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ABSTRACT 

INFLUENCE OF SURFACE TREATMENT OF FILLERS ON THE 

MECHANICAL PROPERTIES OF THERMOPLASTIC POLYURETHANE 

COMPOSITES 

 

 

 

Tayfun, Ümit 

Ph.D., Department of Polymer Science and Technology 

Supervisor: Prof. Dr. Erdal Bayramlı 

Co-Supervisor: Prof. Dr. Ülkü Yılmazer 

  

December 2015, 125 pages 

 

 

The incompatibility between filler and polymer matrix is the major restriction for the 

production of composites to have desirable properties. Several surface modification 

methods are applied to filler surface in order to improve the interfacial adhesion with 

polymer matrix. Easy processablity and fully recyclability character of thermoplastic 

polyurethane (TPU) make it cost effective for many applications. Majority of TPU 

application is across a range of markets including automotive, sporting goods, 

medical devices, tubes, hoses, wires and cables. 

 

The objectives of this research are the enhancement of interfacial interactions 

between several fillers and TPU matrix by applying surface treatments and 



 

vi 

investigation the effects of these treatments on the mechanical properties of TPU 

based composites. The surface of fillers after modifications were characterized with 

fourier transform infrared spectroscopy (FTIR) and energy dispersive X-ray 

spectroscopy (EDX). Pristine and surface functionalized fillers were incorporated in 

TPU matrix by using melt-blending method. Two types of TPU composites, green 

polymer composites and carbonaceous fillers reinforced composites were prepared. 

Mechanical properties, melt flow characteristics and morphologies of the composites 

were evaluated by using tensile, dynamic mechanical analysis (DMA) and Shore 

hardness tests, melt flow index (MFI) test and scanning electron microscopy (SEM), 

respectively. 

 

Surface modifications of fillers resulted in better mechanical properties for their 

composites as compared with untreated ones. SEM micrographs revealed that surface 

treated reinforcers dispersed more homogeneously than untreated fillers in the TPU 

matrix. Results confirmed that surface modifications improved the adhesion of fillers 

to TPU. 

 

 

Keywords: polymer composites, thermoplastic polyurethane, surface modifications, 

mechanical properties 
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ÖZ 

DOLGU MADDELERİNE YÜZEY İŞLEMİ UYGULANMASININ 

TERMOPLASTİK POLİÜRETAN KOMPOZİTLERİN MEKANİK 

ÖZELLİKLERİNE ETKİSİ 

 

 

 

Tayfun, Ümit 

Doktora, Polimer Bilimi ve Teknolojisi Bölümü 

Tez Yöneticisi: Prof. Dr. Erdal Bayramlı  

Ortak Tez Yöneticisi: Prof. Dr. Ülkü Yılmazer 

 

 

Aralık 2015, 125 sayfa 

 

İstenilen özelliklere sahip polimer kompozitlerin hazırlanmasındaki en büyük engel, 

dolgu malzemesi ile polimer matris arasındaki uyumsuzluktur. Polimer ile dolgu 

yüzeyleri arasındaki yapışmayı arttırmak amacıyla bir çok yüzey modifikasyon 

yöntemi uygulanmaktadır. Kolay işlenebilme ve tamamen geri kazanabilme 

özellikleri termoplastik poliüretanı (TPU), bir çok uygulamada etkin kullanım 

sağlamaktadır. TPU, uygulama alanı olarak özellikle otomotiv ve inşaat 

endüstrisinde, ayakkabı, ambalaj, koruma kıyafetleri, kablolar, tel ve boru üretimi 

gibi pek çok alanda kullanılmaktadır. 
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Bu çalışmanın temel amacı, dolgu malzemesi ile TPU arasındaki uyumun yüzey 

modifikasyonları uygulanarak arttırılması ve bu modifikasyonların TPU 

kompozitlerinin mekanik özelliklerine etkilerinin ortaya çıkarılmasıdır. 

Modifikasyon işlemlerinden sonra dolgu malzemesi yüzeyleri, kızılötesi 

spektroskopisi (FTIR) ve enerji dağılımlı X-ışını spektroskopisi (EDX) 

yöntemleriyle karakterize edilmiştir. Yüzey işlemi uygulanan ve uygulanmayan 

dolgu maddeleri TPU matrisine eriyik karıştırma yöntemi kullanılarak eklenmiştir. 

İki farklı TPU kompozit hazırlanmıştır; yeşil ve karbonlu dolgu içeren kompozitler. 

Modifiyeli ve modifiyesiz dolgular TPU matriksine eriyik karıştırma yöntemiyle 

eklenmiştir. Hazırlanan kompozitlerin mekanik özellikleri, erime akış 

karakteristikleri ve morfolojik yapıları sırası ile çekme, dinamik mekanik analiz 

(DMA) ve Shore sertlik testleri, erime akış indisi testi (MFI) ve taramalı elektron 

mikroskobu (SEM) yöntemleri kullanılarak incelenmiştir. 

 

Dolgulara yüzey modifikasyonu uygulanması, işlem görmeyenler ile kıyaslandığında 

kompozitlerinde daha iyi mekanik özellikler ile sonuçlanmıştır. SEM mikrografikleri 

incelendiğinde, yüzey işlemi görmüş güçlendiricilerin TPU matrisi içinde işlem 

görmeyenlerden daha homojen dağıldığı saptanmıştır. Sonuçlar, yüzey 

modifikasyonlarının dolgu malzemesinin TPU polimerine yapışmasını arttırdığını 

doğrulamıştır. 

 

 

 

 

Anahtar Kelimeler: polimer kompozitler, termoplastik poliüretan, yüzey işlemleri,  

mekanik özellikler 
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CHAPTER 1  

 INTRODUCTION  

Polyurethanes are the class of polymer that found widely use in several industrial 

applications. They can be used with different forms such as foams, adhesives, 

coatings, elastomers and fibers by changing polyol structure. Thermoplastic 

polyurethane (TPU) is one of the most commonly used types of these forms due to 

the advantages of recyclability and practical processability by using traditional 

methods in industry. There has been increasing attention performed about TPU for 

devoting new approaches for synthesis of them, preparation of their blends with 

several polymers and producing their composites in the literature in recent years. 

Tuning the properties of TPU by incorporating different types of fillers has become 

trending issue because of the opportunity for using conventional techniques such as 

extrusion, injection and compression molding. Practical optimization and adaptation 

of these methods from lab-scale to industrial production lines rapidly open ways for 

researchers and producers to reach composite parts with desirable properties for 

versatile applications. 

 

Mechanical strength of polymer composites is mainly depending on some parameters 

including size, dispersion and orientation of fillers. Since the load transfer takes 

place from polymer matrix to filler particle, interface between them gains importance 

that will be able to fulfill required level of mechanical response for polymer 

composites. Polar character of the most filler materials make them incompatible with 

polymeric matrices. The most practical and commonly used way to drawback that 
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challenge is applying the surface modifications on the filler surfaces. Formation of 

effective interfacial adhesion between filler and polymer can be achieved by these 

modification methods. This can be improved by load transfer between polymeric 

matrix and reinforcement, and mechanically strong composite material can be 

obtained. 

 

The composites prepared in this work were divided into two subtitles as green 

polymer composites and carbonaceous fillers reinforced composites. Two types of 

lignocellulosics, rice straw (RS) and flax fiber (FF), were used in the first kind of 

composites. RS is an agricultural waste that can not be used as an animal feed 

because of its high silica content. Different from other agricultural residues, it is 

generally burned after harvest. Flax fiber has found effective use mainly in textile 

market. Polymer composites reinforced with flax fiber have been also developed for 

transport and construction applications in recent years. Since natural sources were 

used as filler in this type of composites, new and special bio-based TPU was prefered 

as matrix material.   

 

Carbon nanotube and fullerene were incorparated in TPU for the production of 

carbonaceous filler reinforced polymer composites. Nano dimensional fillers have 

great potential for the manufacturing of advanced polymeric composites. Whereas, 

the problems such as incompatibillity, uniform distribution and scale up to industrial 

fabrication were exist. Melt-mixing is rarely used method for these types of 

composite systems in the literature. Production of TPU/fullerene nanocomposites 

using melt compounding has been the first attempt in this work. Short carbon fibers 

were also used as a carbonaceous filler in this research. The interest for carbon fiber 

reinforced thermoplastic composites has been increased in recent years. Especially, 

the fabrication of ultra-low weight and mechanically strong automobile parts has 

become popular nowadays. Short carbon fibers were used either as received 
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commercially or after modification process applied in this study. For carbonaceous 

fillers reinforced polymer composites, polyester type TPU was chosen since it is the 

most commonly used TPU type in industrial applications. 

 

This research is focused on primarily the enhancement of interfacial adhesion 

between the reinforcing materials and TPU matrix by performing several surface 

modifications. Since the production method of composites can be readily adaptable 

to industrial manufacture, applied surface modification methods have been chosen 

for their ability to cost effectiveness, practical and compatible for large scale 

applications. Fourier transform infrared spectroscopy (FTIR), energy dispersive X-

ray spectroscopy (EDX), optical microscopy and scanning electron microscopy 

(SEM) techniques were used for the characterization of the surface properties of 

pristine and modified fillers. 

 

The main target of this work is the investigation of mechanical properties of TPU 

based composites after these surface modification methods applied to the 

reinforcements. Composites were produced using melt-mixing method, and test 

samples were prepared by injection molding process. In addition to mechanical 

properties, water absorption capacity which is the characteristic property of green 

composites was also reported. Interfacial interactions and their effects were 

discussed by the means of tensile, Shore hardness, melt flow index test results. 

Dispersion of fillers in TPU matrix was deduced from SEM micrographs of the 

composites.  
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CHAPTER 2 

BACKGROUND INFORMATION 

2.1 Fundamentals of Polymer Composites 

Polymer matrix composites are the most developed type among composite materials 

due to their suitable specialty to easy fabrication. Thermosets or thermoplastics can 

be used as matrix for polymer composites. Thermoplastics have so many advantages 

over thermosets including processable and reshapeble easily and by using tradational 

processing techniques [1]. Additives are generally referred fillers and they are 

incorporated to polymers for the contributions of cost-lowering, property 

enhancement or improvement of processing [2].  

 

The properties of polymer composites are affected by several factors such as 

interfacial adhesion, shape and the orientation of fillers and the properties of polymer 

matrix. Reinforcement/polymer interface plays key role on mechanical strength of 

the composite material. Reinforcement material can provide strength and stiffness by 

transferring load itself from the matrix as the interfacial adhesion is strong [3, 4]. 

Beside the mechanical properties, interfacial interactions between polymer and filler 

also affect several characteristics of polymer composites such as rheological 

behavior, resistance to environmental conditions and processing parameters [2]. 

There is a challange to estimate the role of interfaces that come from the mechanism 

and strength of interaction developing between two phases in composites. Surface 

modification methods must be applied specifically to each component according to 

their characteristic properties [5]. 
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2.1.1 Green Polymer Composites 

A composite material is referred to as green-composite when the matrix and the 

reinforcing material are derived from natural sources. Green composites gain 

considerable importance due to the increase of environmental consciousness and 

regulations [6]. Developing composites using polymers based on renewable 

resources with natural fibers make material more eco-friendly. The interest in 

lignocellulosic filled polymer composites has increased because of their advantages 

including the reduced cost and improved mechanical properties. These advantages 

open ways to natural fibers on potential replacement for man-made fibers in several 

application areas from packaging to automobile parts [7]. Among these application 

areas, automotive industry is the largest market and is expected to retain its 

leadership through 2016 according to a latest report [8]. There is an increasing trend 

for the use of natural fibers reinforced polymer composites in production of 

automotive parts mainly in door panels, seat backs, trunk liners and package trays 

[8]. Despite these advantages, the existing problems such as, low thermal stability of 

lignocellulosics, poor interfacial adhesion between polar lignocellulosics and 

nonpolar matrix material and moisture uptake limit their wider application [9].  

 

2.1.1.1 Rice Straw (RS) 

Rice straw contains mainly cellulose, hemicellulose, lignin, proteins and silica. 

