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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, Mw=2.21×106 g/mole (UM2.21) and 4.43×106 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℃. 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 UHMWPE. 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 UHMWPE 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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सार  

इस अध्ययन में, शीयर थिकथनिंग फु्लइड (एसटीएफ) एनकैपु्सलेटेड इलेक्ट्र ोसपुन अल्ट्र ा-हाई मॉथलकू्यलर 

वेट पॉलीइिाइलीन (यूएचएमडबू्ल्यपीई) मैट तैयार थकया गया िा और डायनेथमक किं पे्रथसव लोथडिंग के 

तहत उच्च तनाव दरोिं पर इसके बैथलस्टिक प्रदशशन का मूल्ािंकन थकया गया िा। यूएचएमडबू्ल्यपीई के 

दो अलग-अलग आणथवक भार, Mw=2.21×106 (यूएम2.21) और 4.43×106 ग्राम/मोल (यूएम4.43), का 

उपयोग डेकाथलन और साइक्लोहेक्सानोन के थिआधारी थमश्रण में थवथभन्न सािंद्रता पर समाधान तैयार करने 

के थलए थकया गया िा। (70:30 अनुपात) थवलायक। डी-जीन्स के से्कथलिंग थसद्ािंत का उपयोग करते हुए, 

उनके महत्वपूणश उलझाव सािंद्रता की पहचान करने के थलए समाधानोिं के ररयोलॉथजकल गुणोिं और 

इलेक्ट्र ोस्पन आकाररकी के बीच एक सहसिंबिंध स्थाथपत थकया गया िा, थजस सािंद्रता पर बहुलक अणु एक 

दूसरे के साि उलझने लगे िे। एक थचकनी रेशेदार आकृथत थवज्ञान प्राप्त थकया गया िा जब समाधान की 

एकाग्रता उलझाव की एकाग्रता के 2-2.5 गुना तक पहुिंच गई िी। इसके बेहतर गुणोिं के कारण इष्टतम 

थचकनी फाइबर समाधान एकाग्रता (2 wt%) पर उच्च आणथवक भार यूएचएमडबू्ल्यपीई (यूएम4.43) को 

चुनकर आगे का काम थकया गया। अन्य इलेक्ट्र ोस्टस्पथनिंग प्रथिया पैरामीटर जैसे लागू वोले्ट्ज, समाधान 

चालकता, थवलायक प्रकार, आथद को भी यूएम4.43 के थलए अनुकूथलत थकया गया िा। 

अगले चरण में, यूएम4.43 के इलेक्ट्र ोस्पन मैट को 60-150 ℃ से अलग तापमान रेंज में गमश हवा के ओवन 

के अिंदर खी िंचा गया िा। से्पक्ट्र ा® लेथमना (एक थनयिंत्रण नमूने के रूप में) के एक एकल फाइबर के साि 

इन फैले हुए तिंतुओिं को अधश-सै्थथतक स्टस्थथत के तहत एसईएम, एक्सआरडी और तन्यता परीक्षण िारा 

उनके यािंथत्रक प्रदशशन और रूपात्मक थवशे्लषण के थलए थचथत्रत थकया गया िा। 

कतरनी गाढा द्रव नैनो थसथलका कणोिं के साि सिंशे्लथषत थकया गया िा और इसके ररयोलॉथजकल व्यवहार 

जैसे स्टस्थर तनाव दर, गथतशील तनाव दर और सिंरचनात्मक पुनजशनन थिक्सोटर ॉपी परीक्षण के थलए थवशेषता 

िी। एसटीएफ के साि गैर बुने हुए कपडे के बैथलस्टिक प्रदशशन का मूल्ािंकन पहले यूएचएमडबू्ल्यपीई 
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के व्यावसाथयक रूप से उपलब्ध गैर बुने हुए महसूस का उपयोग करके थकया गया िा। गैर बुने हुए 

महसूस थकए गए व्यवहार की इस पररकल्पना का उपयोग यूएचएमडबू्ल्यपीई के इलेक्ट्र ोस्पन गैर बुने हुए 

कपडे में थकया गया िा। 

इलेक्ट्र ोसपन मैट में एसटीएफ सिंसेचन से पहले, यूएचएमडबू्ल्यपीई फाइबर के घषशण के कम गुणािंक जैसे 

सतह गुणोिं को फाइबर सतह पर थसथलका कणोिं के आसिंजन को बढाने के थलए यूएचएमडबू्ल्यपीई के 

साि उच्च घनत्व पॉलीिीन (एचडीपीई) के थमश्रण से बदल थदया गया िा। यूएचएमडबलू्पीई (यूएम4.43) 

और एचडीपीई ब्लेंडेड सॉलू्शन की इलेक्ट्र ोस्टस्पथनिंग तीन अलग-अलग वेट रेथशयो किं पोथ़िशन (100:0, 

67:33 और 50:50) पर की गई िी ताथक थमथसबल ब्लेंड किं पोथ़िशन प्राप्त थकया जा सके। 

यूएचएमडबलू्पीई और एचडीपीई (67:33) के गलत थमश्रण थमश्रण पर तैयार चटाई को कतरनी गाढा 

द्रव सिंसेचन अध्ययन के थलए चुना गया िा। अिंत में, एसटीएफ ने इलेक्ट्र ोसपुन यूएचएमडबू्ल्यपीई/ 

एचडीपीई फैथिक और यूएचएमडबू्ल्यपीई महसूस थकया (एक थनयिंत्रण नमूने के रूप में) उन्हें फैलाए 

गए यूएचएमडबू्ल्यपीई फाइबर का उपयोग करके मजबूती से घेर थलया गया और इसके उच्च तनाव दर 

व्यवहार के थलए परीक्षण थकया गया। एसटीएफ एनकैपु्सलेटेड नमूनोिं के उच्च तनाव दर प्रदशशन ने 

यूएचएमडबू्ल्यपीई फाइबर से थघरे दोनोिं नमूनोिं में थबना साफ-सुिरे महसूस थकए गए नमूने की तुलना में 

चरम तनाव में महत्वपूणश सुधार थदखाया। इस अध्ययन से यह पाया गया थक कपडे में सिंसेचन के बाद 

एसटीएफ एनकैपु्सलेशन, एसटीएफ को प्रयोगशाला सिंशे्लथषत इलेक्ट्र ोस्पन कपडे के साि सहथियात्मक 

रूप से प्रदशशन करने में मदद करके बैथलस्टिक प्रदशशन में सुधार कर सकता है और आगे के प्रौद्योथगकी 

थवकास के थलए अग्रदूत साथबत हो सकता है।
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Nav Avogadro number 

ρ Mass density of liquid 

ρp Densities of polymers 

ρs Densities of 1-octanol 

p Differential pressure 

Pe Pѐclet number 

Q Electrostatic charge 

r Radius of the suspended drop 

R Radius of droplet/Gas constant/Needle radius 

〈R2⟩1/2 Root mean squared end-to-end distance 

Ra Arithmetic mean roughness 

Rg Radius of gyration 

Rh Hydrodynamic radius 

Rq RMS roughness 

T Temperature 

u1 and u2 Incident and transmission bar end displacement 

ν Flory’s constant 

Ww Weight of the wet mat 

Wd Weight of the dry mat 

χ Flory-Huggins parameter 

Xc Degree of crystallinity 

γ Surface tension of fluid 

̇ and  ̇𝑐 Shear rate and Critical shear rate 

Z Acoustic impedance of the material 
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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 (UHMWPE) 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 (102-104) 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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