study. Lastly, STF impregnated
electrospun  UHMWPE/HDPE fabric and UHMWPE felt (as a control sample) were
encapsulated firmly by enclosing them using stretched UHMWPE fiber and tested for its high
strain rate behavior. The high strain rate performance of STF encapsulated samples showed a
significant improvement in peak stress in both samples enclosed by stretched UHMWPE fiber
as compared to the unenclosed neat felt sample. From this study it was found that STF
encapsulation after its impregnation in the fabric can improve the ballistic performance by
helping STF to perform synergistically with lab synthesised electrospun fabric and can be a

precursor for further technology development.
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3T T H, TR ST /S (TIET) TIH RS Sadey 3egl-gls Alfeager
J¢ UidisUTsa (quauHs&yUls) He dar far mar o7 iR Safte HURig difeT &

d8d 3@ I1d &1 IR 3P SIARed TR BT Teidh- fhal 747 UT| JUauAS U &
Gl STT-SERT SUIIDH HR, Mw=2.21x10° (JTH2.21) 3R 4.43x10° TTH/HA (JUH4.43), BT
SUIRT SHIfH 3R STl 1= o fg ey frsior & fafirsr Figdr iR THie™ daR &=
o e fomam T U1 (70:30 SIUTG) faamaes | S1-Si= o WhiehT RiGid &1 TN d g,
3% AE@YUl ST gl Bt UgdH H & [ JETYH! &b R d o R
SAGCIY DTN b o Teh Tgae WU fobar T o1, fSr g Tigdl IR 9§ 30 Uh
QR & 1Y I o Y| Teb FeIhi1 YRIGR 3Tepicl AT UTed TohaT 711 T STa GHTYT bl

THTUT AT B THTUT & 2-2.5 THT 9 Ugd T8 A1 SHP IR Ul o HRUT PAH

o1 HIgER THTUTH THTUT (2 wt%) TR 3 3HTUTdd HR JUATHSsgUTs (JUH4.43) Bl
AP 3T BT BT 3531 7| 37 SAFIRUTT Ufsrar IRftex S AN diees], THILH
ATehdl, fada® UaR, 311fe &1 1 gua4.43 & foru srepferd foar mar ol

AT TROTH, JUH4.43 P TATCIG HE DI 60-150 °C T ST ATTHH o1 B 7TH g1 & 3ia=
o 3faR Wi AT U7 | W@ QAT (Uh FF0 A & &4 ) & Th Thd BIgeR & 1Y
2l g dgell & oid-Rfdw fUfd & d8d TS, THRISRS! SR a=adl URTefur g
S TiA® Tax 3R FUTED fa=avur & fog fafd faam )

A M1 ga A1 RiferesT Hunt & T1 Iaflid fpar T o7 3R 39 RAaifohd gdgR
O fRR 1a o=, TTA=iiel aH1d &R 3R TR Grsi- [aRiie it uRieror & ferg fa=iwar
| THEIUH & 1Y IR G §U HUS & SfeiRed HeRi- &1 Jedih Ugd JuauHsSsgUrs
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& HEAAIS U ¥ I9a TR T U HGYY T SUANT HRab [l T 4Tl R 4 U

e b T AR b1 8 UReb a1 bl UL JUAUHSSHUTS b SeIac e 1R I §U
PUS H fobar a1 o

AT He H T I89- ¥ Ud, JUAUHS&gUTS BI3eR & YUl o HH UM o
g TN DI WIZeR Tdg W AfeIdh] H01 & 3o P 9 & o JuauHssgUls &

1Y F= I Uieiri (TS IUTs) o e & da foar 7 o7 | JuauAsaequls (GuH4.43)
3R TISIUIS oS HIcYRH B gAide RU-HT oI SeHT-SeHT 3¢ IR HUIfSRH (100:0,
67:33 3R 50:50) W &I e N arfr e s<ic HUfseE ua fear s 9|

JUAUHSEgUTs 3R TISIUE (67:33) & o fHYUT fI%0T R GUR TeT8 & Ha-! Mal

&9 AT ST o W A1 TR ATl 3id H, TEU% A Sdac YA JuAuHSsgUls/
TagIUs iew R guaunssgUls Heqy a1 (@@ g0 797 & &9 #) 3% $hag
U qUIUHS&YUTS BTZeR BT SUTNT dRch Holge 9 O fordm T 3R 3% 3= d-1d &
IR & fIu e far mar| AT Thwdes THA & 3= aid &) e A
JUAUHS YU BraR I fek G A H fomT T1oh-geR Ay foht 18 1 & g |
oRA 19 § Agadqul JuUR @ 39 3ieqg ¥ 98 ur T fs due o W4 & alg
T TR, THETW B TORTRITA SRaANd Sade kU HUS & 1Y Jefhards
U Y TR 3 T Heg I SfoRed UG H YUR FHR 9hdl § 3R 3F & Wit
famm & fore srgd wifed 81 9ol 5
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Preamble