Chemical composition of rice straw is represented in Table 2.1. High silica content 

restricts its use as animal feed and they are currently burned after farming. Burning 

these agricultural wastes after harvest causes some environmental issues beside their 

precious resources [10]. RS has hydrophilic character because of its high moisture 

content (about 60% on a wet base and 10-12% on a dry base) [11]. Straw based 

materials are generally used as filler in thermoplastic polymers and used in the 

manufacture of particleboard and fiberboard with thermoset resins [6, 9]. 
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Pristine and surface treated RS were used as additive in several thermoplastic 

polymers including polyethylene [10, 12-19], polypropylene [20-25], 

polyvinylchloride [26-28], poly(lactic acid) [29-31], polystyrene [32], poly 

(caprolactone) [33] and poly (butylene succinate) [34]. 

Table 2. 1 Chemical composition of rice straw [35]. 

Cellulose (%) Lignin (%) Hemicellulose (%) Silica (%) Ash (%) 

42-46 12-15 24-30 10-18 15-20 

 

2.1.1.2 Flax Fiber (FF) 

Flax fiber contains mainly cellulose, hemicellulose, pectin, lignin and wax. Chemical 

composition of FF is represented in Table 2.2. Pectin and lignin are the constituents 

that play key role as acting bonding agents in the structure of FF [36]. Schematic 

representation of a typical FF microstructure can be seen in Figure 2.1. 

 

FF is widely used in textile and composite market [37]. FF has good mechanical 

properties, sufficient water resistance and biodegradability. Physical or chemical 

modifications can increase the mechanical properties of FF and its composites [38]. 

Surface treated FF was used as a reinforcement agent in several thermoplastic 

polymers including polyethylene [39, 40], polypropylene [41-43], poly(lactic acid) 

[44], poly(3-hydroxybutyrate) [45] and aliphatic polyester [46]. 
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Figure 2. 1 Schematic view of flax fiber [38]. 

 

 

Table 2. 2 Chemical composition of flax fiber [47]. 

Cellulose (%) Hemicellulose (%) Pectin (%) Lignin (%) Wax (%) 

71-75 18.6-20.6 2.2 2.2 1.7 

 

2.1.2 Carbonaceous Fillers Reinforced (CFR) Polymer Composites 

2.1.2.1 Carbon Nanotube (CNT) 

Carbon nanotube (CNT) which has one-dimensional structure is the most popular 

member of carbon nanostructures family. Beside the excellent mechanical and 

chemical stability, high level of electrical conductivity and high aspect ratio make 

CNT is a special material for producing conductive polymeric materials with very 

low percolation thresholds [48, 49]. Incorporation of CNT into polymeric matrix has 

been studied by several research groups since the first polymer/CNT composite 

publication was reported by Ajayan et al [50]. CNT can add multi-functionality to 

composites thanks to their extraordinary mechanical and electrical properties. Thus, 

they are used as filler in polymeric materials. CNT reinforced polymer composites 

having very low density, high strength and modulus make desirable material for 

aerospace and transport applications [51]. However, chemical inertness of CNT 

surface and its tendency to form bundles are the main restrictions that limit its 
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applications to polymer composites. Several chemical modifications are applied to 

CNT surface to overcome the dispersion problem in polymeric matrices [52, 53]. 

Another advantage of surface modification is the size reduction (shortening) of the 

carbon nanotubes that improves their reinforcing effect for polymers [54]. 

 

Several publications about CNT reinforced TPU composites produced by melt 

compounding exist in which CNT was used both as pristine [55-59] and as surface 

modified [60-62] forms. In these publications, several properties of these composites 

are reported but melt-flow behavior of CNT reinforced TPU composites have not 

been investigated yet. Dispersion and alignment of carbon nanotubes in polymer 

melt can be deduced from melt-flow index (MFI) behavior of composites in addition 

to control and establish of processing conditions [63]. 

 

2.1.2.2 Fullerene (C60) 

Fullerene is a member of carbon nanostructures family that has zero-dimensional 

structure. Research efforts based on fullerene chemistry with combination of 

macromolecular chemistry led to develop easily processable fullerene-containing 

polymeric materials [64]. However, organic modifications are required since pristine 

fullerene tends to form aggregates very easily and it is difficult to handle. Formation 

of self-aggregation causes poor miscibility of fullerene and limits its applications 

[65, 66]. 

 

Polymer composites containing fullerenes have great potential for versatile 

applications which include optical interrupters, polymer photoconductors, electrodes 

in lithium batteries, and electro-optical structures in nano-electronics and nonlinear 

optics [67, 68].  



 

10 

Fullerene has been used as additive in several thermoplastic polymers including 

polyethylene [69, 70], polypropylene [71, 72], polyamide [73] and poly(ethylene-co-

acrylic acid) [74] in which melt mixing method has been preferred.  

 

2.1.2.3 Carbon Fiber (CF) 

Since the development in the late 1950’s, modern carbon fibers (CF) have been used 

for advanced technologies thank to their extraordinary properties such as low 

density, high tensile strength and Youngs’ modulus [67]. Reinforcing ability of CFs 

for polymer composites mainly depends on interfacial adhesion between CF and 

polymeric matrix [75]. Formation of effecive interfacial adhesion between fiber and 

polymer is relatively harder for thermoplastic composites with respect to 

thermosetting ones. Fiber surface coated with resins should be compatible with 

polymer matrix to overcome that challange [76]. 

 

 Research efforts based on short CF reinforced thermoplastics has been increasing 

trend. Opportunity to use conventional techniques (extrusion, injection and 

compression molding) during processing of short fibers incorporated thermoplastic 

melts led to develop polymeric composites parts with the combination of light 

weight and mechanically strong materials practically. Thermoplastic and elastomer 

composites containing chopped CFs have great potential for versatile applications 

such as seismic isolators [77, 78], aircraft structures [79, 80] and nowadays they gain 

importance for fabrication of ultra-low weight automobile parts [81, 82]. 
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2.2 Thermoplastic Polyurethane (TPU) 

TPU is a block copolymer that has of alternating hard and soft segments in its 

structure. Hard segment is composed highly polarized groups such as low molecular 

weight glycols or diamine reacted with diisocyanate and they provide strengthening 

by crosslinking [83]. The soft segment is composed of polyester or polyether units. 

As a result of phase separation, hard segments are dispersed as microdomains in the 

structure and are held together by interchain hydrogen bonding [84]. 

 

Thermoplastic polyurethanes have desirable properties for many applications like 

excellent mechanical properties, chemical resistance and easy processibility. Beside 

these specialties, TPU is a fully recyclable polymer that makes it cost effective. 

Major TPU applications are across a range of markets including footswear, 

automotive, sporting goods, medical devices, tubes, hoses, wires, cables and medical 

devices in the form of sheets, films, or profiles.  

 

There are varieties of reactants derived from petroleum and/or renewable resources 

that are used for the production of TPU. If the polyol is produced from renewable 

resources, the TPUs are considered to be bio-based [6]. This property makes it 

possible for material researchers to develop recyclable eco-composites by 

incorporating natural resources into composite structures [85]. In addition to these 

general properties, polyurethanes can be used as an actuator with the addition of 

carbon based nanomaterials since they exhibit electro-striction effect [86], they can 

be used as electronic packaging material [87], and TPU can gain shape memory 

actuation when they are loaded with carbonaceous fillers [88, 89]. 

 



 

12 

2.3. Surface Modification Methods of Fillers 

2.3.1 Modification of Natural Fibers 

 

Surface treatments of natural fibers are widely used for the aim of enhancing their 

adhesion to polymer matrix [90]. Surface modifications can be applied to natural 

fibers by physical and chemical methods. Physical methods do not change the 

chemical composition of fibers. On the other hand, chemical methods introduce an 

intermediate layer to fiber surface to increase its compatibility with polymer [91, 92]. 

Several chemical modification methods including alkaline, silane, acetylation, 

benzoylation, peroxide, isocyanate, permanganate treatments are applied to natural 

fibers in order to achieve good adhesion along the phase boundary between their 

surface and polymeric matrix [93, 94].  

 

Alkaline treatment is the most common method for modifiying the surface of natural 

fibers. The orientation of the highly packed crystalline structure of the cellulose is 

modified with alkaline treatment. This method provides increase in roughness of 

fiber surface in addition to reduction of fiber diameter. Remarkable portion of 

hemicelluloses, lignin, pectin, wax and oils of the external surface of natural fiber 

were removed after application of this treatment which means that natural fiber 

surface become cleaner than its pristine form [37].  Ionization of hydroxyl group to 

alkoxide after reaction of sodium hydroxide with fiber cell is represented in Scheme 

2.1. 

 

Fiber-OH + NaOH            Fiber-O-Na + H2O + impurities 

Scheme 2. 1 The chemical reaction of sodium hydroxide with fiber cell. 
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Silane treatment is widely used effectively for man-made fibers as well as for natural 

fibers. Using silane coupling agents causes reduction for the amount of cellulose 

hydroxyl groups. After hydrolysis of alkoxy groups, silanol formation occurs and 

this group tends to react with cellulose hydroxyl group of fiber readily as represented 

in Scheme 2.2 [37]. 

 

RSi(OR)3   H2O RSi(OH)3 + 3ROH 

Fiber–OH + RSi(OH)3            Fiber–O–RSi(OH)2 + H2O 

   Scheme 2. 2 The chemical reaction of silane with fiber cell. 

 

Peroxides compose of ROOR group that decomposes readily in the presence of heat 

to form RO radicals. This radical tends to react with hydroxyl group of fiber as 

shown in Scheme 2.3. Peroxide treatment is generally applied to alkali pre-treated 

fibers using benzoyl peroxide/acetone solution [95]. 

 

RO–OR 2RO
.
 

Fiber–H + RO
.
              Fiber + R–OH 

   Scheme 2. 3 The chemical reaction of peroxide with fiber cell. 

 

Permanganate modification involves alkali pre-treated fibers being immersed in 

potassium permanganate/acetone solution for a short time. During this treatment, a 

Mn
3+

 ion forms which is highly susceptible to reaction with hydroxyl groups of fiber 

as represented in Scheme 2.4 [95].  

                   O 

        II 
Fiber–OH + KMnO4          Fiber–O–H–O–Mn–O–K

+ 

             II 
            O 

   Scheme 2. 4 The chemical reaction of permanganate with fiber cell. 
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2.3.2 Modification of Carbonaceous Fillers 

Several modifications of various form of carbon have been employed by the help of 

scientific and technological development on carbon based polymeric materials in last 

decades. Development of these materials is difficult because thermodynamic and 

kinetic barriers inhibit the dispersal of inorganic, often hydrophilic nanoparticles in 

hydrophobic polymer matrices [96]. Chemical modifications of carbonaceous fillers 

lead to enhance dispersion and thus result in better filler-polymer interactions on 

composite applications [97]. The main factors affecting the final mechanical 

properties of polymer composites are the degree of filler dispersion and the effective 

stress transfer at interface between filler and matrix material. The better filler 

dispersion and strong adhesion between matrix and fiber can be achieved via several 

physical and chemical methods.  

 

Oxidation of carbon nanotube allows the formation of new moieties on their surface 

wall. Thus, interfacial interactions between nanotube and other substances are 

improved. Chemical functionalizations after oxidation process open ways to localize 

several organic groups on CNT surface such as carboxylic acid, thionyl chloride, 

amines and organosilanes [98].  
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2.4 Production Methods of Polymer Composites 

There are several methods used for the production of polymer composites such as 

solution mixing, in-situ polymerization and melt blending. Melt mixing (extrusion) is 

the most practical application and the most suitable for the production of polymeric 

composite materials in large-scale among these methods.   

 

2.4.1 Extrusion 

Thermoplastics and elastomers are compounded using extrusion process. During the 

extrusion process, polymer melts and then mixed with several additives including 

fillers, colorants, anti-oxidants and other ingredients. This process gives opportunity 

to handle plastic materials as required shapes such as sheets, cables, profiles, films, 

fibers and pellets. 

 

During the extrusion process, polymer granules are fed into hopper part with the 

other additives and they are transferred by the help of rolling screw. Polymer and 

other ingredients are pulled by screw and go through a hole at the end of the barrel 

which referred as die. In addition to the external heat from outside the extruder 

barrel, rolling screw also causes additional heat which comes from the friction [99]. 

 

2.4.2 Injection Molding 

Thermoplastic materials are shaped using injection molding process for 

manufacturing parts by injecting molten material into a mold. There are several kinds 

of materials which are generally thermoplastics polymers used for injection molding. 

