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Abstract 

 

 
Natural fibers have recently attracted the attention of scientists and technologists 

because of the advantages that these fibers provide over conventional reinforcement 

materials, and for which the development of natural fibers composites has been a subject of 

interest for the past few years. These natural fibers are low-cost fibers with low density and 

high specific properties. These are biodegradable and non-abrasive, unlike other 

reinforcing fibers.  However, certain drawbacks such as incompatibility with the 

hydrophobic polymer matrix, the tendency to form aggregates during processing and poor 

resistance to moisture greatly reduce the potential of natural fibers to be used as 

reinforcement in polymer matrices.  

 

In the present piece of research work, we have used short chicken feather fiber 

(barbicels) which are hollow, tough and light. Short  fibers  obtained  from  poultry  

feathers  are  found  to  possess  high toughness,  good  thermal  insulation properties, non 

abrasive behavior and  hydrophobic nature. Their low cost, low density and large aspect 

ratio (of the barbicels) can make them good reinforcing materials in polymer matrix to 

make composites. This work reports the development of poultry feather reinforced 

composites with different weight percentage reinforcements. Randomly oriented short 

feather fibers with different weight percentage i.e. 10%, 20% and 30%, are reinforced into 

epoxy resin matrix to prepare composite slabs. The dielectric properties of the composites 

are evaluated at different temperature and frequency ranges. It is found that the dielectric 

properties are dependent on operating frequency and temperature conditions. Such 

composites can have a potential use as a low dielectric material for typical applications. 

Flexural strength, micro hardness, density and porosity of this chicken feather composite 

are also evaluated.   

 

 Solid particle erosion tests are conducted on the composite samples to evaluate 

their wear resistance. A self developed air-jet type erosion test rig and dry silica sand 

particles are used for this purpose. It is found that the material loss from the composite 
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surface depends greatly on operational variables like impact angle, impact velocity and 

weight percentage of fiber content etc. Taguchi experimental design technique is used in 

this study to determine the  relative  significance  of  various  control  factors  influencing  

the erosion  wear  rate.  The erosion response of the composite is compared with that of 

neat epoxy and the effect of fiber reinforcement on the wear rate is discussed. 

 

Experiments have been conducted under laboratory condition to assess the abrasive 

wear  characteristics  of  the  composites  under  different  operating conditions,  in  pure  

sliding  mode  on  a  pin-on-disc  machine.  In present investigation, abrasive paper of 

different grit sizes (100-200µm, 200-300 µm, 300-400 µm) are used  for abrasion wear test 

of feather reinforced composites at dry condition. It was found that the abrasive wear of the 

composite shows dependence on all the test parameters viz. applied load, sliding speed and 

abrasive particle size. The size of the abrasive particle and applied load tends to increase 

abrasive wear volume of the composites, whereas wear rate tends to decrease with 

increasing sliding velocity at constant applied load for the media having particle of size 

range 200-300 µm. Secondly, higher weight fraction of short feather fibers in the 

composite improves the abrasive wear resistance because higher amount of energy is 

required to facilitate tearing of feather fiber.  Scanning electron microscopy is used to 

observe the worn surfaces and to understand the mechanism involved in the removal of the 

material. 

 

Tribological (wear) behavior of these composites has been successfully analyzed 

using experimental design scheme. Two predictive models - one based on Taguchi 

approach and the other based on artificial neural network analysis (ANN) are proposed. It 

has been demonstrated that these models reflect the effects of various factors and their 

predictive results are consistent with theoretical observations. 

 

Keywords:   Natural fiber, Short Chicken feather fiber, Dielectric constant, Solid 

particle erosion wear, Abrasive wear, Taguchi, Artificial neural network. 
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 Chapter 1 

  INTRODUCTION 

 

1.1 MOTIVATION 

Composites are combinations of two materials in which one of the materials 

called the reinforcing phase is in the form of fiber sheets or particles and are 

embedded in the other material called the matrix phase. The primary functions of the 

matrix are to transfer  stresses between the reinforcing fibers/particles and to protect them 

from mechanical and/or environmental damage whereas the presence of  fibers/particles  in  

a  composite  improves  its  mechanical  properties  such  as strength, stiffness etc. A 

composite is therefore a synergistic combination of two or more micro-constituents that 

differ in physical form and chemical composition and which are insoluble in each other.  

The objective is to take advantage of the superior properties of both materials without 

compromising on the weakness of either. 

 

Composite materials have successfully substituted the traditional materials in 

several light weight and high strength applications. The reasons why composites are 

selected for such applications are mainly their high strength-to-weight ratio, high  

tensile  strength  at  elevated  temperatures,  high  creep  resistance  and  high toughness. 

Typically, in a composite, the reinforcing materials are strong with low densities while the 

matrix is usually a ductile or tough material. If the composite is designed and fabricated 

correctly it combines the strength of the reinforcement with the toughness of the 

matrix to achieve a combination of desirable properties not available in any single 

conventional material. The strength of the composites depends primarily on the amount, 

arrangement and type of fiber and /or particle reinforcement in the resin. 

 

1.2   BACKGROUND 

The most primitive composite materials were straw and mud combined to form 

bricks for building construction. The ancient brick-making process can still be seen on 

Egyptian tomb paintings in the Metropolitan Museum of Art. The most advanced examples 
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perform routinely on spacecraft in demanding environments. The most visible applications 

pave our roadways in the form of either steel and aggregate reinforced Portland cement or 

asphalt concrete. Those composites closest to our personal hygiene form our shower stalls 

and bath tubs made of fiberglass. Solid surface, imitation granite and cultured marble sinks 

and counter tops are widely used to enhance our living experiences. 

 

The recognition of the potential weight savings that can be achieved by using the 

advanced composites, which in turn means reduced cost and greater efficiency, was 

responsible for this growth in the technology of reinforcements, matrices and fabrication of 

composites. If the first two decades saw the improvements in the fabrication method, 

systematic study of properties and fracture mechanics was at the focal point in the 60’s. 

There has been an ever-increasing demand for newer, stronger, stiffer and yet lighter-

weight materials in fields such as aerospace, transportation, automobile and construction 

sectors. Composite materials are emerging chiefly in response to unprecedented demands 

from technology due to rapidly advancing activities in aircrafts, aerospace and automotive 

industries. These materials have low specific gravity that makes their properties 

particularly superior in strength and modulus to many traditional engineering materials 

such as metals. As a result of intensive studies into the fundamental nature of materials and 

better understanding of their structure property relationship, it has become possible to 

develop new composite materials with improved physical and mechanical properties. 

These new materials include high performance composites such as Polymer matrix 

composites [1, 2], Ceramic matrix composites [3, 4] and Metal matrix composites [5] etc. 

Continuous advancements have led to the use of composite materials in more and more 

diversified applications. The importance of composites as engineering materials is 

reflected by the fact that out of over 1600 engineering materials available in the market 

today more than 200 are composite [6]. 

 

1.3  Types of Composite Materials 

Broadly, composite materials can be classified into three groups on the basis of 

matrix material. They are: 
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a)   Polymer Matrix Composites    (PMC) 

b)   Metal Matrix Composites         (MMC) 

c)   Ceramic Matrix Composites    (CMC) 

 

a) Polymer Matrix Composites: 

Most commonly used matrix materials are polymeric. The reasons for this are 

twofold. In general the mechanical properties of polymers are inadequate for many 

structural purposes. In particular their strength and stiffness are low compared to metals 

and ceramics.  These difficulties are overcome by reinforcing other materials with 

polymers. Secondly the processing of polymer matrix composites need  not  involve  

high  pressure  and  doesn’t  require  high  temperature.  Also equipments required for 

manufacturing polymer matrix composites are simpler. For this reason polymer matrix 

composites developed rapidly and soon became popular for structural applications. 

Polymer composites are used because overall properties of the composites are superior to 

those of the individual polymers. They have a greater modulus than the neat polymer but 

aren’t as brittle as ceramics. 

 

b) Metal Matrix Composites: 

Metal  Matrix  Composites  have  many  advantages  over  monolithic  metals like higher  

specific  modulus,  higher  specific  strength,  better  properties  at  elevated temperatures,  and  

lower  coefficient  of  thermal  expansion.  Because  of  these attributes  metal  matrix  

composites  are  under  consideration  for  wide  range  of applications viz. combustion chamber 

nozzle (in rocket, space shuttle), housings, tubing, cables, heat exchangers, structural members 

etc. 

 

c) Ceramic matrix Composites: 

Ceramic fibers, such as alumina and SiC (Silicon Carbide) are advantageous in 

very high temperature applications, and also where environment attack is an issue. Since 

ceramics have poor properties in tension and shear, most applications as reinforcement are 

in the particulate form (e.g. zinc and calcium phosphate). Ceramic Matrix Composites 
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(CMCs) used in very high temperature environments, these materials use a ceramic as the 

matrix and reinforce it with short fibers, or whiskers such as those made from silicon 

carbide and boron nitride. 

 

1.4      Types of polymer composites: 

Broadly, polymer composites can be classified into two groups on the basis of 

reinforcing material. They are: 

 

� Fiber reinforced polymer ( FRP ) 

� Particle  reinforced polymer ( PRP ) 

 

a)  Fiber Reinforced composite 

Common fiber reinforced composites are composed of fibers and a matrix. Fibers 

are the reinforcement and the main source of strength while matrix glues all the fibers 

together in shape and transfers stresses between the reinforcing fibers. The fibers carry 

the loads along their longitudinal directions. Sometimes, filler might be added to 

smooth the manufacturing process, impact special properties to the composites, and / 

or reduce the product cost. Common fiber reinforcing agents include asbestos, carbon / 

graphite fibers, beryllium, beryllium carbide, beryllium oxide,  molybdenum,  aluminium  

oxide,  glass  fibers,  polyamide,  bio  fibers  etc. Similarly  common  matrix  materials  

include  epoxy,  phenolic  resin,  polyester, polyurethane,  vinyl  ester  etc.  Among these 

resin materials, polyester is most widely used. Epoxy, which has higher adhesion and 

less shrinkage than polyesters, comes in second for its high cost. 

b) Particle Reinforced composite 

Particles used for reinforcing include ceramics and glasses such as small mineral 

particles, metal particles such as aluminum and amorphous materials, including 

polymers and carbon black. Particles are used to increase the modules of the 

matrix and to decrease the ductility of the matrix. Particles are also used to reduce the 

cost of the composites.  Reinforcements and matrices can be common, inexpensive 

materials and are easily processed. Some of the useful properties of ceramics  and  
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glasses  include  high  melting  temp.,  low  density,  high  strength, stiffness,  wear  

resistance,  and  corrosion  resistance.  Many ceramics are good electrical and thermal 

insulators. Some ceramics have special properties; some ceramics  are  magnetic  

materials;  some  are  piezoelectric  materials;  and  a  few special ceramics are even 

superconductors at very low temperatures. Ceramics and glasses have one major 

drawback:  they are brittle.  An example of particle – reinforced composites is an 

automobile tire, which has carbon black particles in a matrix of poly-isobutylene 

elastomeric polymer. 

Over the past few decades, we find that polymers have replaced many of 

the conventional metals/materials in various applications. This is possible because of 

the advantages polymers offer over conventional materials. The most important 

advantages of using polymers are the ease of processing, productivity and cost 

reduction. Polymer composites have generated wide interest in various engineering 

fields, particularly in aerospace applications. Research is underway worldwide to 

develop newer composites with varied combinations of fibers and fillers so as to make 

them useable under different operational conditions.  In most of these applications, the 

properties of polymers are modified using fillers and fibers to suit the high strength/high 

modulus requirements.  Fiber-reinforced  polymers  offer advantages  over  other  

conventional  materials  when  specific  properties  are compared.  These composites 

are finding applications in diverse fields from appliances to spacecrafts. 

1.5     Bio Fiber Reinforced Composites 

A bio-composite is a material formed by a matrix (resin) and a reinforcement of 

bio fibers (usually derived from plants or cellulose). With wide-ranging uses from 

environment-friendly  biodegradable  composites  to  biomedical  composites  for 

drug/gene delivery, tissue engineering applications and cosmetic orthodontics, they often  

mimic  the  structures  of  the  living  materials  involved  in  the  process  in addition  to  

the  strengthening  properties  of  the  matrix  that  was  used  but  still providing bio 

compatibility. Bio-composites are characterized by the fact that the bolsters (glass or carbon 

fiber or talc) are replaced by bio fiber (wood fibers, hemp, flax, sisal, jute...). These  bio/bio-

fiber  composites  (bio-Composites)  are  emerging  as  a  viable alternative  to  glass-
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fiber  reinforced  composites  especially  in  automotive  and building product applications. 

The combination of bio-fibers such as kenaf, hemp, flax, jute, henequen, pineapple leaf 

fiber, and sisal with polymer matrices from both nonrenewable and renewable resources 

to produce composite materials that are competitive with synthetic composites requires 

special attention. Bio fiber–reinforced polypropylene composites  have  attained  

commercial  attraction  in automotive industries. Bio fiber-polypropylene or bio fiber-

polyester composites are not sufficiently eco-friendly because of the petroleum-based 

source and the non-biodegradable nature of the polymer matrix. Using bio fibers with 

polymers based on renewable resources will allow many environmental issues to be 

solved. By  embedding  bio-fibers  with  renewable  resource–based  biopolymers  such  as 

cellulosic plastics; polylactides; starch plastics; polyhydroxyalkanoates (bacterial 

polyesters);  and  soy-based  plastics,  the  so-called  green  bio-composites  are 

continuously being developed. 