Background and motivation

Ballistic protective clothing is required to protect personnel from bullets and fragments. High-
performance fibers, namely p-aramid-based fibers (Kevlar, Twaron) and ultra-high molecular
weight polyethylene (UHMWRPE) are specially engineered for ballistic armor, which works as
a backbone of today’s ballistic armor. However, enhanced sophisticated weapons and war
strategy need more excellent threat protection, making present day armor cumbersome.
Concerning this area, fabrics are treated with non-Newtonian shear thickening fluid to improve
armor flexibility by reducing the number of layers for the same level of protection. Developing
lightweight and strong materials for armor have always been an open area for research.
High-performance fibers possess unique properties due to their different base polymer and
special fiber manufacturing processes which influence the microscopic structure and chain
orientation of fibers. UHMWPE contain an extremely long chain of ethylene molecules which
significantly contributes to its strength. In the main ethylene chain, the atoms are bonded with
strong covalent bonds, while weak van der Waals bonds are present in the parallel orientation
of the molecular chain. Because of its large molecular chain, a long overlap exists among the
chain length. Consequently, the cumulative effect of van der Waals bonds is significant over
the entire chain, which assists in bearing an enormous shear force between the molecules [1].
UHMWPE fibers produced by gel spinning techniques possess a high tensile strength of around
5 GPa. It is obtained by post-drawing of extruded filament at high temperatures and at different
draw ratios [2]. However, it is far from the theoretical tensile strength of 32 GPa and modulus
values of 324 GPa of perfect polyethylene crystals of C-C bond strength. Smook et al.[3]
suggested that a perfect polyethylene crystal is possible to attain by preparing an extremely

thin filament because the actual strength of the fiber is obtained by the lateral bonding between
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the molecule [4]. Several methods have been used to make UHMWPE fiber with improved
properties by orienting and aligning the molecules [5], [6].

The electrospinning process produces polymeric fibers with diameters varying from nano to
several micro-meter ranges, that can possess unique properties like an immensely high surface
area to volume ratio and outstanding mechanical properties as compared to larger diameter
fibers of the same materials, which motivated this research to fabricate electrospun fibers of
UHMWPE. However, the processing of UHMWPE is challenging due to the high melt
viscosity and insolubility in common solvents at room temperature. It is only soluble in
hydrocarbon solvents such as decalin, p-xylene, paraffin oil, etc., at their theta temperature.
Therefore, a high-temperature solution electrospinning process was required to produce ultra-
fine fibers of UHMWPE. Moreover, mechanical properties and fibers morphology was
controlled by varying spinning processing parameters such as solution rheology, applied
voltage, solution concentration, etc. These parameters were needed to be optimized for
obtaining the processing window for defect-free uniform fiber of UHMWPE. However, the
fully extended orientation of the molecular chain was challenging to achieve only a the single-
step electrospinning method due to the high entanglement of UHMWPE chains. This behavior
of electrospun fibers created second motivation for improving its performance further.
Therefore, a post-processing of electrospun UHMWPE fiber was performed at a high
temperature with load, which was further needed to be analyzed for its properties evolvement
as compared to Spectra® fibers.

Rheological properties play a significant role in the spinning of fiber solution, which influences
the productivity of fibers. High solution viscosity of UHMWPE leads to lower fiber
productivity, but it improves by increasing the flowability of the solution by blending with low
molecular weight polyethylene, i.e., HDPE. This was the third motivation to increase fiber

productivity and determine the morphology of blended fibers, its effect of blending on the
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productivity rate, etc. Encapsulation of STF inside an electrospun mat was the fourth
motivation for this thesis work. To achieve this task, first, selecting the right nonwoven
electrospun mat for STF impregnation, which can absorb a higher amount of STF was done
based on fiber surface morphology and pore size distribution inside a mat which was enclosed
inside the high temperature stretched electrospun fabric. For evaluation and comparison of
properties of electrospun samples, nonwoven felt of UHMWPE was used. To understand
ballistic performance of these samples, it was tested at a high strain rate (102-10%) in dynamic
loading conditions. High strain rate testing was performed using in-house fabricated Split-
Hopkinson pressure bars for encapsulated and non-encapsulated electrospun mat and non-

woven felt leading to better understanding of its application in future armor technology.
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