The material is melted in pre-heated barrel and molten plastic is fed into a mold by 

using proper pressure. According to cavity of mold, plastic material is taken a shape 

after cooling [100].  
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CHAPTER 3 

EXPERIMENTAL 

Experimental part of this thesis is composed of two parts. In the first part, surface 

treatment procedures of RS and FF, production and characterization methods of their 

composites are mentioned. Surface modification procedures of CNT, C60 and CF, 

preparation and characterization parameters of their composites are explained in the 

second part.  

 

3.1 TPU Green Composites 

 

3.1.1 Materials 

Eco grade TPU was used in green polymer composites production. The commercial 

thermoplastic polyurethane (Pearlthane® ECO D12T85) was obtained from 

Merquinsa (Barcelona, Spain). It has a density and hardness of 1.15 g/cm
3
 and 85 

(Shore A), respectively. It is composed of renewably-sourced polyols (Cerenol) with 

a content of 46% that determined according to ASTM D6866. 3-

Aminopropyltriethoxysilane (APTES) and ethanol were supplied by Merck. Reagent 

grade sodium hydroxide (NaOH), potassium permanganate (KMnO4), benzoyl 

peroxide (BPO4) and acetone were purchased from Sigma Aldrich. Rice Straw was 

obtained from the local sources in the region of Eskisehir, Turkey. Straws were 

chopped into 3-4 mm length by using a lab-scale grinder. Photograph of chopped RS 

used in this work is represented in Figure 3.1.  
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Figure 3.1 The photograph of chopped RS.  

 

Flax fiber was obtained as partially retted (brown flax) from the local sources in the 

region of Izmit, Turkey. Fiber portions were chopped into 3-4 mm length. 

Photograph of chopped FF used in this study is represented in Figure 3.2. 

 

 
Figure 3.2 The photograph of chopped FF. 
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3.1.2 Surface Modification Procedures of Natural Fillers 

 

3.1.2.1 Surface Modification of RS 

RS was washed and dried in order to remove the impurities before grinding process. 

RS were milled into 1-2 mm length using laboratory scale grinder. The pristine rice 

straw is coded as RS. The RS was treated with 2 wt % solution of NaOH for 120 

minutes under continuous mixing. The volume of the solution is 3 times that of RS. 

RS was then washed with water until all NaOH was eliminated. 2 ml of acetic acid 

were added to neutralize the last rinsing solution. The RS was air-dried at 80 ˚C for 

24 hours. Same drying conditions were applied after all slurry surface treatments. 

The alkaline treated RS was coded as Na-RS. During hot water treatment, Na-RS 

was stirred with hot water at 90 ˚C for 120 minutes. The hot water treated RS was 

coded as HW-RS. Na-RS is further modified by silane, benzoyl peroxide, and 

permanganate treatments. During silane treatment, Na-RS was mixed in 2 wt% 

aminopropyltriethoxysilane (APTES)/ethanol solution for 120 minutes at room 

temperature. After silane treatment, straw was washed with ethanol several times. 

The silane treated RS was coded as Si-RS. During benzoyl peroxide treatment, Na-

RS was immersed in 8 wt% benzoyl peroxide solution of acetone for 40 minutes at 

room temperature. Excess peroxide contamination was removed by washing with 

acetone and dried at room temperature overnight. The RS as coded as BP-RS. During 

permanganate treatment, Na-RS sample was stirred in 0.1 wt% of potassium 

permanganate/acetone solution for only 2 minutes. After fast cleaning of straws with 

excess acetone, they were dried at room temperature overnight and named as PM-

RS. 
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3.1.2.2 Surface Modification of FF 

After washing and drying to remove impurities, all flax fiber portions were chopped 

into 3-4 mm length. The pristine flax fiber is coded as FF. Alkaline treatment was 

applied to flax fiber by continuous mixing in 2% solution of NaOH for 120 minutes. 

The volume of the solution is equivalent to 3 times that of FF. After several 

washings, all NaOH was eliminated and a few drops of acetic acid were added to 

neutralize the last rinsing solution. The FF was air-dried at 80 
o
C for 24 hours. Same 

drying conditions were applied after all slurry surface treatments. The alkaline 

treated FF was coded as Na-FF. Na-FF was further modified by silane, benzoyl 

peroxide, and permanganate treatments. During silane treatment, Na-FF was mixed 

in 2% APTES/ethanol solution for 120 minutes at room temperature. After silane 

treatment, it was washed with ethanol several times and was dried at 100°C 

overnight for solvent removal and was coded as Si-FF. Na-FF was immersed in 8% 

benzoyl peroxide solution of acetone for about 40 minutes during benzoyl peroxide 

treatment. Excess peroxide contamination of fiber surface was removed by washing 

with acetone and drying at room temperature overnight. Benzoyl peroxide treated FF 

named as BP-FF. During permanganate treatment, Na-FF was stirred in 0.1 wt% 

potassium permanganate/acetone solution for only 2 minutes. After sudden cleaning 

of fibers with excess acetone, they were dried at room temperature overnight and 

coded as PM-FF.  

 

 

3.1.3 Production of TPU Green Composites 

TPU was dried at 100˚C for 2 hours prior to compounding. TPU based composites 

were prepared through the melt mixing in a counter rotating twin screw 

microextruder (15 ml microcompounder, DSM Xplore, Netherlands) at a screw 

speed of 100 rpm at 200˚C for 5 minutes (Figure 3.3). Filler loadings were kept 

constant at 30% by weight in all compounds. Test samples were prepared by 
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injection molding instrument (Microinjector, Daca Instruments) at a barrel and mold 

temperature of 210˚C and 40˚C, respectively (Figure 3.4). Injection pressure of 5 bar 

were applied. Injection molded dog-bone shape specimens with dimensions of 

7.4×2.1×80 mm
3
 were prepared for tensile testing, hardness test, water absorption 

measurements and DMA. 

 

 
Figure 3.2 The photograph of the lab-scale twin screw extruder. 
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Figure 3.3 The photograph of the micro- injection molding machine. 

 

3.1.4 Characterization Methods 

 

3.1.4.1 FTIR Analysis 

FTIR measurements in attenuated total reflectance (ATR) mode were performed 

using a IR-spectrometer (Bruker VERTEX 70) at a resolution of 2 cm
-1 

with 32 scans 

between 600-3800 cm
-1

 wavenumbers.  

 

3.1.4.2 Scanning Electron Microscopy (SEM) 

Modified and untreated surfaces of fillers and cyro-fractured surfaces of composites 

were examined by a field emission scanning electron microscope (FEI Quanta 400F). 

Before SEM photographs were taken, sample surfaces were coated with a thin layer 

of gold in order to obtain a conductive surface. The SEM photographs were taken at 

different magnifications varied from x1,000 to x5,000. 
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3.1.4.3 Optical Microscopy 

Surfaces of flax fiber and rice straw before and after treatments were examined using 

a computer-controlled optical microscope (Veho VMS-004D). Photographs were 

taken at x20 and x400 magnifications. 

 

3.1.4.4 Tensile Test 

The measurements of the tensile properties were carried out using Lloyd LR 30 K 

universal tensile testing machine with load cell of 5 kN at crosshead speed of 5 

cm/min according to the standard of ASTM D-638. Tension tests were conducted on 

dog-bone shaped samples (7.4×2.1×80 mm
3
) as represented in Figure 3.5. Tensile 

strength, percentage elongation at break and tensile modulus values were recorded. 

All the results represent an average value of five samples with standard deviations. 

 

 

Figure 3.5 The photograph of tensile test machine. 
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3.1.4.5 Hardness Test 

Shore hardness measurements were performed using Zwick digital Shore hardness 

tester according to ISO 7619-1 standard. 

 

3.1.4.6 Dynamic Mechanical Analysis (DMA) 

Dynamic mechanical properties of composites were determined by dynamic 

mechanical thermal analyzer (DMA 8000, Perkin Elmer) from -70°C to 150°C in 

dual cantilever bending mode at a constant frequency of 1 Hz and heating rate of 

10°C/min. The samples with dimensions of 50×7.5×2.5 mm
3
 were obtained by 

injection molding. 

 

3.1.4.7 Melt Flow Index Test (MFI) 

Melt flow property measurements were studied using Meltfixer LT, Coesfield 

Material Test (Figure 3.6). The test was carried out at process temperature of 

composites under specified load of 5 kg. The MFI values of TPU and its composites 

reported are the average of ten measurements. 
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Figure 3.6 The photograph of melt flow indexer. 

 

3.1.4.8 Water Absorption Test 

Test specimens with dimensions of 7.4×2.1×80 mm
3
 were conditioned according to 

ASTM D570 procedure in order to determine the water absorption properties of 

composites. They were immersed in water bath (Figure 3.7) at room temperature, 

periodically taken out from the water, wiped with tissue paper to remove their 

surface water, reweighed and immediately put back into water repeatedly. The pre-

dried (W0) was determined and used to calculate the degree of water absorption as 

the following formula:  

Water Absorption (%) = (Wf-W0) × 100 

                                             W0        

where Wf is the mass of the sample after immersion. 
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Figure 3.7 The photographs of water absorption test. 

 

3.2 CFR TPU Composites 

 

3.2.1 Materials 

Polyester-based thermoplastic polyurethane (Texalan® 485A) was used in 

carbonaceous fillers reinforced composites. It was obtained from Pasific (Covina, 

USA). It has a density and hardness of 1.20 g/cm
3
 and 85 (Shore A), respectively.  

Multiwall carbon nanotube (NC7000) was purchased from Nanocyl, USA (180–200 

mesh) and fullerene carbon soot was supplied by Acros Organics (USA) (180–200 

mesh). Commercially epoxy (EP-CF) and polyurethane (PU-CF) sized chopped (3 

mm) carbon fibers were purchased from Dowaksa (Yalova, Turkey) used in this 

study. Nitric acid (HNO3, 65%), 3-Aminopropyltriethoxysilane (APTES), ethanol, 

1,2-dichloroethane and toluene were supplied by Merck. Polymeric Methylene 

Diphenyl Diisocyanate (pMDI) resin (Isonuh PM-200) has NCO content of 30-32 

g/100 g was obtained from Nuhpol, Turkey. 
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3.2.2 Surface Modification Procedures of Carbonaceous Fillers 

 

3.2.2.1 Surface Modification of CNT 

CNT was annealed at 450 ˚C for 4 hours before surface treatments. The pristine 

nanotube is coded as CNT. Chemical oxidation of CNT was carried out using similar 

oxidation routes in the literature [101-103].  

 

1.6 g of CNT was refluxed at 120 
0
C with 70 ml concentrated HNO3 solution for 48 

hours as shown in Figure 3.8. The mixture was diluted with distilled water and 

filtrated, then resulted product was washed with distilled water and dried under 

vacuum for 2 hours. The Nitric acid treated CNT was coded as HN-CNT. During 

silane treatment, HN-CNT was mixed in 2 wt% APTES/ethanol solution for 80 

minutes with ultrasonication at room temperature. After silane treatment, product 

was washed with ethanol several times. The silane modified CNT was coded as Si-

CNT.  

 

 
Figure 3.8 Surface modification of CNT. 
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3.2.2.2 Surface Modification of C60 

Fullerene soot was annealed at 450 ˚C for 4 hours, initially. The pristine fullerene is 

coded as C60.  Chemical oxidation of fullerene was carried by using similar methods 

employed by Soylemez et al. [102] and others [103, 104].  

 

1.6 g of C60 was refluxed at 120 
0
C with 70 ml concentrated HNO3 solution for 48 

hours that can be seen in Figure 3.9. The mixture was diluted with distilled water and 

filtrated, and then the product was washed with distilled water and dried under 

vacuum for 2 hours. The nitric acid treated fullerene was coded as HN-C60. During 

silane treatment, HN-C60 was mixed in 2 wt% APTES/ethanol solution for 80 

minutes with ultrasonication at room temperature. After silane treatment, product 

was washed with ethanol several times. The silane modified fullerene was coded as 

Si-C60.  

 

 
Figure 3.9 Surface modification of C60. 
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3.2.2.3 Surface Modification of CF 

Commercially sized chopped CF was annealed at 450 ˚C for 4 hours initially for 

removal of sizing layer. Samples were subjected to 1,2-dichloroethane to obtain 

clean surface and this CF portion was named as DS-CF. Prior to surface treatment, 

chemical oxidation of DS-CF was carried out by applying reflux with nitric acid for 

1 hour. During isocyanate treatment, acid treated DS-CF was mixed in 8% 

pMDI/toluene solution for 80 minutes at 55 
o
C. Excess pMDI contamination of fiber 

surface was removed by washing with toluene and was dried at 100°C overnight for 

solvent removal. Isocyanate treated CF was named as MD-CF. During curing 

process of isocyanate layer at CF surface, MD-CF was heated in oven at 180 
o
C for 

only 10 minutes and named as CM-CF.   