 

1.6        Bio Fibers 

Bio  fibers  have  recently  attracted  the  attention  of  scientists  and  technologists 

because of  the advantages  that these fibers provide over  conventional reinforcement 

materials, and the development of bio fiber composites has been a subject of interest for 

the past few years. These bio fibers have low-cost with low density and high specific 

properties. These are biodegradable and nonabrasive, unlike other reinforcing fibers. 

Also, they are readily available and their specific properties  are  comparable  to  those  

of  other  fibers  used  for  reinforcements. However, certain drawbacks such as 

incompatibility with the hydrophobic polymer matrix, the tendency to form aggregates 

during processing, and poor resistance to moisture limit the potential of bio-fibers to be 

used as reinforcement in polymers [7-11]. Another important aspect is the thermal 

stability of these fibers. These fibers are lingo-cellulosic and consist of mainly lignin, 

hemi-cellulose, and cellulose. The cell walls of the fibers undergo pyrolysis with 

increasing processing temperature and contribute to char formation. These charred layers 

help to insulate the lingo- cellulosic from further thermal degradation.  Since most 

thermoplastics are processed at high temperatures, the thermal stability of the fibers at 
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processing temperatures is important. Thus the key issues in development of bio reinforced 

composites are 

 (i)       Thermal stability of the fibers, 

(ii)      Surface adhesion characteristics of the fibers, and 

(iii)     Dispersion of the fibers in the case of thermoplastic composites. 

 

1.7         Types of Bio Fibers 

Bio fibers are grouped into three types:  seed hair, bast fibers, and leaf 

fibers, depending upon the source. Some examples are cotton (seed hairs), ramie, 

jute, and flax (bast fibers), and sisal and abaca (leaf fibers). Of these fibers, jute, ramie, 

flax, and sisal are the most commonly used fibers for polymer composites. On the basis 

of the source which they are derived from bio fibers can also be grouped as: 

�    Fibers obtained from plant/vegetable.    (cellulose: sisal, jute, abaca, bagasse) 

�    Fibers obtained from mineral.                (minerals: asbestos) 

�   Fibers derived from animal species.      (sheep wool, goat hair, cashmere, rabbit    

hair,    angora fiber, horse hair) 

�   Fibers from bird / aqueous species.         (feather, sea snels etc.) 

Numerous reports are available on the bio fiber composites. The research works on 

development of bio/bio-fiber reinforced polymer composites have been extensively 

reviewed also [12] . Many researchers have been conducted to study the mechanical 

properties, especially interfacial performances of the composites based on bio fibers 

due to the poor interfacial bonding between the hydrophilic bio fibers such as sisal, jute 

and palm fibers and the hydrophobic polymer matrices.   

 

1.8 Mechanical Properties of Bio Fibers 

As can be seen from Table 1, the tensile strength of glass fibers is substantially 

higher than that of bio fibers even though the modulus is of the same order. 

However, when the specific modulus of bio fibers (modulus/specific gravity) is 

considered, the bio fibers show values that are comparable to or better than those of 
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glass fibers. These higher specific properties are one of the major advantages of using bio 

fiber composites for applications wherein the desired properties also include weight 

reduction. 

 

 

 

 

 

 

 

           

Table 1.1   Mechanical Properties of Bio Fibers (Source Ref. 9). 

 

1.9 Tribological Behavior of Composite 

Tribology comes from Greek word tribos, to rub; friction is derived from the Latin 

verb fricare, which has same meaning.  Tribology is the science and technology of 

interacting surfaces in relative motion or more simple expressed the study of friction, wear 

and lubrication. The study and evaluation of frication are driven by need to control it. A 

progressive loss of material from its surface is called wear. It is a material response 

to the external stimulus and can be mechanical or chemical in nature. Wear is unwanted 

and the effect of wear on the reliability of industrial components is recognized widely; also, 

the cost of wear has also been recognized to be high. Systematic  efforts  in  wear  

research  were  started  in  the  1960’s  in  industrial countries. The direct costs of wear 

failures, i.e., wear part replacements, increased work and time, loss of productivity, as 

well as indirect losses of energy and the increased environmental burden, are real 

problems in everyday work and business. In catastrophic failures, there is also the 

possibility of human losses. Although wear has been extensively studied scientifically, 

in the 21st century there are still wear problems present in industrial applications.  This 

actually reveals the complexity of the wear phenomenon. 
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1.10 TYPES OF WEAR 

In most basic wear studies where the problems of wear have been a primary 

concern,  the  so-called  dry  friction  has  been  investigated  to  avoid  the  influences  of  

fluid lubricants.  Dry friction’  is  defined  as  friction  under  not  intentionally  lubricated  

conditions but it is well known that it is friction under lubrication by atmospheric gases,  

especially by oxygen [13]. A  fundamental  scheme  to  classify  wear  was  first  outlined  

by  Burwell  and Strang [14]. Later Burwell [15] modified the classification to include five 

distinct types of wear, namely (1) Abrasive, (2) Adhesive, (3) Erosive, (4) Surface fatigue 

and (5) Corrosive. 

 

   1.10.1     Abrasive Wear  

    Abrasive wear can be defined as wear that occurs when a hard surface slides 

against and cuts groove from a softer surface.  It can be account for most failures in 

practice. Hard particles or asperities that cut or groove one of the rubbing surfaces produce 

abrasive wear. This hard material may be originated from one of the two rubbing surfaces. 

In sliding mechanisms, abrasion can arise from the existing asperities on one surface (if it 

is  harder  than  the  other),  from  the  generation  of  wear  fragments  which  are  

repeatedly deformed and hence get work hardened for oxidized until they became harder 

than either or both of the sliding surfaces, or from the adventitious entry of hard particles, 

such as dirt from outside the system.   

 

 

                

 

 

Two body abrasive wear occurs when one surface (usually harder than the second) cuts 

material away from the second, although this mechanism very often changes to three body 

abrasion as the wear debris then acts as an abrasive between the two surfaces. Abrasives 

can act as in grinding where the abrasive is fixed relative to one surface or as in lapping  

where  the  abrasive  tumbles  producing  a  series  of  indentations  as  opposed  to  a 
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scratch.  According  to  the  recent  tribological  survey,  abrasive  wear  is  responsible  for  

the largest amount of material loss in industrial practice [16]. 

 

1.10.2   Adhesive Wear 

Adhesive  wear  can  be  defined  as  wear  due  to  localized  bonding  between 

contacting solid surfaces leading to material transfer between the two surfaces or the loss 

from  either  surface.  For  adhesive  wear  to  occur  it  is  necessary  for  the  surfaces  to  

be  in intimate contact with each other. Surfaces, which are held apart by lubricating films, 

oxide films etc. reduce the tendency for adhesion to occur. 

 

 

 

1.10.3     Erosive Wear    

Erosive  wear  can  be  defined  as  the  process  of  metal  removal  due  to 

impingement of solid particles on a surface. Erosion is caused by a gas or a liquid, which 

may or may not carry, entrained solid particles, impinging on a surface. When the angle of 

impingement is small, the wear produced is closely analogous to abrasion. When the angle 

of  impingement  is  normal  to  the  surface,  material  is  displaced  by  plastic  flow  or  is 

dislodged by brittle failure. 
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1.10.4   Surface Fatigue Wear 

Wear of a solid surface caused by fracture arising from material fatigue. The term 

‘fatigue’ is broadly applied to the failure phenomenon where a solid is subjected to cyclic 

loading involving tension and compression above a certain critical stress. Repeated loading 

causes the generation of micro cracks, usually below the surface, at the site of a pre-

existing point of weakness.  On subsequent loading and unloading, the micro crack 

propagates. Once the crack reaches the critical size, it changes its direction to emerge at the 

surface, and thus flat sheet like particles is detached during wearing. The number of stress 

cycles  required  to  cause  such  failure  decreases  as  the  corresponding  magnitude  of  

stress increases. Vibration is a common cause of fatigue wear. 

 

1.10.5    Corrosive wear 

Most metals are thermodynamically unstable in air and react with oxygen to form  

an  oxide,  which  usually  develop  layer  or  scales  on  the  surface  of  metal  or  alloys 

when  their  interfacial  bonds  are  poor.  Corrosion wear is the gradual  eating  away  or 

deterioration of unprotected metal surfaces by the effects of the atmosphere, acids, gases, 

alkalis,  etc.  This  type  of  wear  creates  pits  and  perforations  and  may  eventually  

dissolve metal parts.  

 

1.11    Dielectric properties of natural fiber composite  

   Dielectric is an insulating material or a very poor conductor of electric current. 

Dielectric material has no loosely bound electrons, and so no current flows through them. 

When they are placed in an electric field, the positive and negative charges within the 

dielectric are displaced minutely in opposite directions, which reduce the electric field 
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within the dielectric material. Examples of dielectrics include glass, plastics, ceramics and 

polymer composites.  

Composites reinforced with natural fibers are an attractive option due to their low 

cost, low density, biodegradability and low environmental concerns. Natural fibre 

reinforced polymer matrix composites are being considered for use in several industrial 

applications. The dielectric constant of a material depends upon the polarizability of its 

molecules and is determined by different contributions: interfacial, dipole, atomic and 

electronic polarizations. Atomic and electronic polarizations are instantaneous and do not 

affect the dependency of the dielectric constant on frequency. Dipole polarization is due to 

the presence of polar groups in the matrix and fibers. Also, composites are heterogeneous 

and interfacial polarization exists. Interfacial polarization influences the dielectric 

properties at very low frequencies and usually decreases with increasing frequency [17-

18]. 
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1.12   Thesis Outline 

 The remainder of this thesis is organized as follows 

 

 

Chapter 2: 

Includes a literature review designed to provide a summary of the base of 

knowledge already available involving the issues of interest. 

 

 

Chapter 3: 

Includes a detailed description of the raw materials, test procedures, and design of 

experiments methodology. 

 

 

Chapter 4: 

Results and discussion 

 

Section: 1                        physico - mechanical properties of composites. 

 

Section: 2                          study of erosion wear behavior. 

 

Section: 3                          study of abrasion wear behavior. 

 

 
 

 Chapter 5:            

  Provides the thesis summary conclusions and recommendation for   future work. 

 



 

 

 

 

 

Chapter 2 

 
Literature Review 
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                                                                       Chapter 2 

      LITERATURE SURVEY 

 

This chapter deals with the literature survey of the broad topic of interest namely 

the development of surface modification technology for tribological applications. This 

treatise embraces chicken feather reinforced epoxy composite and their characteristics. The 

wear resistance performances of these natural keratin fiber composites have been reviewed 

critically along with the corresponding failure mechanisms. It also presents a review of the 

efforts that have been directed worldwide towards management issues of utilization, 

storage and disposal of feather fiber, which is the material of interest in this work.  

 

 

2.1   Natural Bio-Fiber Reinforced Composites 

Synthetic fibers such as glass, nylon, carbon, Kevlar and boron are generally used 

to make composite materials for specific purposes even though they are expensive and are 

non-renewable resources. This is because of their very high specific strength properties 

which do not deteriorate appreciably with time. On the other hand, there is a growing 

interest in the development of new materials which enhance optimal utilization of natural 

resources, and particularly, of renewable resources. The natural fibers like cotton, jute and 

sisal have also attracted the attention of scientists and technologists for applications in 

consumer goods, low cost housing and civil structures where the prohibitive cost of 

synthetic fibers restricts their use [19-22]. These natural fiber composites possess 

characteristic properties such as high electrical and impact resistance, good thermal and 

acoustic insulating properties and high work of fracture in addition to specific strengths 

comparable to synthetic fiber reinforced polymer composites [23]. Accordingly, 

manufacturing of high-performance engineering materials from renewable resources has 

been pursued by researchers across the world owning to renewable raw materials are 

environmentally sound and do not cause health problem. A substantial increase in the 

agricultural by-products and wastes of different types has attracted many researchers to 
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develop and characterize new and low-cost materials from renewable local resources [24]. 

As a result, composites made from non-traditional materials obtained directly from agro-

wastes such as coir fibre, coconut pith, jute sticks, ground nut husk, rice husk, reed, and 

straw became one of the main interests of researchers [25-28]. 

 

  They are high specific strength and modulus materials, low priced, recyclable and 

are easily available. Some experimental techniques, from micro scale to macro scale, such 

as single fiber pull-out test, single fiber fragmentation test, short beam shear test etc. have 

been employed to evaluate the interfacial performances of this kind of composites. It is 

known that natural fibers are non-uniform with irregular cross sections which make their 

structures quite unique and much different with man-made fibers such as glass fibers, 

carbon fibers etc. Saheb and Jog [29] have presented a very elaborate and extensive review 

on the reported work on natural fiber reinforced composites with special reference to the 

type of fibers, matrix polymers, treatment of fibers and fiber-matrix interface. A number of 

investigators [30] have studied the processing, mechanical properties and SEM analysis of 

novel low cost jute fiber composites. Many researchers have been   conducted   to   study   

the   mechanical   properties,   especially   interfacial performances of the composites based 

on natural fibers due to the poor interfacial bonding between the hydrophilic natural fibers 

such as sisal, jute and palm fibers and the hydrophobic polymer matrices. Worldwide 

laboratories have worked on this topic [31-34]. But reports on composites using fibers like 

poultry feather are rare.  

 

The matrix phase plays a crucial role in the performance of polymer composites. 

Both thermosets and thermoplastics are attractive as matrix materials for composites. In 

thermoset composites, formulation is complex because a large number of components are 

involved such as base resin, curing agents, catalysts, flowing agents, and hardeners. These 

composite materials are chemically cured to a highly cross-linked, three-dimensional 

network structure [35]. These cross-linked structures are highly solvent resistant, tough, 

and creep resistant. The fiber loading can be as high as 80% and because of the alignment 

of fibers; the enhancement in the properties is remarkable. Thermoplastics offer many 

advantages over thermoset polymers. One of the advantages of thermoplastic matrix 
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composites is their low processing costs. Another is design flexibility and ease of molding 

complex parts. Simple methods such as extrusion and injection molding are used for 

processing of these composites. In thermoplastics most of the work reported so far deals 

with polymers such as polyethylene, polypropylene, polystyrene, and poly (vinyl chloride). 

