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Abstract 

The development of biodegradable polymers has emerged as an active field of research in order 

to reduce plastic littering on landfills which causes environmental pollution such as soil erosion 

and loss of soil biological activity. Biocomposites based on biodegradable matrices and natural 

bio-fillers such as wood fibers, wood flour, starch and the like degrade totally in soil without 

production of pollutants and toxic end products. Poly(ε-caprolactone) (PCL) is one of the most 

studied biodegradable semicrystalline aliphatic polyester. Some advantageous properties of PCL 

are high toughness, high ductility, good processability, and biodegradability. However, extensive 

application of PCL remains limited because of some of its inherent inferior properties like low 

melting point, low melt strength, low modulus, poor barrier properties, and high cost. In order to 

overcome its poor modulus property PCL is blended with various bio-fillers. 

Two different types of biocomposites containing 0-35 wt % granular tapioca starch 

(GTS) (0-0.36 volume fraction, Фf) and 0-35 wt % of jack wood flour (JWF) (0-0.34 volume 

fraction, Фf) and were prepared by melt compounding using twin screw extruder (TSE). In first 

section of this work, effect of granular tapioca starch (GTS) as reinforcing bio-based filler on 

various properties of PCL is investigated. The observed marginal decrease in onset degradation 

temperature studied suggests that the incorporation of GTS does not compromise thermal 

stability by thermo-gravimetric analysis (TGA). The maximum tensile modulus observed at Фf = 

0.36 was 225.8 MPa while a decrease in tensile yield strength with the value 12.44 MPa was 

observed during mechanical testing. From SEM micrographs, homogeneous dispersion of GTS 

particles was observed in PCL matrix. The nonisothermal crystallization behavior of PCL, in 

presence of varying concentrations of GTS is studied. Various crystallization parameters were 

studied by DSC at four different cooling rates and these parameters were analysed employing 



 
 

ii 
 

Avrami, Jeziorny, and Liu models. Kissinger method was used to estimate the activation energy 

(ΔE) of the PCL/GTS composites. The effects of GTS on the melt rheological behavior of PCL 

were investigated by means of capillary and parallel plate rheometers. The complex viscosity 

increased with the Фf as compared to neat PCL. The loss modulus results suggest an 

enhancement in the energy dissipation ability of the PCL/GTS biocomposites. The dynamic 

rheological experiments showed a typical pseudo-plastic behavior of PCL while composites 

exhibit non-Newtonian behavior over the whole frequency region. Elastic behavior of the system 

is observed at greater than 10 wt. % GTS content. The fracture toughness based on post-yield 

fracture mechanics (PYFM) concept was investigated by essential work of fracture (EWF) 

methodology. The essential work of fracture (we) is reduced on incorporation of GTS while 

increase in the non-essential work of fracture (βwp) is observed. The composites with 20 wt% of 

GTS showed 121% increase in the βwp due to reduced interspherulitic region while 35 % 

decrease in the parameter is registered for highest GTS content (35 wt. %). The biocomposites 

were investigated for biodegradation studies in composting conditions for 0, 7, 15, 25, 40, 55, 

and 75 days of burial time. It was found from disintegration studies that neat PCL starts 

degrading after PCL/GTS composites 

Reinforcing materials which have high aspect ratio, such as platelets, fibers and flakes are 

used to form composites. Further, JWF was incorporated as reinforcing biodegradable filler into 

PCL matrix by melt compounding in a TSE. The tensile modulus increases by 80.48 % at the 

highest Фf = 0.34 though marginal increment (13.71 %) in the yield strength was registered. A 

sharp reduction in notched Izod impact strength (85 %) was observed with increasing JWF 

content. The phase adhesion parameter obtained from micromechanical analysis of tensile 

properties suggesting the mechanical interlocking and interaction between PCL and JWF. A 
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uniform dispersion of JWF was observed in all the samples. Thermal characterization of PCL in 

presence of JWF was done using DSC and TGA. DSC results revealed marginal increment in the 

melting temperature (Tm) and peak crystallization temperature in presence of JWF while 

decreases the crystallization of the matrix. Nonisothermal crystallization kinetics of PCL/JWF 

composites was also investigated. The fracture toughness of the prepared biocomposites based 

on PYFM concept was investigated by EWF methodology. Incorporation of JWF into PCL 

matrix diminishes the essential work of fracture (we) while increasing the non-essential work of 

fracture (βwp). The effect of JWF on melt and solid state rheological response of composites was 

investigated using parallel plate rheometer and dynamic mechanical analysis respectively 

Incorporation of JWF in the polymer matrix resulted in an increases of storage modulus and loss 

modulus of PCL corresponding to elastic and viscous response of composites respectively. 