 

3.2.3 Preparation of CFR TPU Composites 

TPU was dried at 100˚C for 2 hours prior to compounding. TPU based composites 

were prepared using melt mixing in a counter rotating twin screw microextruder (15 

ml microcompounder, DSM Xplore, Netherlands) at a screw speed of 100 rpm at 

210˚C for 8 minutes. Carbon based fillers were incorporated at four different 

compositions in TPU matrix. Test samples were prepared by injection molding 

instrument (Microinjector, Daca Instruments) at a barrel and mold temperature of 

215˚C and 40˚C, respectively. Injection pressure of 5 bar were applied. Injection 

molded dog-bone shape specimens with dimensions of 7.4×2.1×80 mm
3
 were 

prepared. 
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3.2.4 Characterization Methods 

 

3.2.4.1 FTIR Analysis 

FTIR analysis in attenuated total reflectance (ATR) mode were performed by using 

IR-spectrometer (Bruker VERTEX 70) at a resolution of 2 cm
-1 

with 32 scans 

between 600 and 3800 cm
-1

 wavenumbers.  

 

3.2.4.2 SEM/Energy Dispersive X-ray Spectroscopy (EDX) 

Modified and unmodified surfaces of carbonaceous fillers and cyro-fractured 

surfaces of composites were examined by a field emission scanning electron 

microscope (FEI Quanta 400F). The SEM photographs were taken at different 

magnifications varied from x1,000 to x50,000. Elemental analysis was carried out at 

the indicated spots in SEM micrographs by EDX technique. 

 

3.2.4.3 Tensile Test 

Tensile test was carried out using Lloyd LR 30 K universal tensile testing machine 

with load cell of 5 kN at crosshead speed of 5 cm/min according to the standard of 

ASTM D-638. Tension tests were conducted on dog-bone shaped samples 

(7.4×2.1×80 mm
3
). Tensile strength, percentage elongation at break and tensile 

modulus values were recorded. All the results represent an average value of five 

samples with standard deviations.  

 

3.2.4.4 Hardness Test 

Shore hardness values of composites were determined using an electrical Shore 

hardness tester (Zwick digital hardness tester) according to ISO 7619-1 standard.  
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3.2.4.5 DMA 

Dynamic mechanical properties of CF containing composites were determined by 

dynamic mechanical thermal analyzer (DMA 8000, Perkin Elmer) from -70°C to 

150°C in dual cantilever bending mode at a constant frequency of 1 Hz and heating 

rate of 10°C/min. The samples with dimensions of 50×7.5×2.5 mm
3
 were obtained 

by injection molding. 

 

3.2.4.6 MFI Test 

Melt flow property measurements were studied by Meltfixer LT, Coesfield Material 

Test. The test was carried out at process temperatures of composites under specified 

load of 5 kg. The MFI values of TPU and its composites reported are the average of 

ten measurements. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

Initially, the surface properties of fillers before and after treatments were 

investigated using several chemical and physical characterization methods. Fourier 

transform infrared spectroscopy (FTIR), energy dispersive X-ray spectroscopy 

(EDX), optical and scanning electron microscopy (SEM) techniques were used to 

obtain surface characteristics of neat and modified fillers. 

 

Mechanical properties of composites were evaluated by performing tensile and 

hardness tests. Dynamic mechanical analysis results were also reported for thermo-

mechanical characterization of the composites. Water uptake capacities of the eco-

composites were discussed. Tensile testing was also applied to green composites 

after water absorption test and results were compared. Melt flow rates of TPU and 

the composites were reported and their processabilities were examined. Dispersion of 

the fillers and their adhesion to TPU matrix were discussed by means of SEM 

micrographs of cyro-fractured surfaces of the composites. 
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4.1 TPU Green Composites 

4.1.1 Characterization of RS Surface 

 

4.1.1.1 FTIR Analysis 

The FTIR spectra of RS and surface treated RS samples are shown in Figure 4.1. 

Absorption bands at 800, 1040, 1615, 2900 and 3300 cm
-1

 are the characteristic 

peaks for both treated and untreated samples. However, the intensities of the 

characteristic peaks are different. The peak at around 800 cm
-1

 arising from bending 

mode of C-H group in lignin is not seen in the FTIR spectra of alkali treated RS due 

to the partial dissolution of hemicellulose, lignin and pectin. The intensity of peaks at 

1040 and 3300 cm
-1

, which are the characteristic peaks of -OH stretching, increase 

with alkaline, hot water and permanganate treatments. Relatively low intensity bands 

are seen at 1040, and 3300 cm
-1

 for Si-RS and BP-RS due to the chemical 

modification of hydroxyl groups in cellulose and lignin with silane coupling agent 

and benzoyl peroxide [105-107]. 
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Figure 4.1 The FTIR spectra of pristine and modified RS.  

 

4.1.1.2 Image Analysis by Optical Microscopy and SEM 

Optical photographs of rice straws with magnifications of (a) x20, (b) x400; 1-

Untreated RS, 2-Na-RS, 3-HW-RS, 4-Si-RS, 5-BP-RS, 6-PM-RS are shown in 

Figure 4.2. Color change of treated straw surfaces is the main observation that can be 

seen in optical photographs in Figure 4.2. 
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Figure 4.2 Optical photographs of pristine RS and treated RS samples. 

 

SEM images of rice straw surfaces with magnifications of (c) x1000 (d) x5000; 1-

Untreated RS, 2-NaOH treated RS, 3-Hot water treated RS, 4-Silane treated RS, 5-

Benzoyl peroxide treated RS, 6-Potassium permanganate treated RS are shown in 

Figure 4.3. According to SEM images, the surfaces of straws become rougher and 

cleaner after alkaline and hot water treatments. The ordered white dots which are 

rich in silica [108] can be seen on the surface of treated RS with the removal of outer 

surface. The further treatments made on Na-RS does not alter the surface 

morphology of RS. 

 

4 

5 6 
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Figure 4.3 SEM micrographs of pristine RS and treated RS samples. 

 

4.1.2 Effect of Surface Treatments on Mechanical, Physical and Water Uptake 

Properties of TPU/RS Green Composites 

 

4.1.2.1 Tensile Test 

The stress–strain curves of the composites are shown in Figure 4.4 and the relevant 

tensile test data are listed in Table 4.1.  
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Figure 4.4 Stress-strain curves of TPU/RS composites. 

 

It is seen from Table 4.1; the addition of both modified and unmodified RS reduces 

the tensile strength and elongation at break and increases the Youngs’ modulus with 

respect to pristine TPU. The reduction in tensile strength arises from incompatibility 

between the hydrophilic fiber and the hydrophobic matrix [29, 30]. The previous 

studies show that the lignocellulosic filler with higher stiffness than the matrix can 

increase the tensile modulus of the composites [109-111]. With alkaline and hot 

water treatments, the tensile strength and Youngs’ modulus are improved with 

respect to TPU/RS composite. After alkaline and hot water treatment, the surface of 

RS becomes rougher (Figure 4.3) and hemicellulose portion which reduces the 

adhesion between lignocellulosics and polymer matrix is removed [112]. Thus, both 

hot water and alkaline treatments improve the wetting of RS and increase the 

adhesion between phases. In order to improve the wetability and adhesion, Na-RS 

fiber is further modified by silane, benzoyl peroxide and permanganate treatments. 

Among these treatments, the greatest increase in tensile strength and Youngs’ 

modulus is observed for Si-RS containing composite [113].  
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Table 4.1 Tensile properties of TPU and TPU/RS composites. 

SAMPLES 
Tensile Strength 

(MPa) 

Elongation at break 

(%) 
Youngs’ modulus 

(MPa) 

TPU  24.82.2/24.53.5* 424.022.3/421.820.9* 57.83.4/57.24.1* 

TPU/RS 18.31.9/14.12.3* 57.47.8/107.311.0* 125.26.9/154.77.3* 

TPU/Na-RS 21.62.0/17.11.6* 49.24.8/50.84.0* 167.15.8/165.95.5* 

TPU/HW-RS 20.51.8/17.61.5* 48.85.7/45.26.2* 162.85.1/128.64.4* 

TPU/Si-RS 22.52.1/18.81.8* 44.85.4/40.63.9* 176.87.0/168.36.4* 

TPU/BP-RS 17.31.5/14.61.4* 119.39.8/116.88.9* 62.23.2/58.14.0* 

TPU/PM-RS 19.01.9/16.31.7* 76.88.0/88.28.8* 112.65.2/86.44.3* 

*: Test results of samples water absorption test applied. 

 

Tensile test results performed after water absorption test are also reported in Table 

4.1. It can be clearly seen that the tensile values of TPU are almost identical after 

water absorption. All composites containing RS have lower tensile strength and 

Youngs’ modulus values than TPU after water absorption. The reductions in tensile 

strength and Youngs’ modulus are observed in RS containing composites is, on the 

average, about 20 %. Water immersion of samples generally resulted in variable 

values. It is not possible to generalize their strain values. Untreated straw containing 

composite shows a bit different character that its elongation and modulus values are 

raised sharply. This result probably caused from penetration of water into large gaps 

between straw and matrix due to poor interfacial interaction [113]. 

 

4.1.2.2 Hardness Test 

Shore hardness is the characteristic parameter for elastomers and their composites. 

Hardness values of TPU and TPU/RS composites are listed in Table 4.2. Hardness of 

TPU increases with the incorporation of both untreated and treated RS. Composite 

containing alkali treared RS give slightly higher hardness value than that of TPU/RS. 
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HW-RS loaded composite exhibit the highest value which leads to about 10 units 

increase in Shore A hardness of TPU. It is clearly seen from Table 4.2 that the 

addition of silane treated RS addition to TPU also causes sharp increase, and 

hardness values of TPU/RS and TPU/BP-RS are almost identical. Composite 

containing PM-RS give the lowest value among treatments but it has higher hardness 

value than neat TPU [114]. 

 

Table 4.2 Shore A hardness of TPU and TPU/RS composites. 

TPU TPU/RS 
TPU/ 

Na-RS 

TPU/ 

HW-RS 

TPU/ 

Si-RS 

TPU/ 

BP-RS 

TPU/ 

PM-RS 

85.90.2 89.30.1 89.70.2 95.50.2 92.20.1 89.20.2 88.40.2 

 

4.1.2.3 DMA 

The storage modulus versus temperature graphs of TPU and its composites are 

shown in Figure 4.5. The inclusion of pure and surface modified RS in TPU matrix 

except for BP-RS increase the storage modulus of pure TPU. The storage modulus 

results are in accordance with the tensile modulus results. The highest storage 

modulus is observed for Si-RS containing sample due to the increase in compatibility 

between RS and TPU [113].   
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             Figure 4.5 Storage modulus-temperature curves of TPU and TPU/RS 

composites. 

 

Damping properties of composites were analyzed with their Tan δ versus 

temperature curves which are shown in Figure 4.6. It can be seen from these graphs 

that Tan δ increases with all surface treatments. Glass transition temperature (Tg) of 

the composites shifts to a bit higher temperatures with the addition of surface treated 

rice straws. The shiftings of Tg are more significant for Na-RS, HW-RS and Si-RS 

loaded composites. Another observation from Figure 4.6 is TPU/Na-RS and TPU/Si-

RS showed two peaks in the graphs. This may be caused from the stabilizing 

capability of rice straw after glass transition temperature. Similar result was also 

observed by A. Shakoor et al. for PLA/hemp fiber composites [115]. These 

observations can be explained by the hindrance of chain motions of TPU due to 

increased interfacial interactions. 
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          Figure 4.6 Tan δ-temperature curves of TPU and TPU/RS composites. 

 

4.1.2.4 MFI Test 

MFI values are important in order to determine the processing parameters of the 

polymer composites in industrial applications where extrusion of the material is the 

preferred processing method. MFI values of pure TPU and its composites at process 

temperature (200 ˚C) are given in Figure 4.7. It is clear that MFI values of all the 

composites are much higher than that of neat TPU due to the orientation of RS along 

the flow line. Alkaline, hot water and silane treatments cause gradual increase in 

MFI values with respect to TPU/RS composite. On the other hand, benzoyl peroxide 

and permanganate treatment cause slight decrease in MFI values. It is seen that there 

is a correlation between the adhesion and MFI values. Melt viscosity decreases by 

addition of surface treated RS which tend to interact stronger with TPU due to fiber-

matrix adhesion rather than fiber-fiber adhesion [113].  
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Figure 4.7 MFI values of TPU and TPU/RS composites. 