This is mainly because the processing temperature is restricted to temperatures below 2007 

0
C to avoid thermal degradation of the natural fibers. For thermoplastic composites, the 

dispersion of the fibers in the composites is also an important parameter to achieve 

consistency in the product. Thermoplastic composites are flexible and tough and exhibit 

good mechanical properties [36]. However, the percentage of loading is limited by the 

process ability of the composite. The fiber orientation in the composites is random and 

accordingly the property modification is not as high as is observed in thermoset 

composites. Properties of the fibers, the aspect ratio of the fibers, and the fiber–matrix 

interface govern the properties of the composites. The surface adhesion between the fiber 

and the polymer plays an important role in the transmission of stress from matrix to the 

fiber and thus contributes toward the performance of the composite [37]. Another 

important aspect is the thermal stability of these fibers. Since most thermoplastics are 

processed at high temperatures, the thermal stability of the fibers at processing 

temperatures is important. Thus the key issues in development of natural reinforced 

composites are (i) thermal stability of the fibers, (ii) surface adhesion characteristics of the 

fibers, and (iii) dispersion of the fibers in the case of thermoplastic composite. 

 

 

2.2   Chicken Feathers 

Chicken feather fiber (CFF) has attracted much attention to different product design 

and engineering industries recently, so as the use of CFF as reinforcements for polymer-

based biodegradable materials has emerged gradually. The advantages of using this natural 

fiber over traditional reinforcing fibers in bio-composites are low cost, low density, 

acceptable specific strength, recyclability, bio-degradability etc. Because of its renewable 

and recyclable characteristics, this has been appreciated as a new class of reinforcement for 

polymer-based bio-composites. In fact, a CFF is made up of two parts, the fibers and the 

quills (Fig.2.1). The fiber is thin filamentous materials that merge from the middle core 
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material called quills. The feather is basically made up of keratin which contains ordered 

α-helix or β-helix structure and some disordered structure. The feather fiber fraction has 

slightly more α -helix over β-helix structure. The outer quill has more β-helix than α-helix 

structure [38]. In simple terms, the quill is hard, central axis off which soft, interlocking 

fibers branch. Chicken feather are approximately 91% protein (keratin), 1% lipids and 8% 

water [39]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2.1. Different parts of chicken feather. 

 

The amino acid sequence of chicken feather is very similar to that of other feathers. 

The sequence is largely composed of cystine, glycine, proline, and serine, and contains 

almost no histidine, lysine, or methonine [40]. The amino acid content of keratin is 

characterized by a high cystine, which may vary between 2 to 18 wt %. Keratin is insoluble 

in water, acids, as well as organic solvents, but when it was treated with alkali solution like 

sodium hydroxide at high concentration, the amide bonds present in keratin are hydrolyzed 

to form free amine and free carboxylic acid solution [41]. The disulfide bonds which 

formed between two cysteines are responsible for the high strength of keratin, and not 
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hydrolyzed by alkali solution [42]. The density of chicken feathers is about 0.8 g/cm3 

compared to about 1.5 g/cm3 for cellulose fibers and about 1.3 g/cm3 for wool [43, 44]. 

Smaller feathers have a greater proportion of fiber, which has a higher aspect ratio than the 

quill. The presence of quill among fibers results in a more granular, lightweight, and bulky 

material. A typical quill has dimensions on the order of centimeters (length) by millimeters 

(diameter). Fiber diameters were found to be in the range of 5–50 µm. The density of CFF 

is lighter than other synthetic and natural reinforcements, thus, CFF inclusion in a 

composite could potentially lower the composite density, whereas the density of a typical 

composite with synthetic reinforcement increases as fiber content increases. Hence, light 

weight composite materials can be produced by inclusion of CFF to polymers which also 

reduces the transportation cost.  

 

The moisture content of CFF is an important factor that can highly influence their 

weight and mechanical properties. The moisture content of processed CFFs can vary 

depending upon processing and environmental conditions. The glass transition temperature 

(Tg) of the feather fibers and inner quills is approximately 235 
0
C while an outer quills is 

225 
0
C. High Tg represents that a tighter keratin structure is formed to which water is more 

strongly bonded [45]. Fibers and inner quills do not begin to lose water below 100 
0
C. The 

moisture evolution temperature of the CFF and quill occurs in the range of 100–110 
0
C. 

This suggests that it may be possible to have a fully dry fibers and inner quills at 110 
0
C. 

The length and diameter (sometime in the form of bundles) of CFF would highly affect 

their properties and impregnatability of resin into a resultant composite. Short or longer 

fibers would highly affect the stress transferability as well as shear strength of the 

composites. The fibers, themselves also would be a barrier to the movement of polymer 

chains inside the composites and it may result in increasing their strength and thermal 

properties, but reduce their fracture toughness. It was found that the development of 

chicken feather fiber bio-composites have been increasing in recent years, and the outcome 

are expected to be able to alleviate the global waste problem. One of the advantages of 

feather fiber is that they are natural fibers and thus can be used in applications where 

biodegradability is desirable. One such application is erosion control fabrics, which help to 
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stabilize soil and prevent erosion. These fabrics are placed on top of the soil and are 

usually stapled into the ground to prevent movement.                             

 

 

2.3 Dielectric properties of fiber reinforced polymer composite. 

The potential of fiber reinforced polymer composites was recognized more than 50 

years ago, now they can find their applications in almost every industry including 

construction, aerospace, automotive, and electronics. It is well known that, the purpose of 

the composites is to exhibit enhanced properties that the individual constituents do not 

have. Usually the research and development in this area are focused on the improvement of 

the strength and other mechanical properties of polymers composites [46-48] less attention 

has been paid to obtain information on electrical properties. For instance, from the 

combination of deferent fibers or fillers with polymer matrices one can produce polymer-

matrix composites, a material important to the electronic industry for its dielectric 

properties in the use of capacitors [49-51]. The effective utilization of filled polymers 

depends strongly on the ability to disperse the fillers homogeneously throughout the matrix 

[52]. The interface properties also strongly affect the characteristics and performance of 

these composites [53]. One of the most attractive features of these filled composites is that 

their dielectric properties can be widely changed by choice of shape, size, and the 

conductivity of filled constituents in the polymeric matrix. Most of the interesting 

properties of polymers are attributable to the complex motions within their molecular 

matrix. In the polymeric system, molecular relaxations exhibit various transitions [54]. 

Actually, the reinforcing composites possess not only mechanical properties superior to 

those of the matrix, but in all cases higher thermal conductivities and dissimilar electrical 

properties [55-58]. The thermal and dielectric properties of the composites are vital to 

application is microelectronic industry [59].  

 

Composite materials are increasingly used for dielectric applications, i.e., 

applications that make use of electrically insulating or nearly insulating behavior. This is 

because of the need of the electronic industry for dielectric materials in electrical 

insulation, encapsulation, substrates, interlayer dielectrics in a multilayer ceramic chip 
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carrier, printed circuit boards, and capacitors, and because of the rising importance of 

smart structures that use dielectric materials for piezoelectric, ferroelectric, and 

pyroelectric devices that provide sensing, actuation, etc.  The dielectric constant of a 

material depends upon the polarizability of its molecules and is determined by different 

contributions: interfacial, dipole, atomic and electronic polarizations. Atomic and 

electronic polarizations are instantaneous and do not affect the dependency of the dielectric 

constant on frequency. Dipole polarization is due to the presence of polar groups in the 

matrix and fibres. Also, composites are heterogeneous and interfacial polarization exists. 

Interfacial polarization influences the dielectric properties at very low frequencies and 

usually decreases with increasing frequency [60, 61].  

 

Chicken feather (CF) is an inconvenient and a troublesome waste product of the 

poultry industry. The feather basically contains keratin that has ordered α- helix or β- helix 

structure. Feather fiber/fibrils with an alpha helix structure at the molecular level are light 

and tough enough to withstand both mechanical and thermal stress. Due to the hollow 

structure of the fiber, a given volume of fiber innately contains a significant volume of air 

resulting in low density, 0.80 g/cm3, and low dielectric constant. These fibrils have an 

aspect ratio >1000. The nodes and hooks in the hollow structure improve the structural 

properties and increase the surface area. Low strength of such composites restricts their use 

for structural application [62, 63]. However, less emphasis has been paid to obtain 

information on thermal and electric properties of such composites. The low dielectric 

constant of the insulator used as printed circuit boards increases the operating speed, 

minimizes the cross-talk effects between metal interconnects, and diminishes the power 

consumption as well [64]. Development of low k-dielectric material is considered to be 

one of the main issues in modern high-speed microelectronics [65]. Developing a low 

dielectric material from enable resources, such as CF fiber, is quite attractive from an 

economic and environmental point of view. Due to hollow structure of the fiber, a given 

volume of the fiber innately contains a significant volume of cavities. It is known that air is 

an ideal dielectric material having minimum dielectric constant of ~1.0 for which signals 

can travel faster [66]. Air, for instance, allows the fastest movement of all because it 

provides essentially no resistance. When traveling near solids, however, the movement 
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tends to kick up opposing positive charges and charges can distract the signal from 

completing its appointed rounds [67]. In the present study, we have developed a new 

material using CF fiber as reinforcement in epoxy resin, which possesses low dielectric 

constant, and hence can be useful /suited for electronic applications [68-70]. 

 

 

2.4    Erosion Wear Characteristics of Composites 

Wear is damage to a solid surface usually involving progressive loss of materials, 

owing to relative motion between the surface and a contacting substance or substances. It 

is a material response to the external stimulus and can be mechanical or chemical in nature. 

The effect of wear on the reliability of industrial components is recognized widely and the 

cost of wear has also been recognized to be high. Systematic efforts in wear research were 

started in the 1960s in industrial countries. The direct costs of wear failures, i.e., wear part 

replacements, increased work and time, loss of productivity, as well as indirect losses of 

energy and the increased environmental burden, are real problems in everyday work and 

business. Although wear has been extensively studied scientifically, in the 21st century 

there are still wear problems present in industrial applications. This actually reveals the 

complexity of the wear phenomenon. 

 

Erosion due to the impact of solid particles can either be constructive (material 

removal desirable) or destructive (material removal undesirable), and therefore, it can be 

desirable to either minimize or maximize erosion, depending on the application. 

Constructive applications include sand blasting, high-speed water-jet cutting, blast 

stripping of paint from aircraft and automobiles, blasting to remove the adhesive flash 

from bonded parts, erosive drilling of hard materials, and most recently, in the abrasive jet 

micromachining of silicon and glass substrates for optoelectronic applications, and the 

fabrication of components for micro-electromechanical system (MEMS) and micro-fluidic 

applications. Solid particle erosion is destructive in industrial applications such as erosion 

of machine parts, surface degradation of steam turbine blades, erosion of pipelines carrying 

slurries and particle erosion in fluidized bed combustion systems. In most erosion 

processes, target material removal typically occurs as the result of a large number of 
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impacts of irregular angular particles, usually carried in pressurized fluid streams. The 

fundamental mechanisms of material removal, however, are more easily understood by 

analysis of the impact of single particles of a known geometry. Such fundamental studies 

can then be used to guide development of erosion theories involving particle streams, in 

which a surface is impacted repeatedly. 

 

After developing primitive fiber reinforced composite (FRC) in 1940s, they have 

been widely used because of their superior specific strength and also high corrosion 

resistance. Initially FRC was composite reinforced with glass fibers (GFRC), however 

reinforcement of new fibers such as carbon/graphite and aramid have increased their 

importance recently. The development of these high-performance fibers, use of FRC into 

industrial applications such as load bearing parts of buildings, bridges, tank / vessels and 

transportations can be recognized [71,72]. To ensure the durability of FRCs for industrial 

applications, it is necessary to discuss the degradation behavior and mechanism under 

various conditions such as stress, corrosion and erosion etc. Several parts and equipments 

are exposed to erosive conditions, for example pipes for hydraulic or pneumatic 

transportation [73-75], nozzle and impeller for sand-blasting facility [76], internal surface 

of vessels used for fluidized bed or with catalysis [77-79] , nose of high-velocity vehicle 

[80], blades/propellers of planes and helicopters [81] etc., some of them made from fibrous 

composites. Polymer composites with both discontinuous and continuous fiber 

reinforcement possess usually very high specific (i.e. density related) stiffness and strength 

when measured in plane. Therefore, such composites are frequently used in engineering 

parts in automobile, aerospace, marine and energetic applications. Due to the operational 

requirements in dusty environments, the study of solid particle erosion characteristics of 

the polymeric composites is of high relevance. 

 

Polymers are finding an ever increasing application as structural materials in 

various components and engineering systems. The high specific strength and stiffness of 

polymers are primarily responsible for their popularity. However, the resistance of 

polymers to solid particle erosion has been found to be very poor [82], and in fact it is two 

or three orders of magnitude lower than metallic materials [83]. One possible way to 
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overcome such a shortcoming is to introduce a hard second phase in the polymer to form 

polymer matrix composites (PMCs). A number of investigators [82-89] have evaluated the 

resistance of various types of PMCs to solid particle erosion. Tilly [83] and Tilly and Sage 

[85] tested nylon and epoxy reinforced with various fibers such as graphite, glass and 

concluded that the reinforcement can either increase or decrease the erosion resistance 

depending on the type of fibers. Zahavi and Schmitt [84] tested a number of PMCs for 

erosion resistance and concluded that glass-reinforced epoxy composite had a particularly 

good erosion resistance. The above study was extended further by Tsiang [86]. He carried 

out sand erosion tests on a wide range of thermoset and thermoplastic PMCs having glass, 

graphite and Kevlar fibers in the forms of tape, fabric and chopped mat as reinforcements. 