Pristine PCL, PJWF5 and PJWF10 exhibit typical Newtonian characteristic in the low frequency 

region while at higher frequencies non-Newtonian behavior was observed which suggest pseudo-

plastic nature of the system. Biodegradability test in vermi-compost is also examined for 

PCL/JWF composites films.  

 

 

 

 

 

 

 

 



सार 

जैव अभ्रकनीय पॉिलमर का िवकास शोध के एक सिक्रय क्षेत्र के Ǿप मɅ उभरा है तािक जमीन के फशर् पर Üलािèटक के 

कचरे को कम िकया जा सके िजससे िमट्टी की क्षरण और िमट्टी जैिवक गितिविध के नुकसान जैसे पयार्वरण प्रदषूण 

हो। बायोकाइàपोिजɪस बायोिडग्रैडबल मैिट्रक्स और प्राकृितक जैव‐िफलर जैसे िक लकड़ी फाइबर, लकड़ी का आटा, 

èटाचर् और जैसे‐जैसे प्रदषूक और जहरीले उ×पादɉ के उ×पादन के िबना िमट्टी मɅ पूरी तरह से नीचा िदखाना। पॉली(ε‐

कैपोलैक्टोन)  (पीसीएल) एक सबसे अिधक अÚययन योग्य बायोिडगे्रएबल अध्रुर्çमलीय एलीफाइट पॉिलएèटर  है। 

पीसीएल के कुछ लाभप्रद गुणɉ मɅ उÍच कू्ररता, उÍच लचीलापन, अÍछी प्रोसेिसिबिलटी और बायोडगेे्रडिेबिलटी  है। 

हालांिक, पीसीएल का åयापक अनुप्रयोग सीिमत  है क्यɉिक इसकी कुछ अंतिनर्िहत अवर के गुणɉ की वजह से कम 

गलनांक, कम िपघलता शिक्त, कम मापांक, खराब बाधा गुण और उÍच लागत शािमल है। अपने गरीब मॉɬयूलस 

संपि×त को दरू करने के िलए पीसीएल िविभÛन जैव‐िफलर के साथ िमिĮत है। 

दो अलग‐अलग प्रकार के बायोकॉàपोसाइɪस िजनमɅ 0‐35 wt% दानेदार टैिपओका èटाचर् (जीटीएस) (0‐0.36 मात्रा 

अंश, एफएफ) और जैक लकड़ी का आटा (जेडÞãयूएफ) का 0‐35 वजन % (0‐0.34 मात्रा अंश, फ़ाई) और थ ेजुड़वां पɅच 

extruder  (टीएसई) का उपयोग कर  िपघल  िमिĮत ɮवारा तैयार इस काम के पहले भाग मɅ, पीएलएल के  िविभÛन 

गुणɉ पर जैव‐आधािरत भराव को मजबूत बनाने के Ǿप मɅ दानेदार  टैिपओका èटाचर्  (जीटीएस) का प्रभाव जांच की 

जाती है। अÚययन की शुǾआत मɅ िगरावट के तापमान मɅ देखा गया सीमांत कमी से पता चलता है िक जीटीएस का 

समावेश थमार्‐गे्रमीमैिट्रक  िवæलेषण  (टीजीए)  ɮवारा थमर्ल  िèथरता  से समझौता नहीं करता  है। फ़ाई  =  0.36 मɅ 

अिधकतम तÛयता मापांक 225.8 एमपीए था, जबिक मैकेिनकल  टेिèटंग के दौरान मूãय 12.44 एमपीए के साथ 

तÛयता पैदा करने की शिक्त मɅ कमी आई थी। एसईएम माइक्रोग्राफ  से, पीसीएल मैिट्रक्स मɅ जीटीएस कणɉ की 

सजातीय  फैलाव  मनाया  गया  था।  जीएसटी  के  अलग‐अलग  सांद्रता  की  उपिèथित  मɅ,  पीसीएल  के  गैर‐

èपेशलाइजेशन  åयवहार का अÚययन  िकया जाता  है।  िविभÛन  िक्रèटलीकरण मापदंडɉ को  डीएससी  ɮवारा चार 

अलग‐अलग  ठंडा दरɉ मɅ अÚययन  िकया गया था और इन पैरामीटरɉ का  िवæलेषण  िकया गया था जो एिवरामी, 

जैज़ोरनी, और िलयू मॉडल का इèतेमाल िकया गया था। िकिसजंर िविध का प्रयोग पीसीएल / जीटीएस कंपोिजट के 

सिक्रयण ऊजार् (एईई) के अनुमान के िलए िकया गया था। पीसीएल के िपिंडत िरयोलॉिजकल åयवहार पर जीटीएस के 

प्रभाव की केिशका और समानांतर Üलेट िरयरमीटर के माÚयम से जांच की गई। èवÍछ पीसीएल के मुकाबले जिटल 