 

4.1.2.5 Water Absorption Test 

The water uptake of TPU and its composites in 60 days period of time is shown in 

Figure 4.8. According to Figure 4.8, TPU absorbs at about 1 wt% water in a few 

days and reaches its maximum capacity. All surface modifications reduce the water 

uptake with respect to TPU/RS. Water absorption is mainly related to hydrogen 

bonding of water molecules to the hydroxyl groups present on lignocellulosics and 

the compatibility between matrix and the reinforcing material. Although NaOH and 

hot water treatments make RS more hydrophilic, the water uptake is reduced after 

these treatments due to the reduction in the number of capillaries (pores) in the 

composite structure which makes suction effect. It is clearly seen that the composite 

containing Si-RS absorbs much less water due to well-known hydrophobicity of 

silane coupling agent and the increase in compatibility. Because of poorer adhesion 

and formation of gaps between fiber and matrix for BP-RS and PM-RS containing 

composites as claimed from SEM images, their water uptake capacities are found as 

higher with respect to other treated RS loaded composites [114].  
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Figure 4.8 Water uptake curves of TPU and TPU/RS composites. 

 

4.1.2.6 SEM Analysis 

The effect of surface treatments on the morphology of the composites is studied by 

SEM. Representative SEM micrographs of fracture surfaces of selected TPU/RS 

composites are shown in Figure 4.9. It is observed that gaps formed between straw 

particles and TPU matrix in RS, BP-RS, PM-RS containing composites due to poor 

adhesion between TPU and RS. TPU covers the surface of Na-RS, HW-RS and Si-

RS. This observation indicates that alkaline, hot water and silane treatment greatly 

improve the interfacial adhesion between straw and polymer matrix. These findings 

provide qualitative evidence for the mechanical, flow and water absorption 

properties of composites.  
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Figure 4.9 SEM micrographs of TPU/RS composites 
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4.1.3 Characterization of FF Surface 

 

4.1.3.1 FTIR Analysis 

The FTIR spectra of FF and surface treated FF samples are shown in Figure 4.10.  

Absorption bands from 400 cm
-1 

to 1800 cm
-1 

range in which oxygen functionalities 

observed such as C–O stretching at broad peak from 900 cm
-1 

to 1200 cm
-1

,  COO–

asymmetric stretching and C=O stretching vibrations at 1620 cm
-1 

and 1730 cm
-1

,
 

respectively. Absorption increments of these oxygen related peaks for Na-FF, PM-

FF and BP-FF are clearly seen from the spectra. Intensities of these peaks are 

relatively low for Si-FF that may indicates the silane coupling agent chemically 

modified the surface hydroxyl groups of cellulose and lignin. The carbonyl 

stretching vibration peak at 1730 cm
-1

 present for PM-FF only due to the oxidation 

of alcohol groups to C=O groups during permanganate treatment [116, 117]. The 

intensity of band at 1420 cm
-1

 assigned to COO- group is slightly increased because 

of the alkali treatment. The band at 1270 cm
-1

 indicates the C–O stretching mode of 

COO– group of hemicellulose that is observed for all of the treated fibers [118]. 
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Figure 4.10 FTIR spectra of FF samples. 

Broad band that centered at around 3300 cm
-1

 is the characteristic hdroxyl group 

stretching that observed as more intense for Na-FF, PM-FF and BP-FF. Relatively 

low intensity of this band for Si-FF is the observation that indicates the chemical 

modification of cellulose and lignin hydroxyl groups with silane coupling agent and 

formation of siloxane units. Appearance of another broad absorption band in the 

range of 2800 cm
-1

 and 3000 cm
-1 

is attributed to –CH2 fluctuations of lignin [119]. 

Shifting of C–H stretching absorption band at 2900 cm
-1 

for PM-FF may due to 

hemicellulose removal during permanganate treatment [117]. These observations 

indicate that all treatments except for silane treatment resulted in increase of hydoxyl 

groups.  

 

4.1.3.2 Image Analysis by Optical Microscopy and SEM 

Optical photographs of pristine FF and alkaline treated FF are shown in Figure 4.11. 

It can be observed in these images that alkaline treatment caused fibrillation along 

the individual fibers beside the color change. 
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Figure 4.11 Optical photographs of pristine and alkali modified FF. 

 

 

SEM images of untreated FF and surface treated FFs are shown in Figure 4.12. 

According to SEM images, the surfaces of fibers become rougher after alkaline and 

other treatments due to the partial removal of soluble components. 

 

3 4 

5 6 
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Figure 4.12 SEM micrographs of FF surfaces. 
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4.1.4 Effect of Surface Treatments on Mechanical, Physical and Water Uptake 

Properties of TPU/FF Green Composites 

4.1.4.1 Tensile Test 

The stress–strain curves of TPU/FF composites are shown in Figure 4.13 and the 

relevant tensile test data are listed in Table 4.3. 

 

Figure 4.13 Stress-strain curves of TPU/FF composites. 

 

It is seen from Figure 4.13 that all treatment methods sharply increases the tensile 

strength values of composites with respect to untreated FF. This result shows that 

applied surface treatments improved the fiber-matrix interactions. The greatest 

increase in tensile strength is observed for Si-FF containing composite with 

approximately 28% increase compared to that of untreated FF containing composite. 

It is also seen that permanganate and peroxide treatments resulted in significant 

increase in tensile strength values. Surface treatments cause fibrillation of flax along 

the main axis at the fibers as mentioned earlier (Figure 4.11). This fibrillation also 
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increases the strength of the composites physically in addition to enhanced chemical 

interactions between fiber surface and polymeric matrix [120]. In the case of percent 

elongation values; alkali-treated FF containing composite has the highest strain 

where other treatments resulted in a decrease compared to untreated FF containing 

composite.  It is clearly seen that surface modifications cause some increase in 

Youngs’ modulus and all the composites have greater modulus than the unfilled TPU 

[121]. 

 

Table 4.3 Tensile properties of TPU and TPU/FF composites. 

SAMPLES 
Tensile Strength 

(MPa) 

Elongation at break 

(%) 
Youngs’ modulus 

(MPa) 

TPU  24.82.2/24.53.5* 424.022.3/421.820.9* 57.83.4/57.24.1* 

TPU/FF 18.11.7/17.42.0* 141.08.4/240.710.5* 121.66.1/57.76.6* 

TPU/Na-FF 20.02.4/18.21.4* 155.95.7/303.96.9* 104.84.5/47.63.2* 

TPU/Si-FF 23.12.2/19.11.3* 87.64.0/105.05.2* 115.86.1/62.34.9* 

TPU/BP-FF 22.11.9/18.61.8* 110.97.3/123.67.0* 114.54.2/60.63.8* 

TPU/PM-FF 22.42.0/18.81.5* 96.36.4/127.97.6* 100.55.3/60.53.7* 

*: Test results of samples water absorption test applied. 

 

The basic stress–strain characteristics like tensile strength, Youngs’ modulus and 

elongation at break values of the composites are compared with those that are after 

water absorption and reported in Table 4.3. It is not surprising that immersion of 

TPU in water even for a long time did not affect the mechanical properties. All the 

tensile values of neat TPU are identical to those that are after water absorption. 

Water immersion of the composites generally results increase in strain while 

decreasing in strength and Youngs’ modulus. Si-FF containing composite is the one 

that strain with no significant increase took place because of hydrophobic nature of 

silane-treated surface [121]. Some studies reported that immersion of polymer/flax 

fiber composites in water caused significant decrease in mechanical properties which 

was not the case in our experiments [122-124].  
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4.1.4.2 Hardness Test 

Hardness values of TPU and TPU/FF composites are listed in Table 4.4. It can be 

seen from these values that hardness of TPU increases with the addition of both 

untreated and treated FF.  Hardness values of TPU/FF and TPU/Na-FF are almost 

identical. Silane treated FF loaded composite exhibited the highest value which leads 

to 6.4 units increase in Shore A hardness of TPU. Composite containing BP-FF gave 

slightly lower hardness value than that of TPU/FF. It is clearly seen from Table 4.4 

that permanganate treatment caused sharp decrease that hardness of its composite is 

lower than unmodified FF containing composite. 

 

Table 4.4 Shore A hardness of TPU and TPU/FF composites. 

TPU TPU/FF TPU/Na-FF TPU/Si-FF TPU/BP-FF TPU/PM-FF 

85.90.2 90.10.1 89.90.2 92.30.1 89.60.1 82.50.3 

 

4.1.4.3 DMA 

The storage modulus versus temperature graphs of TPU and its composites are 

shown in Figure 4.14. Storage modulus of TPU and its composites drop down 

sharply around -40 
0
C that corresponds to glass transition temperature of polymer. 

Storage modulus of surface modified FF filled composites is higher than unfilled 

TPU and TPU/FF. The storage modulus results are in accordance with the tensile 

modulus results. The highest storage modulus is observed for Si-FF containing 

composite due to enhanced interfacial compatibility of fiber with TPU. These strong 

chemical interactions result improvement in stiffness and elastic modulus [121].  
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             Figure 4.14 Storage modulus-temperature curves of TPU and TPU/FF 

composites. 

 

Damping properties of composites are analyzed with their tan δ versus temperature 

curves which are shown in Figure 4.15. It can be seen from these curves that tan δ 

increases with all surface treatments. Tg of the composites shifts to a bit higher 

temperatures with the additon surface treated flax fibers. This observation can be 

explained by the hinderance of chain motions of TPU due to increased interfacial 

interactions. The study made by Wielage et al. supports this conclusion. They 

investigated the dynamic mechanical properties of FF reinforced polypropylene 

composites. In their study, coupling agent was added to improve wetting of fibers 

with polypropylene matrix. They showed that the Tg and tan δ values of the 

composites increase by the addition of coupling agent [125]. 
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          Figure 4.15 Tan δ-temperature curves of TPU and TPU/FF composites. 

 

4.1.4.4 MFI Test 

MFI values of pure TPU and its composites at process temperature (200 
o
C) are 

given in Figure 4.16. It is clear that MFI values of all the composites are much 

higher than that of neat TPU due orientation of flax fibers along the flow lines owing 

to their high aspect ratio. Alkaline and silane treatments cause slight decrease where 

benzoyl peroxide and permanganate treatment cause sharp decrease in MFI values 

with respect to untreated FF loaded composite. The most probable reason for this 

observation may be the stronger interactions of surface treated elementary fibers due 

to fiber-matrix adhesion rather than fiber-fiber adhesion. On the other hand, melt 

viscosity of composites increase due to bundle formation of untreated fibers in TPU 

matrix [121]. 
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Figure 4.16 MFI values of TPU and TPU/FF composites. 

 

4.1.4.5 Water Absorption Test 

The water absorption curves of TPU and TPU/FF composites in 30 days period of 

time are shown in Figure 4.17. As can be seen in these curves, TPU absorbed about 1 

% water rapidly in a few days and reached its maximum capacity. Untreated flax 

fiber containing composite gives the greatest water uptake value at around 6% at the 

end of the test due to formation of micro voids between fiber surface and polymer 

matrix. Permanganate and peroxide treatments cause almost no change in water 

absorption results as compared with alkaline treatment. It is found that all these three 

treatments are almost identical at around 5% at the end of the experiment. It is 

clearly seen that the composite containing silane treated flax fiber absorbs much less 

water with respect to other composites at around 4%. This result may not be 

surprising because of the well-known hydrophobicity of silane coupling agent [121]. 
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Figure 4.17 Water uptake curves of TPU and TPU/FF composites. 

 

4.1.4.6 SEM Analysis 

SEM micrographs of fracture surfaces of selected TPU/FF composites are shown in 

Figure 4.18. It is clearly seen that gaps formed between untreated fiber and matrix 

which indicates poor adhesion between TPU and flax fiber. TPU covers and wets the 

surface of fibers where in the case of surface modified fibers. This observation 

indicates that alkaline and silane treatments greatly improve the interfacial adhesion 

between flax fiber and polymer matrix. These findings provide qualitative evidence 

for the mechanical, flow and water absorption properties of composites that are 

discussed in earlier sections.  
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Figure 4.18 SEM micrographs of TPU/FF composites. 
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4.2 CFR TPU Composites 

4.2.1 Characterization of CNT Surface 

 

4.2.1.1 FTIR Analysis 

FTIR spectra of CNT and surface treated CNT samples are shown in Figure 4.19.  