Kevlar fibers in an epoxy resin provided the best erosion resistance. In a recent study, 

Mathias et al. [87] and also Karasek et al. [89] have evaluated the erosion behavior of a 

graphite fiber reinforced bismaleimide polymer composite. These investigators observed 

the erosion rates of the PMC to be higher than the unreinforced polymer. Many of the 

investigators [83-87, 89] also consistently noted that the erosion rates of the PMCs were 

considerably larger than those obtained in metallic materials. In addition, composites with 

a thermosetting matrix mostly exhibited a maximum erosion rate at normal impact angles 

(i.e. a brittle erosion response) while for the thermoplastic polymer composites the erosion 

rate reached a maximum at an intermediate impact angle in the range 40
0
-50

0
 signifying a 

semi ductile erosion response. 

 

The wear behavior of composite materials has received much less attention than 

that of conventional materials. However, as composites are utilized to an increasing extent 

in the aerospace, transportation and process industries, their durability may become a 

prime consideration. In erosion, material is removed by an impinging stream of solid 

particles. Studies to develop an understanding of the mechanisms of erosive wear have 

been motivated by reduced lifetimes and failures of mechanical components used in 

erosive environments e.g. in pipelines carrying sand slurries, in petroleum refining [90, 91] 

and in aircraft gas turbine/compressor blades [92]. In addition to these studies, which were 

conducted to understand erosion behavior in isotropic materials, there is increasing interest 

in understanding the erosion behavior of anisotropic materials. Because of their very high 
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specific stiffness and strength, composites are now used extensively in aircraft structures. 

The understanding of erosive wear behavior is obviously important for such structures e.g. 

helicopter rotor blades. While polymeric coatings have been developed to protect 

composite aircraft structures from rain erosion [93, 94] there is little understanding of the 

mechanisms of erosive wear in these materials. For polymers and composite materials, 

Tilly and Sage [85] investigated the influence of velocity, impact angle, particle size and 

weight of impacted erosion for nylon, carbon-fiber reinforced nylon, epoxy resin, 

polypropylene and glass-fiber-reinforced plastic. Their results showed that, for the 

particular materials and conditions of their tests, composite materials generally behaved in 

an ideally brittle fashion (i.e. maximum erosion rate occurred at normal impact). Fiber 

reinforcement may improve or worsen the resistance to erosion depending on the type of 

fibers used. In addition, the erosion rates in composites continued to increase with particle 

size in contrast with the independence of erosion rate on particle size found in steel with 

particle diameters greater than about 100 µm [84, 89].  

 

Erosion experiments on metallic materials, ceramics and polymers have clearly 

indicated that the hardness of the eroding or abrading material by itself cannot adequately 

explain the observed behavior. As a result, combined parameters involving both hardness 

and fracture toughness have been utilized to correlate the erosion data of metals [95-104], 

ceramics [99,100] and polymers [102] In addition, correlation between the fatigue and the 

erosion or wear resistance has also been observed in the case of polymers [103]. Solid 

particle erosion is a dynamic process that leads to progressive loss of material from the 

target surface due to impingement of fast moving solid particles. This mode of wear is one 

of the important problems in various gas and liquid flow passages such as flow in pipes 

and pipe fittings (valves, bends, elbows, flow meters etc.), flow in pumps, turbines, 

compressors and many others. Erosion may cause equipment malfunctioning (vibration, 

leakage, excessive energy losses etc.) and may also lead to complete failure of machine 

components. Accurate prediction of the rate of erosion in a specific application is one of 

the very complicated problems since it requires detailed investigation of the solid particle 

motion before and after impact. The difficulty arises mainly from the fact that most flows 

occurring in industrial processes are turbulent which makes the particle trajectory and 
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impact characteristics difficult to predict taking into consideration all fluid forces acting on 

the particle. Erosion tests have been performed under various experimental conditions 

(erodent flux conditions, erosive particle characteristics) on different target composites. It 

has been concluded that composite materials present a rather poor erosion resistance [104-

108]. A crucial parameter for the design with composites is the fiber content as it controls 

the mechanical and thermo-mechanical responses. In order to obtain the favored material 

properties for a particular application, it is important to know how the material 

performance changes with the fiber content under given loading conditions. The erosive 

wear behavior of polymer composite systems as a function of fiber content has been 

studied successfully in the past [109-111]. It was concluded that the inclusion of brittle 

fibers in both thermosetting and thermoplastic matrices leads to compositions with lower 

erosion resistance. Nevertheless, no definite rule is available to describe how the fiber 

content affects the erosion rate of a composite.  

 

Miyazaki and Hamao [109] have examined the effect of fiber inclusion on the 

erosion behavior by comparing the erosion rate of an FRC with that of a neat resin, which 

is the matrix material of the FRC. It was observed that the inclusion of brittle fibers in both 

thermosetting and thermoplastic matrices leads to compositions with lower erosion 

resistance. The results show the clear correlation between interfacial strength and erosion 

rate. Thus, the erosion behavior of polymeric materials depends first of all on their nature. 

Thermosetting polymers, such as epoxy (EP) show brittle erosion whereas the erosion 

response of thermoplastics is of ductile type [108]. The same categorization applies for the 

related composites. It was demonstrated that the maximum erosion rate is at an oblique 

impact angle of 30
0
 and at 60

0
–90

0
 for polymers eroding in ductile and brittle manner 

respectively [104,112-114].  A schematic of erosion wear process is demonstrated in 

fig.2.2. 
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Fig.2.2.  Schematic diagram of erosion mechanisms, at different angle of impact. 

 

Rubbers, on the other hand, present a maximum erosion rate at 30
0
, but the failure 

mechanisms differ from those of thermoplastic resins. It is, therefore, a great challenge to 

study the solid particle erosion of a system that may show both brittle and ductile erosion 

behavior depending on its composition and structural characteristics. Erosion of ductile 

materials by the impact of hard solid particles at low and moderate velocities (2-100 m/sec) 

can cause significant damage to structural components in many industrial applications. 

During impact on the elastic–plastic target, particle energy transfers into rebound and 

plastic deformation of the target [115]. Rebound of the particle is caused by the elastic 

energy stored in the particle and target material and the magnitude of this energy is 

determined by the ratio of the rebound to the initial particle velocity. This ratio, called the 

restitution coefficient, depends on the mechanical properties of the target material and 

erodent, and impact parameters (i.e. velocity, impact angle, and particle size). The extent 

of erosion damage is related to the ability of the material to elastically recover and 

therefore, it is important to understand the effect of target mechanical properties, such as 

hardness, on the restitution coefficient. Several studies have been conducted to measure the 

restitution coefficient of various target erodent systems [115-117]. However, these 

measurements are complicated and often inaccurate because of the difficulties involved in 

measuring rebound velocity of the particle. As already mentioned, solid particle erosion is 
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a general term used to describe mechanical degradation wear of a solid material subjected 

to a stream of abrasive erodent particles impinging on its surface and the effects of solid 

particle erosion have been recognized for a long time [118]. Damage caused by erosion has 

been reported in several industries for a wide range of situations. Examples can be cited for 

rocket motor tail nozzles [119], helicopter rotors and gas turbine blades [120], parametric 

dependence of erosion wear for the parallel flow of solid–liquid mixtures [121], boiler 

tubes exposed to fly ash [122]. The existing models of solid particle erosion treat ductile 

and brittle materials as separate and distinct, generating two basic theories. These include 

subsurface lateral crack propagation in brittle materials [123,124], and micro machining or 

damage accumulation and fatigue impact in ductile materials [125,126]. Sheldon [127] 

noted the importance of the tangential velocity component of the impacting particle and 

concluded that erosion occurs by a combination of ductile and brittle modes.  

 

In general, the erosive wear behavior of material depends on various operating 

parameters, such as velocity and angle of impact, particle size, shape, flux rate, etc. [116]. 

Literature on the effect of velocity of erodent on wear performance is sparse as compared 

to that on other parameters [129-133]. Earlier studies have shown that the value of the 

velocity exponent depends on the nature of both the target and the erodent. Tilly and Sage 

[84] reported a value of velocity exponent of 2.3 for 125–150 µm quartz erodent’s 

impacting a range of materials from metals to plastics. They also reported that the velocity 

exponent decreased with decreasing size of the erodent. While studying the erosive wear 

behavior of glass eroded by 300 µm size iron spheres, Dhar and Gomes [134,135] 

postulated that there was a threshold velocity value below which deformation was elastic 

and hence no damage occurred. Tilly [136] proposed that the threshold velocity depended 

on the particle size of the erodent and obtained a value of 2.7 m/s for 225 µm quartz 

against 11% chromium steel. Scattergood and Routbort [137] found that the velocity 

exponent increased with decreasing particle size of the erodent. Arnold and Hutchings 

[129] found that the erosion rate of natural rubber and epoxidized natural rubber had very 

strong dependence on the impinging velocity above 70 m/s. Rao et al.[138] reviewed the 

effect of impact velocity on the erosive wear of various polymers and composites. The 

influence of impact angle and dose of the erodent on the erosive wear behavior of various 
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poly-amides with different methylene to amide (CH2 /CONH) ratio has also been reported 

[139]. Therefore, it is worthwhile to study the influence of various impact parameters like 

impinging angle, velocity, dose of the erodent etc. on the erosive wear behavior of 

composites. Available reports on the research work carried out on erosion can be classified 

under three categories; experimental investigations, erosion model developments and 

numerical simulations. Tilly [136] presented a thorough analysis of the various parameters 

affecting erosion, including particle properties, impact parameters, particle concentration, 

material temperature and tensile stress. He also reviewed the different mechanisms of 

erosion, which were categorized into brittle and ductile behaviors. Because of its direct 

relevance to gas and oil industries, erosion of pipes and pipe fittings attracted many 

researchers. Several experimental studies were conducted with the main objective being to 

determine the rate of erosion in such flow passages and its relation with the other 

parameters involved in the process. Among these studies are the works by Rochester and 

Brunton [140], True and Weiner [141], Glaeser and Dow [142], Roco et al. [143], 

Venkatesh [144], and Shook et al. [145]. Soderberg et al. [146,147] and Hutchings 

[148,149] reported the advantages and disadvantages of such experiments. The recent 

experimental study by McLaury et al. [150] on the rate of erosion inside elbows and 

straight pipes provided correlations between the penetration rate and the flow velocity at 

different values of the elbow diameter, sand rate and size. Edwards et al. [151] reported the 

effect of the bend angle on the normalized penetration rate.  

 

The objective of most of these experimental studies was to provide data for 

establishing a relationship between the amount of erosion and the physical characteristics 

of the materials involved, as well as the particle velocity and angle of impact. Blanchard et 

al. [152] carried out an experimental study of erosion in an elbow by solid particles 

entrained in water. The elbow was examined in a closed test loop. Electroplating the elbow 

surface and photographing after an elapsed period of time were carried out to show the 

wear pattern.  
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2.5    Abrasive Wear of Polymer Composite 

Abrasive wear occurs when a hard rough surface slides across a softer surface 

[153]. ASTM (American Society for Testing and Materials) define it as the loss of material 

due to hard particles or hard protuberances that are forced against and move along a solid 

surface [154]. Abrasive wear is commonly classified according to the type of contact and 

the contact environment [155]. The type of contact determines the mode of abrasive wear. 

The two modes of abrasive wear are known as two-body and three-body abrasive wear. 

Two-body wear occurs when the grits, or hard particles, are rigidly mounted or adhere to a 

surface, when they remove the material from the surface. The common analogy is that of 

material being removed with sand paper. Three-body wear occurs when the particles are 

not constrained, and are free to roll and slide down a surface. The contact environment 

determines whether the wear is classified as open or closed. An open contact environment 

occurs when the surfaces are sufficiently displaced to be independent of one another. 

 

There are a number of factors which influence abrasive wear and hence the manner of 

material removal. Several different mechanisms have been proposed to describe the 

manner in which the material is remove. Three commonly identified mechanisms of 

abrasive wear are: 

 

� Plowing 

� Cutting 

� Fragmentation 

 

Plowing occurs when material is displaced to the side, away from the wear 

particles, resulting in the formation of grooves that do not involve direct material removal. 

The displaced material forms ridges adjacent to grooves, which may be removed by 

subsequent passage of abrasive particles. Cutting occurs when material is separated from 

the surface in the form of primary debris, or microchips, with little or no material displaced 

to the sides of the grooves. This mechanism closely resembles conventional machining. 

Fragmentation occurs when material is separated from a surface by a cutting process and 

the indenting abrasive causes localized fracture of the wear material. These cracks then 
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freely propagate locally around the wear groove, resulting in additional material removal 

by spalling[155] Abrasive wear can be measured as loss of mass by the Taber Abrasion 

Test according to ISO 9352 / ASTM D 1044. 

 

Reinforced polymers are used extensively in applications where resistance to 

adhesive and abrasive wear failure is important for materials section. Polymers form a 

special class of materials because of their self lubricity, which allows them to function 

without external convectional liquid lubrication. However polymers have some inherent 

tribological limitations, such as significantly low thermal conductivity, and diffusivity as 

compared with metals. Frictional heat generated at the sliding contacts cannot be dissipated 

properly, and hence, flash temperature at sliding contacts remains high. Their poor thermal 

stability also makes them more vulnerable due to loss of mechanical strength with an 

increase in the surface temperature. The thermal expansion coefficients of polymers are ten 

times greater than those of metals, posing problems related to dimensional clearances. In 

addition to the creeping tendency, polymers have low dimensional stability and rigidity. 