िचपिचपाहट को एफएफ के साथ बढ़ाना हािन मापांक के पिरणाम पीसीएल / जीटीएस बायोकोमोसाइɪस की ऊजार् 

अपåयय क्षमता मɅ विृद्ध का सुझाव देते हɇ। गितशील rheological प्रयोगɉ पीसीएल के एक िविशçट छद्म Üलािèटक के 

åयवहार  िदखाया, जबिक  कंपोिजट  पूरे आविृ×त क्षेत्र  पर गैर  Ûयूटिनयन  åयवहार  प्रदशर्न।  प्रणाली का लोचदार 

åयवहार 10 से अिधक wt पर मनाया जाता है। % जीटीएस सामग्री फै्रक्चर (ईडÞãयूएफ) की कायर्प्रणाली के जिरए 

फै्रक्चर यांित्रकी (पीवायएफएम) की अवधारणा की जांच की गई थी। अिèथभंग (βwp) के गैर‐आवæयक कायर् मɅ विृद्ध 



करते समय फै्रक्चर  के आवæयक काम को जीटीएस को शािमल करने पर कम िकया जाता है। जीटीएस के 20 वटे % 

के साथ कंपोिजɪस ने बीएसडÞãयूपी मɅ 121% विृद्ध की वजह से इंटसर्फािमर्िटक क्षेत्र घिटत िकया जबिक पैरामीटर मɅ 

35% कमी उÍचतम जीटीएस सामग्री (35 वेट%) के िलए पंजीकृत है। ɮिवआधारी समय के िलए 0, 7, 15, 25, 40, 55, 

और 75 िदन के िलए कंपोिèटंग िèथितयɉ मɅ जैव‐वगीर्करण अÚययन के िलए जांच की गई।  

कंपोिजट बनाने के िलए Üलेटलेɪस, फाइबर और Ýलेक्स जैसे उÍच आकृित अनुपात वाले रीनॉिफ़र्ं ग सामग्री 

का  उपयोग  िकया  जाता  है  इसके  अलावा,  जेएसडÞãयूएफ  को  टीएसई  मɅ  िपघल  गए  पीसीएल  मैिट्रक्स  मɅ 

बायोिडगे्रडबेल भराव को मजबूत करने के Ǿप मɅ शािमल िकया गया था। उÍचतम फ़ाई = 0.34 पर तÛयता मापांक 

80.48% बढ़ता  है, हालांिक उपज ताकत मɅ सीमांत वेतन विृद्ध  (13.71%) दजर्  िकया गया था।  जेडडÞãयूएफ  कंटɅट 

बढ़ने  के  साथ  इज़ोड  प्रभाव  शिक्त  (85%)  मɅ  तेज कमी  देखी  गई।  चरण आसंजन  पैरामीटर,  तÛयता  गुणɉ  के 

माइक्रोमकेिनकल  िवæलेषण  से प्राÜत होता  है जो पीसीएल और  जेडÞãयूएफ  के बीच मैकेिनकल  इंटरलॉिकंग और 

इंटरैक्शन का सुझाव देता है। सभी नमूनɉ मɅ जेडÞãयूएफ का एक समान फैलाव मनाया गया था। जेएसडÞãयूएफ की 

उपिèथित मɅ पीसीएल के थमर्ल लक्षण वणर्न डीएससी और टीजीए का उपयोग  िकया गया था। डीएससी पिरणाम 

मैिट्रक्स के िक्रèटलीकरण को कम करते  हुए जेडÞãयूएफ की उपिèथित मɅ िपघलने के तापमान (टीएम) और पीक 

िक्रèटलीकरण तापमान मɅ सीमांत विृद्ध का पता चला  है। पीसीएल / जेडÞãयूएफ कàपोिजɪस के गैर‐िथèèथामर्ल 

िक्रèटलीकरण कैनेटीक्स की जांच भी की गई। पीवाईएफएम अवधारणा के आधार पर तैयार जैव‐पोषक त×वɉ की 

फै्रक्चर कू्ररता की जांच ईडÞãयूएफ पद्धित ɮवारा की गई थी। पीएलएल मैिट्रक्स मɅ जेडÞãयूएफ को शािमल करना 

फै्रक्चर  (βwp)  के गैर‐आवæयक काम मɅ  विृद्ध करते समय  फै्रक्चर  (हम)  के आवæयक काम को कम करता  है। 

जेडÞãयूएफ  के  िपघल और  ठोस अवèथा  के  रेजोलॉिजकल  िरजोãयूशन  पर असमान  Üलेट  Üलेट  रेमोमीटर और 

गितशील मैकेिनकल िवæलेषण का उपयोग करके क्रमशः जांच की गई। पॉिलमर मैिट्रक्स मɅ जेडÞãयूएफ के शािमल 

होने से भंडारण मापांक और हािन मो की विृद्ध हुई। 
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