The three intense peaks at 1580, 1630 and 2860 cm
-1

 are the characteristic CNT 

peaks that correspond to C–C stretching vibration, C=C stretching vibration and 

symmetric –CH2 stretching vibrations, respectively [56]. Absorption band from 1000 

cm
-1

 to 1200 cm
-1

 range in which oxygen functionalities observed such as C–O 

stretching at broad peak around 1000 cm
-1

. This peak is indicative of the presence of 

oxygen on pristine CNT surface. The peak for adsorbed oxygen for HN-CNT is 

clearly seen. Si–O–Si and Si–O–C vibration bands at 1050 cm
-1

 and 1100 cm
-1

 for 

Si-CNT are only due to formation of siloxane units after silane treatment
 
[126, 127]. 

Absorption band at 800 cm
-1

 indicates the Si–OH bond which corresponds to 

hydrolyzed silane portion during silanization [128].  
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Figure 4.19 FTIR spectra of CNT samples. 

 

Broad band that centered at around 3200 cm
-1 

is the characteristic hydroxyl group 

stretching that is observed as a more intense peak for HN-CNT than Si-CNT. 

Appearance of another –OH functionality band at 1380 cm
-1

 is observed as broader 

for acid treated CNT. Relatively low intensity of this band for Si-CNT is caused 

from the chemical modification of surface hydroxyl groups with silane coupling 

agent. These observations indicate that all the treatments resulted in increase of 

hydoxyl groups where silane modification caused slight reduction of these groups by 

chemical bond formation.   

 

4.2.1.2 SEM/EDX Analysis 

According to elemental analysis in Table 4.5 (see also Appendix A) it is clearly 

observed that oxygen content raise about two-fold for HN-CNT which indicates the 

hydroxyl group formation on CNT surface after nitric acid modification. Remarkable 

silicon percentage was observed for Si-CNT may be due to the formation of siloxane 

units at CNT surface after silanization. 



 

60 

Table 4.5 SEM/EDX results of CNT and surface modified CNTs. 

SAMPLES 
C 

Wt%/At% 

O 

Wt%/At% 

Si 

Wt%/At% 

CNT 91.87 /94.28 6.38 /4.92 0 /0 

HN-CNT 87.59 /90.51 11.99 /9.30 0 /0 

Si-CNT 79.14 /85.41 14.13 /11.45 5.01 /2.31 

 

SEM images with 50,000 magnifications of pristine and surface treated CNT 

samples are shown in Figure 4.20. According to SEM images, HN-CNT and Si-CNT 

are seen in more bulky form relative to pristine CNT which may be caused from the 

increasing of intermolecular forces such as formation of hydrogen bonding with 

functionalizations of carbon nanotubes. 

 

Figure 4.20 SEM micrographs of pristine and modified CNTs. 

 

4.2.2 Effect of Surface Modifications on Mechanical and Physical Properties of 

TPU/CNT Composites 

 

4.2.2.1 Tensile Test 

Tensile test data of TPU and its composites are listed in Table 4.6. It is seen from the 

Table 4.6 that addition of both modified and unmodified CNT raised the tensile 

strength, elongation at break and Youngs’ modulus values with respect to pristine 

TPU. Tensile strength increase with surface treated CNT addition compared to 
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unmodified CNT filled composite. Thus, both nitric acid and silane treatments 

improve the wetting of CNT surface may attributed to increase of the adhesion 

between CNT and TPU at low loading levels. The highest strength result is obtained 

for Si-CNT containing composite at the lowest concentration (0.5 %). Tensile 

strength exhibits decreasing trend with further modified CNT loadings. The 

reduction in tensile strength at higher concentrations may arise from the starting of 

bundle formations due to decrease in interfacial interactions between two phases.  

 

Both pristine and surface funtionalized CNT additions to TPU are resulted in 

remarkable increase in elongation at break and Youngs’ modulus. Incorporating 

CNT to TPU leads to increase of Youngs’ modulus may due to restriction of chain 

motions. Contrary to tensile strength results, percent elongation and Youngs’ 

modulus values of TPU/CNT are slightly higher than those of surface modified CNT 

filled composites. It is not possible to generalize elongation and modulus behavior of 

unmodified and modified CNTs with respect to composition from tensile test data.  

 

Table 4.6 Tensile test results of TPU and TPU/CNT composites. 

SAMPLES 
Tensile 

Strength (MPa) 

Elongation 

at break (%) 

Youngs’ 

Modulus (MPa) 

TPU 24.81.7 331.84.3 33.43.0 

TPU/0.5% CNT 30.51.8 510.05.1 74.83.3 

TPU/1% CNT 29.31.6 510.35.5 83.23.8 

TPU/1.5% CNT 28.42.1 482.66.4 70.73.5 

TPU/2% CNT 27.21.9 531.05.2 74.83.1 

TPU/0.5%HN-CNT 35.02.2 462.96.3 63.13.4 

TPU/1% HN-CNT 31.02.4 411.75.7 65.43.1 

TPU/1.5%HN-CNT 29.61.7 432.55.9 69.63.7 

TPU/2% HN-CNT 28.52.0 423.05.4 67.43.2 

TPU/0.5% Si-CNT 35.12.3 489.16.5 67.93.3 

TPU/1% Si-CNT 32.01.8 462.76.1 60.03.6 

TPU/1.5% Si-CNT 30.62.4 388.05.6 65.02.9 

TPU/2% Si-CNT 30.02.1 422.56.2 70.03.5 
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4.2.2.2 Hardness Test 

Shore A hardness values of TPU and TPU/CNT composites are listed in Table 4.7. It 

can be seen from these values that hardness of TPU drops down with unmodified 

CNT addition. Pristine CNT interacts mostly with hard segment of polyurethane 

chain. CNTs have tendency to form bundles and this restricts their dispersion in 

polymeric matrix. Because of these facts unmodified CNT inclusion to TPU causes 

reduction in hardness values.  On the other hand, Shore hardness values of TPU, HN-

CNT and Si-CNT loaded composites are almost identical at the lowest loading level 

and hardness increased with HN-CNT and Si-CNT concentration. Si-CNT 

containing composite exhibits slightly higher hardness values than that of TPU/HN-

CNT.  

 

Table 4.7 Shore A hardness of TPU and TPU/CNT composites. 

CNT Content 

(%) 
TPU TPU/CNT 

TPU/ 

HN-CNT 

TPU/ 

Si-CNT 

0.5 84.80.2 83.60.2 84.40.1   84.80.1 

1 84.80.2 82.30.1 84.90.1 85.50.2 

1.5 84.80.2 79.70.3 85.80.2 86.30.2 

2 84.80.2 77.10.3 86.50.1 87.10.1 

 

4.2.2.3 MFI Test 

MFI values of TPU and its composites at 215 
0
C are given in Figure 4.21. It is clear 

that melt flow index decreases for 0.5% CNT and HN-CNT containing composites 

with respect to neat TPU.  Further additions of unmodified CNT cause sharp 

reductions on MFI values because of large agglomerates formation. CNT tends to 

form bundles readily due to interparticle adhesion rather than CNT-matrix adhesion 

that cause restriction for flow of polymer melt. Reduction on MFI values of polymer 

composites by addition of pristine CNT was also observed in several publications 

[129-131]. 
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Figure 4.21 MFI values of TPU/CNT composites.  

 

In contrast to unmodified CNT containing composites, nitric acid and silane 

treatments caused gradual increase in MFI values with increasing CNT content of 

composites. It is seen that there is a correlation between the adhesion and MFI 

values. Enhancement of surface interactions between phases leads to disperse carbon 

nanotubes more uniformly in matrix. Restriction effect of CNT bundles in polymer 

melt is overcomed by applying surface modifications. 

 

4.2.2.4 SEM Analysis 

Representative SEM micrographs of fracture surfaces of selected TPU/CNT 

composites are shown in Figure 4.22. Observations from the SEM micrographs of 

fracture surfaces of selected composites indicate that phase separation between CNT 

and TPU occurred and nanotubes remained bulky form for unmodified CNT loaded 

composites because of tendency of nanotubes to attract each other rather than 

polymeric matrix. It is clearly seen from SEM micrographs of HN-CNT and Si-CNT 
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containing composites that is nitric acid and silane treatments improve the interfacial 

adhesion between CNT and TPU matrix. Surface functionalized CNT exhibits better 

dispersion in TPU composites. Formations of agglomeration gradually decrease for 

surface modified CNT containing composites due to excess charge of the modified 

CNT surface having high zeta potential [132]. These findings provide qualitative 

evidence for the mechanical and melt-flow properties of composites. 
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Figure 4.22 SEM micrographs of TPU/CNT composites. 
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4.2.3 Characterization of C60 Surface 

 

4.2.3.1 FTIR Analysis 

FTIR spectra of C60 and surface treated C60 samples are shown in Figure 4.23.  The 

four intense peaks at 530, 580, 1180 and 1430 cm
-1

 are the characteristic C60 peaks 

that appear in all spectra [67, 133]. Absorption bands from 1000 to 1500 cm
-1

 range 

indicate the oxygen functionalities such as C–O stretching at broad peak from 1100 

to 1200 cm
-1 

in which absorption increment of the peak for HN-C60 is clearly seen. 

Si–O–Si vibration band at 1050 cm
-1

 and Si–O–C vibration band at 1100 cm
-1

 

present for Si-C60 only due to the formation of siloxane units after silane treatment 

[127, 134]. The absorption band at 875 cm
-1

 indicates the Si-OH bond which 

corresponds to hydrolyzed silane portion during silanization [135]. 

 

 
Figure 4.23 FTIR spectra of fullerene samples. 

 

Broad band that centered at around 3400 cm
-1 

is the characteristic hydroxyl group 

stretching that is observed as more intense peak for HN-C60 than Si-C60. Relatively 
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low intensity band for Si-C60 assigns the chemical modification of surface hydroxyl 

groups with silane coupling agent. Appearance of another broad absorption band that 

in the range of 2800-3000 cm
-1

 is attributed to –CH2 and –CH3 stretching vibrations 

of methylene groups of APTES. These observations indicate that all the treatments 

resulted in increase of hydroxyl groups where silane modification causes slight 

decrease of these groups by chemical bond formation.   

4.2.3.2 SEM/EDX Analysis 

It is clearly observed from the elemental analysis on the Table 4.8 (see also 

Appendix A) that oxygen content raise by a factor of two times after nitric acid 

modification due to hydroxyl groups on fullerene surface and remarkable silicon 

percentage is observed after silanization which indicates the formation of siloxane 

units at the surface of fullerene after reaction of silane coupling agent surface 

hydroxyl groups. Oxygen content also increases somewhat possibly due to siloxane 

adsorption on fullerene surface. 

 

Table 4.8 EDX results of fullerene and surface modified fullerenes. 

SAMPLES 
C 

Wt%/At% 

O 

Wt%/At% 

Si 

Wt%/At% 

C60 92.66/94.39 7.34/5.61 0/0 

HN-C60 88.55/91.15 11.45/8.85 0/0 

Si-C60 76.29/84.39 12.27/10.19 11.44/5.41 

 

 

SEM images with 50,000 magnifications of pristine and surface treated C60 samples 

are shown in Figure 4.24. According to SEM images, HN-C60 and Si-C60 are seen in 

more bulky form relative to pristine C60 which may be arise from the increase in the 

intermolecular forces such as hydrogen bonding after nitric acid and silane 

treatments.  
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Figure 4.24 SEM micrographs of pristine and modified fullerenes. 