They have poor compressive strength (approximately 30 times less) compared with those 

of other classes of tribomaterials. These inherent limitations restrict the utility of polymers 

under severe operating conditions, such as high loads, speeds, and temperatures. Therefore, 

reinforcements (fibrous or particulate) generally are used to increase the load-carrying 

capacity strength, resistance to creep and wear. Limitations of strength and thermal 

conductivity can be overcome efficiently by the right selection of reinforcements and 

fillers in the appropriate amount, combination, and processing technology. The tribological 

performance of reinforced polymers is governed by the type of base matrix, the nature of 

the filer( type , amount, size, shape  aspect ratio, distribution, orientation, combination with 

fillers and the quality of bonding with the matrix), and the operating conditions. Fibers are 

far more wear resistant than the matrix and hence control the wear of the composite 

 

In recent years, there have been rapid growth in the developments and applications 

of fiber reinforced thermo-setting polymer composites such as epoxy, and polyester. This 

is due to the realization of their good strength, low density, and high performance/cost 

ratios with rapid clean processing. Polymer and their composites are finding ever 
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increasing usage for numerous industrial applications such as bearing material, rollers, 

seals, gears, cams, wheels, clutches and transmission belts etc. [156-158]. Therefore, the 

mechanical and tribological behavior of these materials should be studied systematically. 

Among wear types, abrasive wear situation encountered in vanes and gears, in pumps 

handling industrial fluids, sewage and abrasive-contaminated water, roll neck bearings in 

steel mills subjected to heat, shock loading; chute liners abraded by coke, coal and mineral 

ores; bushes and seals in agricultural and mining equipment, have been received increasing 

attention [159]. 

 

Polymers and their composites form a very important class of tribo-engineering 

materials and are invariably used in mechanical components, where wear performance in 

non-lubricated condition is a key parameter for the material selection [160,161]. Carbon, 

graphite, glass and aramid fabrics are the most commonly used fabrics for fiber reinforced 

polymer composites especially for making tribo-components and aircraft structures that 

encounter harsh operating conditions such as high stresses, speeds, temperatures, etc. [162-

164]. Amongst these fabrics, carbon fabric (CF), not only offers maximum extent of 

strength and wear resistance enhancement but also boost the thermal conductivity that is 

crucial from a tribo-point of view. The rapid dissipation of frictional heat produced at the 

asperity contacts protects the matrix from degradation and fibers from delamination and 

helps in the retention of all performance properties. Moreover, in general, carbon fibers 

help in imparting additional lubricity because of layer-lattice structure of graphite [165]. 

The bi-directional fabric reinforcement offers a unique solution to the ever increasing 

demands on the advanced materials in terms of better performance and ease in processing 

[166]. A notable advance in the polymer industries has been the use of fiber and particulate 

fillers as reinforcement in polymer matrix [167]. However, the matrix materials also play 

an important role as is the case for thermoset resin matrix composites which can be 

designed for specific applications by properly selecting the polymer.  

 

In design there are two main characteristics which make polymer and reinforced 

polymer attractive compared to conventional metallic materials. These are relatively low 

density value and reliable tailoring capability to provide the required strength and stiffness. 
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One of the main important characteristics of materials is wear and friction. Wear is defined 

[168] as the damage to a solid surface, generally involving progressive loss of material, 

due to relative motion between that surface and contacting substance or substances. The 

five types of wear are abrasive, adhesive, erosion, fatigue and fretting. Abrasive wear has a 

contribution of at least 60% of the total cost due to wear [169]. 

 

Several researchers have reported on the abrasive wear behavior of fiber reinforced 

polymer composites [170-172]. It is important to note that the fiber reinforcement (short, 

long, and continuous) in polymer increases the wear resistance and reduces coefficient of 

friction in the case of sliding wear.  It does not automatically mean that these materials will 

perform better when sliding under abrasive wear situations, but often the opposite trend 

results. The influence of fiber and/or fillers on the abrasive wear performance of polymer 

is a more complex and unpredictable phenomenon [173]. Chand et al. [174] studied low 

stress abrasive wear behavior of short E-glass fiber reinforced polymer composites with 

and without fillers by using rubber wheel abrasion test apparatus. They reported that higher 

weight fraction of glass fibers (45%) in the composites improves the wear resistance as 

compared to the composite containing less glass fibers (40%). Evans et al. [175] studied 

the abrasion wear behavior for 18 polymers and they noticed that low density polyethylene 

(LDPE) showed the lowest wear rate in abrasion against rough mild steel, but a higher 

wear rate in abrasion with coarse corundum paper. Budinski [176] investigated the 

abrasion resistance of plastics and concluded that the abrasion resistance of plastics is 

inconclusive and recommended for further study.  Cenna et.  al.[177]  studied  abrasion  

resistance  of three types of vinyl ester resin systems, i.e., un-reinforced, reinforced with 

glass fibers, and reinforced with particles of ultra-high molecular weight polyethylene 

(UHMWPE). They  found  that  UHMWPE  reinforced  composites  showed  enhanced  

wear  resistance against  both  coal  and  mineral  ignimbrite  used  as  abrasives.  Cirino et 

al. [178, 179] investigated the sliding and abrasive wear behavior of poly-ether-ether-

ketone (PEEK) with different continuous fiber types and reported that the wear rate 

decreases with increase in the fiber content and also studied  the mechanisms of abrasive 

wear using scanning electron microscopy and discussed the topic by schematic illustrations 

of basic wear phenomena. The abrasive wear behavior of short carbon/glass fiber 
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reinforced with PEEK/polyphenylene sulfide (PPS) thermoplastic polymers was reported 

by Lhymn et al. [180] and they concluded that the wear rate is sensitive to the fiber 

orientation axis with respect to the sliding direction. The normal oriented specimen showed 

a lower wear rate than the anti-parallel or parallel specimen. Friedrich [181] has reported 

that the wear rate of thermoplastics is not improved by adding short fibers if the wear 

mechanism is highly abrasive in nature. In contrast, in the case of continuous fiber 

reinforcement, an increased wear resistance has been reported. 

 

Mainly, work has been reported on the sliding-wear behaviour of fibre-reinforced 

polymer composites. Bijwe et al. [182] have investigated a polyetherimide short glass-

fibre-reinforced composite for sliding wear against a mild steel counterface and have 

concluded that the results may be compared with the performance of commercially 

available bearing materials. Researchers [183-186] have also reported friction and wear of 

some advanced composites. The main emphasis has been given to the friction and wear of 

unidirectional, continuous, fibre-reinforced polymer composites. Most of them concluded 

that the wear of the material is not an intrinsic property but rather depends on the volume 

fraction, as well as the type and direction of orientation with respect to the sliding 

direction. Tsukizoe and Ohmae [187] derived an empirical wear equation for advanced 

composites and finally concluded that wear of composites proceeded by wear thinning of 

the reinforcement. Subsequently, fibre breaking and peeling-off of the fibres occurs. 

Bahadur and Zheng [188] found that the sliding wear rate is a function of the fibre weight 

fraction, for short fibre-reinforced polyester composites. Tewari and Bijwe [189] in their 

paper on the abrasive wear of polyimide and particulate filled composites, observed that 

load and particle size are important parameters that effect the wear characteristics. Chand 

and Fahim [190]  used polyester and epoxy resins reinforced with glass fibres in woven 

form for abrasive wear studies and derived a theoretical model for the specific wear rate of 

their composites. Lhymn et al. [191] reported, for short fibre-reinforced polyester 

composites, that the wear rate is sensitive to the orientation of the fibre axis with respect to 

the sliding direction, that a ploughing mechanism is evident and that the corelation 

between the wear factor and the friction coefficient is not clear. The limited literature on 

the abrasive wear limits the level of understanding for two-body abrasive wear. 
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2.6     Wear Modeling 

The correlations between wear resistance and characteristic properties of polymers 

have been discussed in terms of various semi-empirical equations by some pioneers. These 

include, e.g. the Ratner–Lancaster equation [192,193], i.e. the relationship of the single 

pass abrasion rate with the reciprocal of the product of ultimate tensile stress and strain or 

an equation used by Friedrich [194] to correlate the erosive wear rate of polymers with the 

quotient of their hardness to fracture energy. Although these equations are quite helpful to 

estimate the wear behavior of polymers in some special cases, wear normally is very 

complicated and it therefore depends on many more mechanical and other parameters. This 

means that simple functions cannot always cover all the prevailing mechanisms under 

wear. For predictive purposes, an artificial neural network (ANN) approach has, therefore, 

been introduced recently into the field of wear of polymers and composites by Velten et al. 

[195] and Zhang et al. [196]. An ANN is a computational system that simulates the 

microstructure (neurons) of biological nervous system. The most basic components of 

ANN are modeled after the structure of the brain. Inspired by these biological neurons, 

ANN is composed of simple elements operating in parallel. ANN is the simple clustering 

of the primitive artificial neurons. This clustering occurs by creating layers, which are then 

connected to one another. How these layers connect may also vary. Basically, all ANN 

have a similar structure of topology. Some of the neurons interface the real world to 

receive its input, and other neurons provide the real world with the network’s output. All 

the rest of the neurons are hidden from view. As in nature, the network function is 

determined largely by the interconnections between neurons, which are not simple 

connections, but some non-linear functions. Each input to a neuron has a weight factor of 

the function that determines the strength of the interconnection and thus the contribution of 

that interconnection to the following neurons. ANN can be trained to perform a particular 

function by adjusting the values of these weight factors between the neurons, either from 

the information of outside the network or by the neurons themselves in response to the 

input. This is the key to the ability of ANN to achieve learning and memory. The multi-

layered neural network is the most widely applied neural network, which has been utilized 

in the most of the research works for materials science reviewed by Zhang and Friedrich 

[197]. Back propagation algorithm can be used to train these multi-layer feed-forward 
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networks with differentiable transfer functions to perform function approximation, pattern 

association and pattern classification. The term back propagation refers to the process by 

which derivatives of network error, with respect to network weights and biases, can be 

computed. The training of an ANN by back propagation involves three stages: (a) the feed-

forward of the input training pattern, (b) the calculation and back propagation of the 

associated error and (c) the adjustment of the weights. This process can be used with a 

number of different optimization strategies. 

 

Wear processes in composites are complex phenomena involving a number of 

operating variables and it is essential to understand how the wear characteristics of the 

composites are affected by different operating conditions. Although a large number of 

researchers have reported on properties, performance and on wear characteristics of 

composites, neither the optimization of wear processes nor the influence of process 

parameters on wear rate has adequately been studied yet. Selecting the correct operating 

conditions is always a major concern as traditional experiment design would require many 

experimental runs to achieve satisfactory result. In any process, the desired testing 

parameters are either determined based on experience or by use of a handbook. It, 

however, does not provide optimal testing parameters for a particular situation. Thus, 

several mathematical models based on statistical regression techniques have been 

constructed to select the proper testing conditions [198-203]. The number of runs required 

for full factorial design increases geometrically, whereas fractional factorial design is 

efficient and significantly reduces the time. This method is popular because of its 

simplicity, but this very simplicity has led to unreliable results and inadequate conclusions. 

The fractional design might not contain the best design point. Moreover, the traditional 

multi-factorial experimental design is the “change-one-factor-at-a-time” method. Under 

this method only one factor is varied, while all the other factors are kept fixed at a specific 

set of conditions. To overcome these problems, Taguchi and Konishi [204], advocated the 

use of orthogonal arrays and Taguchi [205], devised a new experiment design that applied 

signal-to-noise ratio with orthogonal arrays to the robust design of products and processes. 

In this procedure, the effect of a factor is measured by average results and therefore, the 

experimental results can be reproducible. Phadke [206], Wu and Moore [207] and others 
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[208-211] have subsequently applied the Taguchi method to design the products and 

process parameters. This inexpensive and easy to operate experimental strategy based on 

Taguchi’s parameter design has been adopted to study effect of various parameters and 

their interactions in a number of engineering processes.  

The literature survey presented above inspired to carry out the present piece of 

research work. 
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Chapter 3 
MATERIALS AND METHODS 

 
 

This chapter describes the materials and methods used for the processing of all the 

composites under this investigation. It presents the details of the characterization and wear 

tests which the composite samples are subjected to. The methodology related to the design 

of experiment technique based on Taguchi and artificial neural network method is also 

presented in this part of the thesis. 

 

3.1    Matrix material  

 

              Epoxy LY 556, chemically belonging to the ‘epoxide’ family is used as the 

matrix material. Its common name is Bisphenol A Diglycidyl Ether. The hardener with 

IUPAC name NN0-bis (2-aminoethylethane-1,2-diamin) used with the epoxy has the 

designation HY-951. The epoxy resin and the hardener were supplied by Ciba Geigy India 

Ltd. Resin and hardeners are mixed in a ratio of 10:1 by weight as recommended. Density 

of the epoxy resin system is 1.1 g/cc.  

 

3.2    Composite fabrication 

The chicken feathers are cleaned with a polar solvent, like ethanol and dried. The 

quills were removed and short fibers (5-10 mm length, having aspect ratio ≥ 3000) are 

selected. The feathers are mixed with the epoxy by stirring at room temperature and disc-

shaped samples (of 12mm diameter and 2.5 mm thickness) are prepared by uniaxial 

pressing at 1.00 ton load. Four samples of epoxy resin, Sample “A” (pure epoxy resin), 

sample “B” (epoxy + 10% chicken feather fiber), Sample “C” (epoxy + 20% chicken 

feather fiber) and sample “D” (epoxy+ 30% chicken feather fiber), are prepared under the 

same conditions of temperature and pressure. The fabricated samples/slabs are shown in 

Fig.3.1. 
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Table 3.1 Designation and detailed composition of the composites 

 

 

 

 

         

 

 

 

 

 

 

Fig.3.1. shows different feather fiber reinforced epoxy composites 

 

3.3   Physical and Mechanical Characterization 

3.3.1   Hardness measurement 

Hardness measurement is done using a Leitz micro-hardness tester. A diamond 

indenter, in the form of a right pyramid with a square base and an angle 136
0
 between 

Designation Composition 

EC1 Epoxy + 10 wt% Poultry Feather 

EC1 Epoxy + 20 wt% Poultry Feather 

EC1 Epoxy + 30 wt% Poultry Feather 
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opposite faces, is forced into the material under a load F. The two diagonals X and Y of the 

indentation left on the surface of the material after removal of the load are measured and 

their arithmetic mean L is calculated. In the present study, the load considered F= 24.54N 

and Vickers hardness number is calculated using the following equation                                     

Hv = 0.1889               (1) 

                                                       L =  

where F is the applied load (N), L is the diagonal of square impression (mm), X is the 

horizontal length (mm), and Y is the vertical length (mm). 

 

3.3.2    Density and void fraction 

The theoretical density of composite materials in terms of weight fraction can 

easily be obtained as for the following equations given by Agarwal and Broutman [212]. 

 

                                         ρct =              (2) 

Where, W and ρ represent the weight fraction and density respectively. The suffix 

f, m and ct stand for the fiber, matrix and the composite materials respectively. The actual 

density (ρce) of the composite, however, can be determined experimentally by simple water 

immersion technique. The volume fraction of voids (V v) in the composites is calculated 

using the following equation: 

 

                  

                VV =                    (3) 
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3.3.3    Flexural strength 

 

The short beam shear (SBS) tests are performed on the composite samples at room 

temperature to evaluate the value of flexural strength (FS). It is a 3-point bend test, which 

generally promotes failure by inter-laminar shear. The SBS test is conducted as per ASTM 

D2344-84, using the Instron -1195 UTM. Span length of 40 mm and the cross head speed 

of 1 mm/min are maintained. The flexural strength (F.S.) of any composite specimen is 

determined using the following equation. A typical flexural test is shown in Fig.3.2. 

                                                F.S =        (4) 

 

Where, L is the span length of the sample. P is the load applied; b and t are the width and 

thickness of the specimen respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3.2. Loading arrangement for the specimens. 
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3.3.4    FTIR Spectroscopy 

 

Fourier Transform Infrared (FTIR) spectroscopy is an important analysis technique 

which detects various characteristic functional groups in molecules of any matter [213]. On 

interaction of an infrared light with the matter, chemical bonds will stretch, contract and 

bend and as a result, each chemical functional group tends to absorb infrared radiation in a 

specific wavelength range regardless of the structure of the rest of the molecule. Based on 

this principle, functional groups present in composite materials are identified. It is 

performed in a FTIR spectrophotometer interfaced with IR microscope operated in 

reflectance mode. The microscope is equipped with a video camera, a liquid nitrogen-

cooled mercury cadmium telluride (MCT) detector and a computer controlled translation 

stage, programmable in the x and y directions. The spectra are collected in the 400 cm-1to 

4000 cm-1region with 8 cm-1 resolution, 60 scans and beam spot size of 10µm-100µm. 

The FTIR imaging in the present investigation is carried out using a Perkin Elmer 

Spectrum RX (1). 

 

3.3.5 Dielectric Properties  

 

The samples of dimension 12mm in diameter and 2.5 mm in thickness are coated 

with graphite paint on the opposite faces and heated for 15 min (at 100
0
C) in oven for 

drying. Dielectric measurements are carried out at frequency of 1Hz to 1 MHz using HP-

4192A LF Impedance Analyzer, connected with a data acquisition system. The 

temperature is controlled with a programmable oven. All the datas are collected at an 

interval of 5
O
C, while heating at a rate of 5

O
C/min at a frequency of 100Hz is maintained. 

In dielectric analysis, each sample is placed between two gold electrodes (parallel plate 

sensors, TA instruments). The dielectric constant of composite are measured according to 

ASTM D5023.  
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3.3.6     Scanning Electron Microscopy 

 

The surfaces of the raw chicken feather fiber and the composites are examined with 

scanning electron microscope JEOL JSM-6480LV. The fibers are washed, cleaned 

thoroughly, air-dried and are coated with 100 Å thick platinum in JEOL sputter ion coater 

and observed SEM at 20 kV. Similarly the composite samples are mounted on stubs with 

silver paste. To enhance the conductivity of the samples, a thin film of platinum is 

vacuum-evaporated onto them before the photomicrographs are taken. 

 

3.3.7   Erosion test apparatus 

 

The set up used in this study for the solid particle erosion wear test is capable of 

creating reproducible erosive situations for assessing erosion wear resistance of the 

prepared composite samples. It consists of an air compressor, an air particle mixing 

chamber and accelerating chamber. The schematic diagram of the erosion test rig is shown 

in Figure 3.3. Dry compressed air is mixed with the erodent particles which are fed at 

constant rate from a sand flow control knob through the nozzle tube and then accelerated 

by passing the mixture through a convergent brass nozzle of 3mm internal diameter. These 

particles impact the specimen which can be held at different angles with respect to the 

direction of erodent flow using a swivel and an adjustable sample clip. Square samples of 

size 40mm×40mm are cut from the plaques for erosion tests. The velocity of the eroding 

particles is determined using standard double disc method [214]. In the present study, dry 

silica sand (spherical) of different particle sizes (200µm, 400 µm and 600 µm) are used as 

erodent. A standard test procedure is employed for each erosion test. The samples are 

weighed to an accuracy of ± 0.1 mg using an electronic balance, eroded in test rig for 5 

min. and then weighed again to determine the weight loss. The ratio of weight loss to the 

weight of the eroding particles causing loss (i.e. testing time ×particle feed rate) is then 

computed as the dimensionless incremental erosion rate. This procedure repeated till the 

erosion rate attains a constant steady-state value. 
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Fig.3.3. schematic diagram of the erosion test rig 

 

3.3.8   Abrasive Test Apparatus 

To evaluate the performance of these composites under dry sliding condition,  

abrasive wear tests are carried out in a pin-on-disc type friction and wear monitoring test 

rig (supplied by DUCOM) as per ASTM G 99, the schematic is shown in Fig.3.4. The 

polymer composite specimen (of size 8mm diameter and 15mm long) were abraded against 

the waterproof SiC papers (i.e 220µm, 320µm and 420µm grit size), fixed on the rotating 

disc. The specimen is held stationary and the disc is rotated while a normal force is applied 

through a lever mechanism. A series of tests are conducted with three sliding velocities of 

0.429, 0.628 and 0.719 cm/s under three different normal loadings of 5, 10 and 15 N. The 

material loss from the composite surface is measured using a precision electronic balance 

with accuracy ±0.1mg and the specific wear rate (mm
3
/ N-m) is then expressed on ‘volume 

loss’ basis as: 

 

                                                    WS  =                     (5)                                                                 

Where ∆m is the mass loss (in gm.) during the test duration, ρ is the density of the 

composite (gm/mm
3
), t is the test duration (sec), Vs is the sliding velocity (m/sec), and Fn 
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is the average normal load (Newton). The specific wear rate is defined as the volume loss 

of the specimen per unit sliding distance per unit applied normal load. 

 

 

 

 

 

 

 

 

 

 

                                  Fig.3.4. Schematic diagram of pin on disc set up. 

 

3.4      Process optimization and Taguchi method 

Statistical methods are commonly used to improve the quality of a product or 

process. Such methods enable the user to define and study the effect of every single 

condition possible in an experiment where numerous factors are involved. Solid particle 

erosion is such a process in which a number of control factors collectively determine the 

performance output i.e. the erosion rate. Hence, in the present work a statistical technique 

called Taguchi method is used to optimize the process parameters leading to minimum 

erosion of the polymer composites under study. This part of the chapter presents the 

Taguchi experimental design methodology in detail. 

 

3.4.1 Taguchi Experimental Design 

Every single discipline has researchers carrying out experiments to observe and 

understand a certain process or to discover the interaction and effect of different variables. 

From a scientific viewpoint, these experiments are either one or a series of tests to either 

confirm a hypothesis or to understand a process in further detail. Experiments from a 

manufacturing point of view, however, are concerned with finding the optimum product 
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and process, which is both cost effective and of a high quality. In order to achieve a 

meaningful end result, several experiments are usually carried out. The experimenter needs 

to know the factors involved, the range these factors are varied between, the levels 

assigned to each factor as well as a method to calculate and quantify the response of each 

factor. This one factor at a time approach will provide the most favorable level for each 

factor but not the optimum combination of all the interacting factors involved. Thus, 

experimentation in this scenario can be considered as an iterative process. Although it will 

provide a result, such methods are not time or cost effective. But the design of experiments 

is a scientific approach to effectively plan and perform experiments, using statistics. In 

such designs, the combination of each factor at every level is studied to determine the 

combination that would yield the best result. The advantage of such design schemes is that 

it will always determine the effect of factors on the result. Design of experiment is a 

powerful analysis tool for modeling and analyzing the influence of control factors on 

performance output. The most important stage in the design of experiment lies in the 

selection of the control factors.  

 

3.4.2   Neural Computation 

Wear is considered as a non-linear problem with respect to its variables: either 

materials or operating conditions. To obtain minimum wear rate, combinations of 

operating parameters have to be planned. Therefore a robust methodology is needed to 

study these interrelated effects. In this work, a statistical method, responding to the 

constraints, is implemented to correlate the operating parameters. This methodology is 

based on artificial neural networks (ANN), which is a technique that involves database 

training to predict input-output evolutions. The details of this methodology are described 

by Haykin [215]. Each of these parameters is characterized by one neuron and 

consequently the input layer in the ANN structure has five neurons. The database is built 

considering experiments at the limit ranges of each parameter. Experimental result sets are 

used to train the ANN in order to understand the input-output correlations. The database is 

then divided into three categories, namely: (i) a training category, which is exclusively 

used to adjust the network weights and (ii) a test category, which corresponds to the set 
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INPUT LAYER 

Hidden layer 

Output    

 

 

that validates the results of the training protocol. Usually seventy five percent data 

(patterns) is used for training and twenty five percent for testing. The input variables are 

normalized so as to lie in the same range group of 0-1. The output layer of the network has 

only one neuron to represent wear rate. Different ANN structures (Input-Hidden-Output 

nodes) with varying number of neurons in the hidden layer are tested at constant cycles, 

learning rate, error tolerance, momentum parameter, noise factor and slope parameter. The 

number of cycles selected during training is high enough so that the ANN models could be 

rigorously trained. The C++ coding used for neural computing developed by Haykin [215] 

using back propagation algorithm is used as the prediction tool for erosion wear rate of 

different composites under various test conditions. The three-layer neural network having 

an input layer (I) with four  input nodes, a hidden layer (H) with twelve neurons and an 

output layer (O) with one output node employed for this work. A typical three layer 

network condition is shown in Fig.3.5. 

 

 

 

 

  

 

 

 

 

 

 

 

                                 

                                             

 

Fig.3.5.   The three layer neural network. 
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Chapter summary 

This chapter has provided: 

 

� The descriptions of materials used in the experiments. 

� The details of fabrication and characterization of the composites. 

� The description of erosion and abrasive wear test. 

� An explanation of the Taguchi experimental design and neural computation. 

 

The next chapter presents the physical and mechanical properties of the polymer   

composites under study. 
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Chapter 4 

RESULTS AND DISCUSSION  
 

 

 

4.1 PHYSICO - MECHANICAL PROPERTIES OF COMPOSITES 
 

4.1.1    Introduction 

Novel bio-based composite material that is suitable for electronic, automotive, and 

aeronautical applications can be developed from polymer matrix resin using chicken 

feather fiber as reinforcement. The feather fiber, when removed from the quill, is used as 

the reinforcement in composites in its natural state. This environmental friendly, low-cost 

composite can be a suitable for developing polymer composites. These fibres mainly 

constitute keratin, are hollow, light, and tough material which is compatible to polymer 

resins viz. epoxy resin. The incorporation of keratin fibers in the polymer resin enhanced 

the physical and mechanical properties. The use of chicken feather fibers in composites as 

reinforcing fibers offers an environmentally benign solution for feather disposal, and also 

presents to poultry producers the option of reducing waste disposal costs and gaining a 

profit from feather waste. 

 

4.1.2    Morphology of Chicken Feather  

 

 

                              

 

 

 

 

 

 

 

Fig.4.1.SEM analysis of chicken feather fiber and its hollow structure, 

(a)  feather strand and (b)  cross section view of the strand 

The chicken feather fibers are light and hollow in structure as reveals from figure 4.1. It is 

evidenced from the figure that, the nodes and hooks in the feather bears hollow structure 

which contains a significant volume of air, can impart low density as well as with good 

dielectric behavior. 
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4.1.3    Density  

   The density of chicken feather is about 0.80 g/cm
3
, and that of epoxy resin is 

about 1.125gm/cm
3
. The density of the new materials decreases with an increase of 

chicken feather content as shown in table 4.1 for chicken feather reinforced epoxy matrix 

composite. This is due to presence of air in hollow structure in chicken feather fiber 

(barbicels) as shown in fig.4.1.  

 

 

Table 4.1. Variation of density and Void fraction (%) with different wt% of  

chicken feather, reinforced in epoxy matrix. 

 

The theoretical and experimentally measured densities of all chicken feather reinforced 

composite samples along with the corresponding volume fraction of voids are presented in 

Table 4.1 It may be noted that the composite density values calculated theoretically from 

weight fractions (using eqn.-2, Ch.3), are not in agreement with the experimentally 

determined values. The difference is a measure of voids / pores present in the composites. 