 

4.2.4 Effect of Surface Modifications on Mechanical and Physical Properties of 

TPU/C60 Composites 

 

4.2.4.1 Tensile Test 

Tensile test data of TPU and its composites are listed in Table 4.9. It is seen from 

Table 4.9 that tensile strength and elongation at break values raise sharply with the 

addition of both modified and unmodified fullerene when compared with those of 

TPU. It is also observed from the table that tensile strength and percent elongation of 

HN-C60 and Si-C60 containing composites are improved with respect to unmodified 

fullerene containing composite. After nitric acid and silane treatment, surface 

hydroxyl and siloxane groups (Table 4.8) enhance the adhesion between fullerene 

and TPU matrix. Among these treatments, further modification of fullerene with 

silane causes slightly higher values in tensile strength and percent elongation values 

with respect to acid treatment. Tensile strength and percent elongation values exhibit 

a decreasing trend with increasing fullerene concentration for all cases. One reason 

of this decrease at high Si-C60 concentrations can be the formation of weak boundary 

layer with excess amount of siloxane. The best results are obtained in nitric acid and 

silane modified fullerene loaded composites at the lowest concentration (0.5 %). This 
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may be due to fact that dispersion occurs more homogeneously at lower 

concentrations where composites exhibit the highest strength results. Both modified 

and pristine fullerene additions to TPU cause remarkable increase in Youngs’ 

modulus values as seen in Table 4.9. The inclusion of fullerene at high 

concentrations slightly reduces the Youngs’ modulus which may due to restriction of 

TPU chain motions after high filler loadings [136].  

 

Table 4.9 Tensile test results of TPU and TPU/C60 composites. 

SAMPLES 
Tensile 

Strength (MPa) 

Elongation 

at break (%) 

Youngs’ 

modulus (MPa) 

TPU 24.81.7 331.84.3 33.43.0 

TPU/0.5% C60 38.92.4 574.05.5 65.32.8 

TPU/1% C60 35.72.0 573.36.9 65.13.2 

TPU/1.5% C60 32.41.9 419.75.8 64.13.5 

TPU/2% C60 30.92.0 347.85.4 54.23.1 

TPU/0.5% HN-C60 41.32.3 598.48.1 64.23.6 

TPU/1% HN-C60 38.62.1 554.37.2 65.83.2 

TPU/1.5% HN-C60 37.12.2 524.46.0 61.53.4 

TPU/2% HN-C60 34.02.2 445.35.8 61.42.9 

TPU/0.5% Si-C60 42.02.5 613.17.9 58.62.7 

TPU/1% Si-C60 40.32.0 579.86.6 59.93.3 

TPU/1.5% Si-C60 38.51.8 553.47.8 56.72.6 

TPU/2% Si-C60 35.22.3 559.88.2 63.02.8 

 

4.2.4.2 Hardness Test 

Hardness values of TPU and TPU/C60 composites are listed in Table 4.10. Hardness 

of TPU decreases with the inclusion of unmodified C60. Pristine C60 particles do not 

disperse uniformly in polymer matrix due to their tendency to form agglomerates. 

Thus, unmodified C60 incorporation causes reduction in hardness of TPU. On the 

other hand, Shore hardness of TPU slightly increases with the addition of HN-C60 

and Si-C60 at the lowest loading level (0.5 %). After that point, hardness values 

exhibit decreasing trend with further C60 additions. Si-C60 containing composites 
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give higher hardness values than that of TPU/HN-C60 and TPU/C60 at the same 

concentrations. 

 

Table 4.10 Shore A hardness of TPU and TPU/C60 composites. 

C60 Content (%) TPU TPU/C60 TPU/HN-C60 TPU/Si-C60 

0.5 84.80.2 83.70.3 84.90.2   85.30.2 

1 84.80.2 82.00.2 84.10.1 84.50.2 

1.5 84.80.2 79.50.1 83.00.3 83.40.2 

2 84.80.2 77.30.2 81.60.1 81.80.1 

 

4.2.4.3 MFI Test 

MFI values of TPU and its composites are given in Figure 4.25. It is clear that melt 

flow index increses as unmodified fullerene amount in composites increase. MFI 

values of pristine fullerene containing composites are much lower than that of neat 

TPU. Fullerene particles tend to form agglomerates due to interparticle adhesion 

rather than fullerene-matrix adhesion. The formation of agglomerates causes increase 

in melt viscosity in contrary reduction in MFI values [136]. 

 

 

Figure 4.25 MFI values of TPU/C60 composites. 
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4.2.4.4 SEM Analysis 

SEM micrographs of fracture surfaces of selected TPU/C60 composites are shown in 

Figure 4.26. Observations from the SEM micrographs indicate that surface 

functionalized fullerene exhibits better dispersion compared to pristine fullerene in 

their TPU composites. Agglomeration formations gradually decrease for surface 

modified fullerene loaded composites due to excess charge of the modified fullerene 

surface having high zeta potential [132].  
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Figure 4.26 SEM micrographs of TPU/C60 composites. 
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4.2.5 Characterization of CF Surface 

 

4.2.5.1 FTIR Analysis 

The FTIR spectra of desized and sized CF samples are shown in Figure 4.27. 

Absorption peaks at 2850 cm
-1 

and 2930 cm
-1

 are due to –CH hydrocarbon groups of 

desized CF [137]. The Absorption band at 1720 cm
-1

 corresponds to C=O streching 

vibrations of carbonyl and carboxyl groups [138]. C–O vibrations of sized CF 

samples can be seen at 1050 cm
-1

 [139]. The peak at 1400 cm
-1

 results from–N=C=O 

stretching [140]. This characteristic nitrile peak appears for urethane containing 

surface of PU-CF, MD-CF and CM-CF samples and disappears for EP-CF. 

Characteristic hydroxyl group peaks at 700 cm
-1

 and around 3500 cm
-1

 present for 

sized CF samples which indicate O–H stretching and O–H bending, respectively 

[141]. 

 
Figure 4.27 FTIR spectra of CF samples. 
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4.2.5.2 SEM/EDX Analysis 

According to elemental analysis data form the Table 4.11 (see also Appendix A), it is 

clearly observed that oxygen content of desized CF raise by a factor of about 2.5 

after isocyanate and cured isocyanate modifications. The highest oxygen content is 

seen for EP-CF sample due to epoxy unit existence at the fiber surface. Remarkable 

nitrogen percentages are also observed for commercially sized and isocyanate 

modified samples. Nitrogen content is slightly lower for CM-CF relative to MD-CF 

because of formation of carbon containing groups after curing process. Oxygen and 

nitrogen contents of commercially PU sized CF are seen as very close to that of 

isocyanate treated CF samples. These observations are attributed to formation of 

isocyanate units at the surface of CF after treatments. 

 

Table 4.11 EDX results of dezised and sized CF samples. 

SAMPLES 
C 

Wt%/At% 

O 

Wt%/At% 

N 

Wt%/At% 

DS-CF 96.93 /97.68 3.07 /2.32 0/0 

EP-CF 88.26 /90.92 11.74 /9.08 0 /0 

PU-CF 89.16 /91.39 8.31 /6.39 2.53 /2.22 

MD-CF 90.11 /92.18 7.80 /5.99 2.09/1.83 

CM-CF 90.86 /92.79 7.26 /5.56 1.88/1.65 

 

 

SEM images with x1,000 and x10,000 magnifications of desized, commercially sized 

and sized CF samples are shown in Figure 4.28. It is clearly seen from SEM images 

that commercially sized CF surfaces are smoother relative to DS-CF. Isocyanate 

treated CF surfaces are also seen as smooth which indicates that fiber surfaces were 

covered by pMDI resin homogeneously.  
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                        Figure 4.28 SEM micrographs of desized and sized CF samples. 
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4.2.6 Effect of Surface Modifications on Mechanical and Physical Properties of 

TPU/CF Composites 

 

4.2.6.1 Tensile Test 

Tensile test data of TPU and its composites are represented in Figures 4.29, 4.30 and 

4.31 which indicate tensile strength, Youngs’ modulus and elongation at break as a 

function of CF concentration, respectively.  

 

 

Figure 4.29 Tensile strength results of TPU/CF composites. 

 

It is observed from the Figure 4.29 that tensile strength values were improved with 

increasing CF composition. MD-CF containing composites exhibit highest strength 

results at all concentrations except the lowest (5 wt %) composition. Additions of 

either sized or unsized CF with 5 wt % concentration result in slight decrease on 

tensile strength of neat TPU.  It is obvious that further additions cause level up 
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strength to higher values. Tensile strength improvement is about 68% for the 

composite that contains 20 wt % of MD-CF with respect to neat TPU. 

 

 

Figure 4.30 Youngs’ modulus results of TPU/CF composites. 

  

Youngs’ modulus values were raised sharply with the addition of both modified and 

unmodified CF as compared with those of TPU as shown in Figure 4.30. The 

inclusion of CF even at lowest concentrations enhanced Youngs’ modulus by a 

factor of about 3.5 times with respect to neat TPU due to restriction of motion of 

polyurethane chains after fiber loadings. This result is in agreement with theoretical 

predictions [142,143] in which increase in Youngs’ modulus occurred nonlinearly 

with increase in short fiber amount in polymer composites. 
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Figure 4.31 Elongation at break results of TPU/CF composites. 

 

It can be seen from Figure 4.31 that both sized and desized CF additions to TPU 

cause remarkable decrease in percent elongation of composites. Reduction is more 

significant for MD-CF and CM-CF loaded composites as compared to those of DS-

CF. 

 

4.2.6.2 Hardness Test 

Shore A hardness values of TPU and TPU/CF composites are listed in Table 4.12. It 

can be clearly seen from these values that hardness of TPU increases with both 

desized and modified CF additions. Among these modifications, PU sized CF give 

the highest value. Shore hardness values are improved with increase in CF 

concentration for all cases. Hardness values of MD-CF and CM-CF loaded 

composites are found as almost identical. EP-CF containing composite exhibits 
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slightly lower hardness values than composites loaded CFs that applied other 

modications.  

 

Table 4.12 Shore A hardness of TPU/CF composites. 

CF 

Content 

(%) 

TPU/ 

DS-CF 

TPU/ 

EP-CF 

TPU/ 

PU-CF 

TPU/ 

MD-CF 

TPU/ 

CM-CF 

0 84.80.2 84.80.2 84.80.2 84.80.2 84.80.2 

5 86.70.1 90.20.1   92.70.1 91.10.1   91.80.1 

10 88.80.2 91.40.2 93.10.1 92.30.1 92.90.1 

15 89.60.2 92.90.1 94.00.2 93.90.1 93.50.2 

20 90.00.1 93.30.1 95.60.2 94.60.2 94.00.1 

 

4.2.6.3 DMA 

The storage modulus versus temperature graphs of TPU and 20 wt % CF containing 

composites are shown in Figure 4.32. It can be seen from these curves that storage 

modulus of all the samples exhibits the sharp reduction around -40 
0
C which 

corresponds to glass transition temperature of TPU. Storage modulus of MD-CF and 

CM-CF containing composites are seen as almost identical and they give higher 

storage modulus which also mean higher stiffness than that of TPU/DS-CF and 

pristine TPU. The enhancement of stiffness and storage modulus is related with the 

stress transfer at the interface between fibers and the matrix [144-146]. The highest 

and lowest storage modulus values are observed for PU-CF and EP-CF loaded 

composites, respectively. This may due to better compatibility of PU-CF with TPU 

matrix with respect to other CF samples. 
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Figure 4.32 Storage modulus-temperature curves of TPU and TPU/CF composites. 

 

Damping properties of composites are analyzed with their tan δ versus temperature 

curves which are shown in Figure 4.33. The peak of tan δ curve of TPU shifts to 

higher temperatures by the addition of both desized and sized CFs. This means that 

Tg of TPU increases by addition of CF. Isocyanate and cured isocyanate treatments 

cause significant increase on tan δ values of composites with respect to that of 

TPU/DS-CF and TPU. This observation may be arising from the hinderance of TPU 

chain motions due to improvement of interfacial interactions. The highest tan δ 

values are observed for MD-CF and CM-CF loaded composites, respectively. The 

peak value of tan δ curve of TPU is remained unchanged after EP-CF addition to 

TPU. 
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Figure 4.33 Tan δ-temperature curves of TPU and TPU/CF composites. 

 

4.2.6.4 MFI Test 

MFI values of commercially sized and isocyanate sized containing composites are 

given in Figures 4.34 and 4.35, respectively. MFI values of DS-CF containing 

composites are lower than that of neat TPU and they exhibit decreasing trend with 

increase in concentration by the exception of 10 wt% concentration. The unmodified 

fibers tend to form bundles due to poor adhesion to matrix. The formation of bundles 

causes increase in melt viscosity in contrary reduction in MFI values because of 

fiber-to-fiber separation creates a complicated flow in matrix [147,148]. On the other 

hand, MFI values of modified CF containing composites are slightly lower than neat 

TPU at the lowest loading level. Further additions of MD-CF and CM-CF cause 

slight increase in MFI. It is seen that there is a correlation between the adhesion and 

MFI values. MFI values of sized CF containing composites are slightly higher as 
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compared with TPU/DS-CF for all concentrations. As an overall investigation, it can 

be said that incorporations of both desized and sized CFs give no remarkable change 

in MFI value of TPU at process temperature. 