It is clear from Table 4.1 that, with addition of short chicken feather fibers the volume 

fraction of voids is not much increased. Density of a composite depends on the relative 

proportion of matrix and reinforcing materials and this is one of the most important factors 

determining the properties of the composites. The void content is the cause for the 

difference between the values of true density and the theoretically calculated one. The 

voids significantly affect some of the mechanical properties and even the performance of 

composites in the place of use. The knowledge of void content is desirable for estimation 

of the quality of the composites. It is understandable that a good composite should have 

less voids. However, presence of void is unavoidable in composite making particularly 

through hand-lay-up route. The composites under the present investigation possess very 

less voids. It has been reported that, the higher volume fraction of lower density natural 

fibers in polymer composites also reduces the weight of the final component [216]. 

sample Density  

Theoretical 

(gm/cm
3
) 

Density 

Experimental 

(gm/cm
3
) 

       Void 

Fraction (%) 

Epoxy 1.125 1.123 0.17 

Epoxy+10% Chicken Feather 1.072 1.023 0.45 

Epoxy+20% Chicken Feather 1.027 1.014 0.12 

Epoxy+30% Chicken Feather 1.017 1.009 0.07 
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4.1.4    FTIR Analysis 

 

Chicken feather contain ~91% protein (keratin), ~1% lipids and ~8% water. The structure 

of keratin, the major constituent of chicken feather affects the chemical durability. Because of 

extensive cross linking and strong covalent bonding within it structure, keratin shows good 

durability and resistance to degradation. The amino acids sequence of chicken feather is very 

similar to that of other feather. The sequence is largely composed of cystien, glycine, proleine and 

serin. Carboxylic acid, amino, alcoholic, amid and disulphide’s are main functional groups present 

in chicken feather. Fourier transform infrared (FTIR) spectroscopy analysis is a major tool to 

determine the interaction between fibers and matrix material [217]. The results obtained in 

our investigation are as below: 

 

 

Table.4.2. FTIR peaks of   different functional groups present in chicken feather. 

 

The functional groups present in chicken feather and epoxy are tabulated in table 4.2 & 4.3 

respectively. The FTIR peaks of the epoxy and the composite with 30% CF are compared 

with in Fig 4.2. 

 

 

 

 

 

 

 

 

 

Table.4.3    shows FTIR peaks of   different functional groups present in pure epoxy. 

Functional Groups Present I.R Peaks 

N-H stretching H -bonding 3285 cm
-1

 

C-N stretching in amide groups 1644 cm
-1

 

N-H bending vibration 1537 cm
-1

 

C-S stretching vibration 718 cm
-1

 

Functional Groups Present I.R Peaks 

C-O-C stretching vibration in epoxy 1245 Cm
-1

 

C-O-C stretching vibration in benzo-eather 1033 Cm
-1

 

O-H stretching vibration in free alcohol 3420 Cm
-1

 

C-H stretching vibration in benzene 3000-3030 Cm
-1

 

C-H stretching vibration in methyl group 2927 Cm
-1
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Fig.4.2. FTIR peaks of (a) pure epoxy resin and (b) epoxy + (30wt %) chicken feather. 

 

In epoxy raw chicken feather composite, the surface of the chicken feathers come 

in contact with epoxy matrix .The oxygen atom of epoxy form H- bonding with hydrogen 

atom which is attached with nitrogen atom of polypeptide chain  i.e. keratin present in   

chicken feather. More the number of hydrogen bonding between the two surfaces, more is 

the strength of that matrix composite. The FTIR study of the epoxy chicken feather 

composite shows some evidence about the formation of hydrogen bonding. The peak range 

about 3500cm
-1

 to 3200 cm
-1

 become more wide and short in case of chicken feather 

composite as compared to corresponding peaks in epoxy resin . Due to the formation of 

hydrogen bonding between oxygen atom of epoxy and hydrogen atom of polypeptide 

chain, there is stretching of bonds in epoxy matrix. Hence the bond length of all bonds 

attached to oxygen atom increases slightly; therefore bonds become week and absorb I.R in 

slightly low frequency region.  

 

4.1.5    Dielectric Constant 

 

Figure 4.3 shows the k-values of the new composite materials developed from 

CF fibers and epoxy resin. The k-values decrease from 4.5 to 2.1, with an increase in CF 
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content. Hence, the new CF composite has a lower dielectric constant than some 

conventional semiconductor insulators, epoxies, poly imides, and other dielectric materials. 

A decrease of k-value of the insulator increases the operating speed. The delay time of the 

electronic signal is proportional to the square root of k, and values close to k=1 are most 

desirable. The measured k-value of the CF itself was 1.7, may be because CF fibers 

contain a significant volume of air. The ideal minimum k-value is 1.0, as represented by air 

and therefore, a porous or high-air content material may have dielectric constants in the 

ultra-low-k (<2.2) region. 
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Fig.4.3. Dielectric constants of chicken feather epoxy composites at 25
0
C. 

The variation of the dielectric constant k with frequency is shown in Figure 4.4. At room 

temperature, a marked difference in dielectric constant k is found between epoxy resin and 

the composites prepared with different weight percentages of feather additions. An 

important observation is that, k decreases considerably with the addition of CF in epoxy 

resin, which most likely can be explained due to the CF having a lower dielectric constant 

k than the base epoxy resin, thus resulting in lowering the dielectric constant of these 

composites. The decrease of k with increasing frequency is the expected behavior in most 

dielectric materials, which is due to dielectric relaxation and is the cause of anomalous 

dispersion. From a structural point of view, the dielectric relaxation involves the 

orientation polarization, which, in turn, depends upon the molecular arrangement of the 

dielectric material. So, at higher frequencies the rotational motion of the polar molecules of 
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dielectric is not sufficiently rapid for the attainment of equilibrium with the applied field, 

hence dielectric constant seems to decrease with increasing frequency. 
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Fig.4.4. Frequency dependence of dielectric constant at room temperature. 

 

The temperature dependence of the dielectric constant of CF composites is shown in 

Figure 4.5. The dielectric constant of the composite increased slightly with increasing 

temperature, may be resulting from the alignment of the dipoles when the composite get 

softened with temperature.  

 

 

 

 

 

 

 

 

 

Fig.4.5.  Frequency dependence of dielectric constant at different temperatures. 
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In dielectric tests, the measured value is separated into dielectric constant and dielectric 

loss factor. The dependence of the loss factor upon CF content is shown in Figure 4.6. Loss 

factor represents the energy required to align the dipoles and movement of ions. In our 

study it is observed that the loss factor decreases with increasing CF content, which 

appears to be a beneficial dielectric behavior.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure.4.6. Frequency dependence of dielectric loss at room temperatures. 

 

The thermal conductivity, thermal expansion, and dielectric properties of some polymer 

composites are systematically studied as a function of fiber volume fraction [218]. Their 

observation on variation of dielectric constant with other factors viz. reinforce vol. fraction 

and temperature etc. is at par with our observations. 

 

4.1.6    Hardness  

 

Fig.4.7 represents the hardness values of all different weight percentage of chicken 

feather reinforced composites. It can be visualized that, up to a certain limit (i.e. up to 20 

wt.% of CF), hardness increases and then after the hardness of the composite does not 

increase much, with further increase in volume fraction of feather fiber additions. The low 
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or marginal effect of these short fiber fillers on composite  hardness  may  be  due  to  the  

presence  of  pores  and  voids in the feather. 

 

 

 
 

Fig.4.7. Variation of hardness of composites with wt% of chicken feather fiber 

reinforced epoxy composites. 

 

4.1.7    Flexural Strength 

 

   Fig.4.8 shows the comparison of flexural strengths of the feather reinforced 

epoxy composites. There is an increase flexural strength with increase in wt% of  short 

fiber chicken feather in composites, may be due to presence of   nodes  and  hooks  on  the 

feather  fibers (shown in SEM fig.4.1).  which helped in increasing  the  interface bonding 

and thereby improve  the  structural  properties  of the composite.  The micro-mechanical 

events that occur for a long fiber reinforced composite are not the same as those observed 

for a short fiber reinforced composites.  In  a  short  feather  fiber,  there  are variations  in  

stress  distribution  along  the  fiber matrix interface, and end effects can be neglected in 

the case of long fibers, but they can be very important in the case of short  feather fiber 

reinforced composites. 
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Fig.4.8. Variation of flexural strength of composites with wt% of chicken feather 

fiber reinforced epoxy composites. 

 

Similar type of behavior is also been observed in other natural fiber reinforced composites. 

It has been reported that, hardness of kapok–polyester composites is decreased 

considerably by the incorporation of sisal fibers. The flexural properties were found to 

increase by incorporation of increased fabric content. Further, in kapok/sisal composites, 

addition of sisal fiber does not show any improvement in these properties. Sisal/polyester 

composites have lower hardness and flexural properties than the matrix and 

kapok/polyester composites [219]. 

 

 From Scanning electron micrographs (SEM) of the fracture surfaces of the chicken feather 

composite (Figure 4.9), it is clear that  the keratin fibers were broken without complete 

pullout  during  the  fracture  process,  which  indicates  that  adhesion  between    resin  

and  feather  fibers  is  quite  good.  
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Fig.4.9. SEM micrographs of the fracture surface of chicken feather composites. 

 

The mechanical properties of composites depend on the properties of the matrix and the 

fiber and on the interface bond strength, among other factors.  The addition of keratin 

fibers improves the mechanical properties of the composites. This result is gratifying 

because the introduction of such natural fibers with high-air content and potential defects 

could have resulted in a considerably weaker material. The improvement in properties can 

be attested by using hybrid mats of feather.  
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4.2     STUDY OF EROSION WEAR BEHAVIOR 

 

4.2.1. Introduction 

 

In the present investigation proposed a theoretical model for erosion  wear of short 

feather fiber reinforced epoxy composites. The test results of erosion trials carried out on 

the different wt % of feather fiber (i.e. neat polyester resin, 20 wt% and 30 wt % feather 

fibers) reinforced in epoxy matrix. The results of Taguchi technique and the 

implementation of artificial neural networks (ANN) analysis and prediction are also 

studied. The morphology of the worn surface of epoxy composites are also studied by 

SEM. 

 

4.2.2    Erosion wear Test 

 

  An exhaustive review of the literature on erosion behavior of polymer composites 

reveals that parameters such as impact velocity, impingement angle, erodent size and filler 

content etc largely influence the erosion rate of polymer composites. The impact of these 

four parameters are studied with L9 (3
4
) orthogonal design, using Taguchi analysis. The 

control factors (parameters) and their selected levels considered for this investigation are 

given in Table 4.4. The tests are conducted at room temperature as per experimental design 

given in Table 4.5. In conventional full factorial experiment design, it would require 3
4
 = 

81 test runs to study inter-relationship/impact of four parameters each at three levels 

whereas, Taguchi’s factorial experiment approach reduces it to only 9 test runs, offering a 

great advantage in terms of experimental time and cost. The experimental observations are 

further transformed into signal-to-noise (S/N) ratios. There are several S/N ratios available 

depending on the type of performance characteristics. The S/N ratio for minimum erosion 

rate can be expressed as “lower is better” characteristic, which is calculated as logarithmic 

transformation of loss function as shown below. 

Smaller is the better characteristic      = (-) 10 log  
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Where ‘n’ is the number of observations, and y the observed data. The plan of the 

experiments is as follows: the first column is assigned to erodent size (A), the second 

column to filler content (B), third column to impingement angle (C) and the fourth column 

to impact velocity (D) respectively are presented in table 4.4. 

 

4.2.3  Application of Taguchi Analysis Technique 

 

For any material, erosion wear depends on number of factors such as erodent size, 

feather fiber content, angle and sliding velocity etc, but which one is more prominent 

factor can found out performing minimum number of experiments using Taguchi analysis. 

Taguchi L9 design having four factors and three levels i.e. erodent size (200 µm, 400 µm, 

600 µm), filler content (0%, 20% CF, 30% CF), Impingement angle (30
0
, 60

0
,90

0
) and 

impact velocity (32 cm/sec, 44 cm/sec, 58 cm/sec) respectively are shown in table 4.4.  

 

 

 

 

 

 

 

 

 

 

Table 4.4 Control factors and their selected levels considered in erosion wear test 

 

Based on the above experimental conditions, the erosion wear rates obtained are presented 

in Table 4.5; in which the last column represents S/N ratio of the erosion rate which is in 

fact the average of two replications. The analysis was made using the popular software 

specifically used for design of experiment applications known as MINITAB 14.  

 

 

Symbols Control Factors              Levels 

I        II        III      Units 

Factor  A Erodent size   200     400        600           µm 

Factor  B Filler content  0        20        30             wt% 

Factor  C Angle  30
0
     60

0
       90

0
        degree 

Factor  D Impact velocity  32        44        58        cm/sec              
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Table .4.5 Specific wear rates obtained for different test conditions. 

 

 

 

 

Table.4.6 Signal to noise ratio response table for erosion rate 

 

 

Erodent 

size 

(µm) 

Filler 

content 

(wt %) 

 

Impingement 

angle 

(degree) 

 

Impact 

Velocity 

(m/sec) 

Erosion 

rate 

(mg/kg) 

S/N ratios 

200 0 30
0
 32 98.231 -39.8450 

200 20 60
0
 44 96.458 -39.6868 

200 30 90
0
 58 99.425 -39.9499 

400 0 60
0
 58 178.787 -45.0467 

400 20 90
0
 32 119.543 -41.5505 

400 30 30
0
 44 70.632 -36.9800 

600 0 90
0
 44 185.663 -45.3745 

600 20 30
0
 58 101.752 -40.1509 

600 30 60
0
 32 81.156 -38.1864 

Level A B C D 

 

1 -39.83 -43.42 -38.99 -39.86 

2 -41.19 -40.46 4-0.97 -40.68 

3 -41.24 -38.37 -42.29 -41.72 

Delta 1.41 5.05 3.30 1.86 

Rank 4 1 2 3 
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Fig.4.10. Effect of control factors on erosion rate 

 

 

Analysis of the result leads to the conclusion that factor combination of A1, B3, C1 

and D1 gives minimum erosion rate as shown in fig 4.10. From table 4.6, it is found  that 

as far as the minimization of erosion rate is concerned; factors B, C and D, have significant 

effect on erosion of the composites whereas factor A has the least or negligible effect. 