 

 
Figure 4.34 MFI values of commercially sized CF reinforced composites. 

 

 

 
Figure 4.35 MFI values of isocyanate sized CF reinforced composites. 
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4.2.6.5 SEM Analysis 

Representative SEM micrographs of fracture surfaces of selected TPU/CF 

composites are shown in Figure 4.36. Observations from the SEM micrographs 

indicate that modified CFs exhibit more homogeneous dispersion with respect to 

desized CF in their TPU composites. It is clearly observed from micrographs of 

TPU/DS-CF composites that fibers are tend to form bundles and debonding takes 

place between CF and TPU phases. On the other hand, modified surfaces of CF are 

covered by TPU matrix due to improved interfacial adhesion.  Bundle and debonding 

formations are decreased for sized CF loaded composites. These findings are in 

accordance with the results explained previously and they provide qualitative 

evidence for the mechanical properties of composites. 
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Figure 4.36 SEM micrographs of TPU/CF composites. 
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CHAPTER 5 

  CONCLUSIONS 

In this thesis, influences of several surface modifications of different kinds of fillers 

to mechanical and physical properties of TPU based composites are investigated. 

Most of these modifications result in improvement of mechanical and physical 

properties of composites as compared to their untreated ones. 

 

5.1 Effect of Surface Treatments on Mechanical, Physical and Water Uptake 

Properties of TPU/RS Green Composites 

The five different surface modifications of RS on the mechanical, flow and water 

uptake properties of TPU based green composites are investigated. Hot water, 

alkaline and silane treatments of RS improve the tensile strength and Youngs’ 

modulus of composites containing pure RS. Si-RS containing composite has the 

highest tensile strength and elastic modulus due to better dispersion and strong 

interfacial interactions between fiber surface and TPU matrix. The inclusions of BP-

RS and PM-RS reduce the mechanical properties with respect to composite 

containing Na-RS. It is thought that the reduction in mechanical properties of 

composites arises from the loss of the mechanical strength of RS during treatments. 

All surface treatments decrease the water uptake capacity with respect to unmodified 

RS filled composite. Silane modified RS containing composite has the lowest water 

uptake values. This sample gives also the best mechanical properteis among TPU/RS 

composites investigated. 
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5.2 Effect of Surface Treatments on Mechanical, Physical and Water Uptake 

Properties of TPU/FF Green Composites 

The effects of four different surface modifications of FF on the mechanical, flow and 

water uptake properties of TPU based green composites are investigated. All surface 

modifications enhance the tensile strength of composites with respect to composite 

containing untreated FF. Si-FF containing composite gives the highest tensile 

strength and storage modulus owing to better dispersion and stronger interfacial 

interactions between fiber surface and TPU matrix. Surface treatments cause 

fibrillation along the elementary fibers and bundle formation decreases the melt flow 

index of composites due to fiber-fiber adhesion rather than fiber-matrix adhesion. All 

surface treatments reduce the water uptake capacity with respect to TPU/FF 

composite. The lowest water uptake behavior is observed for Si-FF containing 

composite due to hydrophobic nature of silane-treated surface. 

 

5.3 Comparations of RS and FF as Reinforcers for TPU Green Composites 

In the first part of this study, green polymer composites are prepared by 

incorporating rice straw and flax fiber both as pure and surface modified. 

Observation of reductions of tensile strength values by inclusion of unmodified 

fillers into TPU are the common results for RS and FF. Surface modified FF 

containing composites exhibit slightly better mechanical properties than that of RS 

filled composites. This may be arising from the higher aspect raito of FF compared 

to RS. In the case of surface modifications, silanization gives the highest results for 

both of these fillers and silane modification can be considered to be most suitable 

among applied treatments for RS and FF reinforced TPU green composite 

applications. 
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5.4 Effect of Surface Modifications on Mechanical and Physical Properties of 

TPU/CNT Composites 

Surface oxidation and silanization of CNT on the mechanical, melt flow properties 

and morphologies of TPU composites are investigated. Surface modifications of 

CNT improve the mechanical properties as a result of well dispersion. The best 

tensile strength values are observed for the lowest concentration of modified CNT 

filled composites. MFI values of modified CNT containing composites are found as 

much higher for all concentrations than that of neat CNT which attribute to better 

dispersion of surface modified CNT in TPU matrix. SEM analysis shows that bundle 

formations of agglomerates gradually decrease after surface modifications. Surface 

oxidation and silanization cause better dispersion due to improved interactions 

between CNT and TPU matrix. These interfacial interactions result in enhancements 

in mechanical properties of TPU/CNT nano-composites. 

 

5.5 Effect of Surface Modifications on Mechanical and Physical Properties of 

TPU/C60 Composites 

Surface oxidation and silanization of fullerene on the mechanical, flow properties 

and morphologies of TPU composites are investigated. Surface modifications of 

fullerene increase the tensile strength and percent elongation of composites with 

respect to TPU as a result of dispersion enhancements. Addition of functionalized 

fullerenes into TPU leads to almost two-fold increase in tensile strength, percent 

elongation and Youngs’ modulus values compared to pristine fullerene. The highest 

results are obtained in nitric acid and silane treated C60 containing composites at the 

lowest concentration (0.5 %). Surface functionalized fullerenes exhibit higher MFI 

values because of their better dispersion in TPU matrix. These interfacial interactions 

result in enhancements in mechanical properties of TPU/fullerene composites.  
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5.6 Effect of Surface Modifications on Mechanical and Physical Properties of 

TPU/CF Composites 

Short carbon fiber (CF) is used as commercially sized, desized and isocyanate sized 

in the study. Tensile strength and Youngs’ modulus of the composites improves with 

incorporations of both sized and desized CF into TPU matrix. In the contrary, 

percent elongation values drop down with CF loadings in TPU. It is revealed from 

DMA results that, storage modulus of composites increases with the addition of 

surface modified CFs due to improvement of interfacial interactions. DMA results 

also show that glass transition temperature of the TPU shifts to higher temperatures 

with inclusion of both desized and sized CFs into TPU matrix. Higher MFI values 

are observed for isocyanate modified CF filled composites with respect to neat TPU. 

Formation of bundles and debonding between desized carbon fibers and TPU are 

observed from SEM micrographs. Debonding disappears for sized CF containing 

composites and fibers disperse in the matrix more homogeneously after surface 

modifications. 

 

 

5.7 Comparations of Carbonaceous Reinforcers for TPU Composites 

In the second part of study, carbonaceous fillers containing TPU composites are 

prepared by incorporating carbon nanotube, fullerene and carbon fiber as pristine and 

modified forms. CNT and C60 additions cause significant increase in tensile strength, 

percent alongation and Youngs’ modulus values where CF additions result also 

increase in strength and modulus but sharp reduction is observed in percent 

elongation. Tensile values exhibit different trend with concentration of these fillers. 

The highest tensile strength and percent elongation values are observed at the lowest 
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concentration (0.5 wt %) for CNT and C60 and these values decrease with increasing 

CNT and C60 content. This result is not suprising because of well-known 

agglomeration tendency of nanofillers as their higher loadings. On the other hand, 

CF reinforced composites exhibit increasing trend with increase in CF content. The 

greatest strength value is observed at the highest loading level (20 wt %) for TPU/CF 

composites. Surface modifications of CNT and C60 give higher MFI values than 

pristine ones. As a difference; MFI decreases as unmodified CNT content increases 

where pristine C60 addition result in increase in MFI values. Remarkable differences 

are observed in MFI values of TPU/CNT and TPU/C60 composites among their 

concentrations and their surface functionality. In the case of TPU/CF composites, no 

significant differences are obtained for MFI values. This means that reinforcement 

with CF results in better processability than that of CNT and C60 for their TPU 

composites. 

 

5.8 Overall Evaluation of Surface Modifications on the Mechanical and Physical 

Properties of TPU Composites 

In this study, two kinds of composites are prepared using two different grades of 

polyurethane elastomer. Rice straw and flax fiber filled cerenol-based TPU green 

composites exhibit lower mechanical properties as compared with carbon nanotube, 

fullerene and short carbon fiber reinforced polyester-based TPU. Carbonaceous 

fillers are stronger than natural fillers that may be the reasonable explanation for that 

result. Surface modifications mostly cause enhancements in mechanical 

characteristics of composites as well as improvements in their physical properties 

since the interfacial interactions between inorganic filler and polymeric matrix are 

enhanced. It is concluded from water absorption test results that, silane treatment of 

RS and FF open ways to several outdoor applications for their TPU composites 

besides having good mechanical properties. Dispersing problem of nano-fillers is 
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overcomed after using proper surface treatments. Melt blending method has been 

rarely used for this type fillers in literature. Incorporating surface modified CNT and 

C60 into TPU give good mechanical results. Their additions result in two-fold 

increase in tensile strength and percentage strain at the same time. Therefore, it 

might be possible to obtain required materials as the production of TPU/CNT and 

TPU/C60 nano-composites would be taken place in large-scale. Surface modifications 

of chopped carbon fiber also improve mechanical properties of their composites. 

Although isocyanate treated CF do not reach to level that commercially sized CFs 

have, it can be said that isocyanate treatment can be an alternative sizing system for 

CF. CF additions even at high loading levels cause no remarkable change in MFI 

value of unfilled TPU which means that short CF is a suitable reinforcer for TPU 

along its processing window. The basic conclusion of this work is that proper surface 

treatments of fillers extended up the mechanical and physical properties of 

composites to required levels thank to enhance interfacial interactions between filler 

and polymer surfaces.     
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APPENDIX 

 

 

A.1 EDX Spectrum of CNT, C60 and CF Samples 

 

 

 

 

 

Figure A. 1 EDX Spectra of CNT. 
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Figure A. 2 EDX Spectra of HN-CNT. 

 

 

Figure A. 3 EDX Spectra of Si-CNT. 
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Figure A. 4 EDX Spectra of C60. 

 

 

Figure A. 5 EDX Spectra of HN-C60. 
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Figure A. 6 EDX Spectra of Si-C60. 

 

 

Figure A. 7 EDX Spectra of DS-CF. 
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Figure A. 8 EDX Spectra of EP-CF. 

 

 

Figure A. 9 EDX Spectra of PU-CF. 
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Figure A.10 EDX Spectra of CM-CF. 

 

  

Figure A. 12 EDX Spectra of MD-CF. 
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A.2 Tensile Test Data of TPU and TPU/CF Composites 

 

 

 

Table A.1 Tensile test results of TPU and TPU/CF composites. 

SAMPLES 
Tensile 

Strength (MPa) 
Elongation 

at break (%) 
Youngs’ 

modulus (MPa) 

TPU 24.81.7 331.84.3 33.43.0 

TPU/DS-CF 5%  21.01.2 284.66.7 123.54.2 

TPU/DS-CF 10% 23.72.1 151.54.2 124.45.2 

TPU/DS-CF 15% 27.31.5 68.85.3 174.44.8 

TPU/DS-CF 20% 29.41.8 36.14.4 240.27.3 

TPU/EP-CF 5% 23.61.5 82.13.8 133.34.9 

TPU/EP-CF 10% 33.11.9 64.82.8 186.15.5 

TPU/EP-CF 15% 35.91.7 50.82.3 244.25.4 

TPU/EP-CF 20% 50.52.6 32.73.2 317.46.8 

TPU/PU-CF 5% 24.82.2 125.65.2 137.44.0 

TPU/PU-CF 10% 36.02.4 58.64.7 191.24.6 

TPU/PU-CF 15% 40.62.0 39.63.3 254.46.1 

TPU/PU-CF 20% 51.83.2 38.42.7 329.37.2 

TPU/MD-CF 5% 23.71.4 117.14.6 133.14.8 

TPU/MD-CF 10% 26.42.7 52.93.0 196.25.6 

TPU/MD-CF 15% 34.82.5 58.63.1 177.65.0 

TPU/MD-CF 20% 41.63.1 50.72.8 214.46.4 

TPU/CM-CF 5% 22.81.3 127.26.4 112.93.8 

TPU/CM-CF 10% 25.81.8 81.15.1 170.14.7 

TPU/CM-CF 15% 33.12.9 53.43.6 163.55.8 

TPU/CM-CF 20% 38.92.4 44.44.5 248.57.6 
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