From this response table, it can be concluded that among all the factors, feather fiber 

content (i.e. factor B) is most significant control factor followed by impingement angle and 

impact velocity.  

 

The effect of erodent size and impact angle on erosion wear of all composites and neat 

epoxy (i.e. the matrix material) is evaluated in detail and the results are presented in fig 

4.11 - fig.4.15. 
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Fig.4.11. Erosion wear rate of feather fiber reinforced epoxy composite 

(erodent size 200µm, angle  30
0
 ,impact velocity 44cm/sec) 
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Fig .4.12.  Erosion wear rate of feather fiber reinforced epoxy composite 

(erodent size 200µm, angle  60
0
 ,impact velocity 44cm/sec) 
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Fig .4.13.  Erosion wear rate of feather fiber reinforced epoxy composite 

(erodent size 200µm, angle  90
0
 ,impact velocity 44cm/sec) 

 

5 10 15 20 25 30

20

40

60

80

100

120

140

160  neat epoxy

 10% CF
 20% CF
 30% CF

E
ro

si
o

n
 w

ea
r 

ra
te

 (
m

g
/k

g
)

Time in min

 

 

 

Fig.4.14. Erosion wear rate of feather fiber reinforced epoxy composite 

(erodent size 400µm, angle  90
0
 ,impact velocity 44cm/sec) 
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Fig.4.15.  Erosion wear rate of feather fiber reinforced epoxy composite 

(erodent size 600µm, angle  90
0
 ,impact velocity 44cm/sec) 

 

Going through fig.4.11 to 4.15 it can be said that, the wear rate decreases with increasing 

the reinforcement content and attains a steady state after about 25 minutes of exposure to 

erodent. The erosion rate is slightly affected by erodent size, i.e. erosion rate is little higher 

with smaller particle size.  

 

 

4.2.4  Artificial Neural Network analysis  

 

In the present analysis, the erodent size, fiber content, impingement angle and 

impact velocity are taken as the four input parameters and erosion rate is the only output 

parameter. As already described, each of these parameters is characterized by one neuron 

and consequently the input layer in the ANN structure having four neurons. The database 

is built considering experiments at the limit ranges of each parameter. Experimental result 

sets are used to train the ANN in order to understand the input-output correlations. The 

database is then divided into three categories, namely:  
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(i) A validation category, which is required to define the ANN architecture and 

adjust the number of neurons for each layer.  

(ii) A training category, which is exclusively used to adjust the network weights 

and  

(iii) A test category, which corresponds to the set that validates the results of the 

training protocol.  

 

The input variables are normalized so as to lie in the same range group of 0-1. To train the 

neural network used for this work, about 35 data sets at different test conditions are taken. 

It is ensured that these extensive data sets represent all possible input variations within the 

experimental domain. Thus, about seventy five percent of this data is used for training 

whereas twenty five percent data is used for testing while implementing the ANN protocol. 

So a network that is trained with this data is expected to be capable of simulating the 

erosion process. Different ANN structures (Input–Hidden layer–Output) with varying 

number of neurons in the hidden layer are tested at constant cycles, learning rate, error 

tolerance, momentum parameter and noise factor and slope parameter. 

 

 

Table.4.7. Input parameters selected for training. 

  

Input Parameters for Training Values 

Error tolerance 0.001 

Learning rate (ß) 0.01 

Momentum parameter(α) 0.1 

Noise factor (NF) 0.5 

Number of epochs 1,00,000 

Slope parameter  (£) 0.4 

 Number of hidden layer neuron (H) 12 

Number of input layer neuron (I) 4 

Number of output layer neuron (O) 1 
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Table.4.8. Comparison of experimental results with ANN predicted values. 

Based on least error criterion, one structure, shown in Table 4.7, is selected for 

training of the input-output data. The learning rate is varied in the range of 0.001-0.1 

during the training of the input-output data. The network optimization process (training 

and testing) is conducted for 1, 00,000 cycles for which stabilization of the error is 

obtained. Here the hidden layer number is 1 and neuron numbers in the hidden layer is 

varied and in the optimized structure of the network, this number is 12. The number of 

cycles selected during training is high enough so that the ANN models could be rigorously 

trained. Table 4.8 presents a comparison between the experimental and the ANN predicted 

results along with the error percentages.  

The present study demonstrates the application of ANN for prediction of erosion 

wear rate beyond the experimental range in a complex process. It is observed that the error 

in ANN prediction lies in the range of 0-3 % which can further be reduced if the number of 

test patterns is increased. 

 

Fig 4.16 and  4.17 show  the erosion wear rate of the father fiber reinforced  epoxy 

matrix composites obtained through ANN. This observation implies that the erosion rate 

decreases with  increase in wt% of feather fiber and erosion rate increases with increase in 

impact angle. From fig 4.17 it appears that, the composites exhibit  mixed mode type 

facture process, irrespective of impingment angle and amount of reinforcement. 

Expt. No. Erosion Wear Rate  

(Experimental) 

(mg/kg) 

Erosion  Wear Rate  

(ANN Predicted) 

(mg/kg) 

Error 

(%) 

 

1 98.231 92.459 1.838 

2 96.458 92.159 0.304 

3 99.425 105.725 2.719 

4 178.787 184.856 0.578 

5 119.543 125.415 1.576 

6 70.632 64.902 2.129 

7 185.663 192.719 1.125 

8 101.752 107.452 1.565 

9 81.156 72.357 1.722 
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Fig.4.16.  ANN predication on erosion wear of different wt % of 

feather fiber reinforced epoxy composite. 

 

 

 

       

Fig. 4.17. ANN predication on erosion wear of feather fiber reinforced 

epoxy composite at  different  angle. 
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4.2.5    Surface Morphology 

 

 

        Fig. 4.18 SEM Micrograph of eroded feather reinforced epoxy composite. 

 

The typical surface morphology of the worn surface is shown in Figure 4.18. The 

SEM micrographs of the eroded surfaces reveal that the matrix covering the fiber is 

chipped off due to repeated impact of (hard silica sand) particles. A crater thus formed and 

shows an array of (exposed), almost intact and unbroken and un-delaminated feather fibers. 

After the local removal of matrix this array of fibers is exposed to erosive environment. 

Small indentations on the epoxy matrix layer are also seen. The adhesion between the 

fibers and the epoxy matrix resists the wear due to erosion and the material loss therefore is 

reduced. The erodent particles strike the composite surface with maximum kinetic energy 

and consequently the material loss is high. The broken fibers are mixed with the matrix 

micro-flake debris in continuous exposure/erosion time which might also be a factor for 

attains a steady state i.e. reduction in wear rate. 

Similar type of findings are also been made by Barkoula & Karger in case of some 

polymer composites also (220). 
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4.3      STUDY OF ABRASION WEAR BEHAVIOR 

 

4.3.1   Introduction 

 

In the present investigation proposed a theoretical model for abrasive wear of short 

feather fiber reinforced epoxy composites. The test results of erosion trials carried out on 

the different wt % of feather fiber (i.e. neat polyester resin, 20 wt% and 30 wt % feather 

fibers) reinforced in epoxy matrix. The results of Taguchi technique and the 

implementation of artificial neural networks (ANN) analysis and prediction are also 

studied. The morphology of the worn surface of epoxy composites are also studied by 

SEM. 

 

4.3.2   Abrasive wear Test 

Design of experiment is a powerful analysis tool for modeling and analyzing the 

influence of control factors on performance output. The most important stage in the design 

of experiment lies in the selection of the control factors. Therefore, a number of factors are 

included so that non-significant variables can be identified at the earliest opportunity. The 

wear tests are carried out under operating conditions given in Table 4.9. Four parameters, 

viz., abrasive paper grit size, short feather fiber content, applied load and sliding velocity 

each at three levels, are considered in this study in accordance with L9 (3
4
) orthogonal 

array as per design of experiments. Each of the experimental observations is transformed 

into a signal-to-noise (S/N) ratio. There are several S/N ratios available depending on the 

type of characteristics. The S/N ratio for minimum wear rate coming under smaller-is-

better characteristic, which can be calculated as logarithmic transformation of the loss 

function.  

Smaller is the better characteristic      = - 10 log  

Where ‘n’ is the number of observations, and y the observed data. The plan of the 

experiments is as follows: the first column is assigned to abrasive paper grit size (A), the 

second column to  short feather fiber content (B), third column to applied normal load (C) 

and the fourth column to sliding velocity (D). 
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4.3.3   Application of Taguchi Technique 

 

Like erosion wear, abrasive wear depends on number of factors such as abrasive 

grit size, reinforcement content, applied load and sliding velocity etc. But which one is 

more prominent factor can be studied by using Taguchi analysis.  

 

 

 

 

Table.4.9. Control factors and their selected levels considered in abrasive wear test 

 

The specific wear rates obtained based on above factors (table 4.9) are presented in Table 

4.10 in which the last column represents S/N ratio of the erosion rate which is in fact the 

average of two replications; the response table for signal-to-noise ratios is given in table 

4.11. The analysis is made using the popular software specifically used for design of 

experiment applications known as MINITAB 14.  

 

 

Table.4.10. Test conditions with output results using L9 orthogonal array. 

 

Symbols Control Factors              Level 

I        II        III             Units 

Factor  A Abrasive grit size  220    320     420            µm 

Factor  B Filler content (chicken feather) 0        20        30              N 

Factor  C Applied load 5         10         15           wt% 

Factor  D Sliding velocity  0.419   0.628   0.718  cm/sec              

Abrasive 

paper size 

(µm) 

Filler content 

(wt %) 

 

Load (N) Sliding 

velocity 

(cm/sec) 

Specific 

Wear Rate 

(mm
3
/N-m) 

S/N ratios 

220 0 5 0.419 8.225 -18.3027 

220 20 10 0.628 5.753 -15.1979 

220 30 15 0.718 4.723 -13.4844 

320 0 10 0.718 8.758 -18.8481 

320 20 15 0.419 2.254 -7.0591 

320 30 5 0.628 2.291 -7.2005 

420 0 15 0.928 6.258 -15.9287 

420 20 5 0.718 2.759 -8.8150 

420 30 10 0.419 1.058 -0.489 
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Table .4.11. Response table for signal-to-noise ratios (Smaller is better). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4.19. Effect of control factors on erosion rate 

 

Table 4.11 gives the signal to noise response table which Shows that as far as the 

minimization of erosion rate is concerned; factors B, A and D, in this order, have 

significant effect on abrasive wear of the composites whereas factor C has the least or 

negligible effect. From this response table, it can be concluded that among all the factors, 

filler content is most significant control factor followed by abrasive grit size and sliding 

velocity while normal applied load has the least effect on abrasive wear of the epoxy resin 

composite. Analysis of the result leads to the conclusion that factor combination of A3, B3, 

Level A B C D 

 

1 -16.2959 -18.5897 -8.5227 -1.2847 

2 -9.2295 -5.8526 -5.1924 -12.5041 

3 0.0967 -0.9864 -11.7135 -11.6398 

Delta 16.3926 17.6033 6.5210 11.2194 

Rank 2 1 4 3 
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C2 and D1 gives minimum specific wear rate as shown in fig. 4.19. The effect of abrasive 

grit size, applied load and sliding velocity on abrasion wear of all composites and neat 

epoxy (i.e. the matrix material) is evaluated in detail and the results are presented in fig 

4.20 - fig.4.24. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig .4.20.  Specific wear rate  of feather fiber reinforced epoxy composite 

(abrasive paper  size 220µm, load 5N, velocity 0.718cm/sec) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.21.  Specific wear rate  of feather fiber reinforced epoxy composite 

(abrasive paper  size 220µm, load 10N, velocity 0.718cm/sec) 
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Fig.4.22.  Specific wear rate  of feather fiber reinforced epoxy composite 

(abrasive paper  size 220µm, load 15N, velocity 0.718cm/sec) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4.23. Specific wear rate of feather fiber reinforced epoxy composite 

(abrasive paper  size 320µm, load 15N, velocity 0.718cm/sec) 
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Fig.4.24. Specific wear rate of feather fiber reinforced epoxy composite 

(abrasive grit size 420µm, load 15N , velocity 0.718cm/sec). 

 

From fig.4.20 to 4.24 gives specific wear rate of feather fiber of different wt% (i.e. 0%, 

10%, 20% and 30%) epoxy composites at different condition it can be said that, 

cumulative mass loss decrease with increase in wt% of feather fiber content. It is 

interesting to note that while the specific wear rate increases almost exponentially with the 

increase in sliding velocity, it is reduced with increase in the applied normal load 

irrespective of the filler content. The presence of short chicken feather fibers seems to have 

helped in restricting the mass loss from the composite surface due to sliding wear. It is also 

found that the specific wear rate is gradually decreasing with the short chicken feather 

fibers content in the epoxy matrix indicating an improvement in the wear resistance of the 

composite. 

 

4.3.4     Application of ANN Analysis  

 

      In the present analysis, the abrasive paper size, fiber content, normal load and 

sliding velocity are taken as the four input parameters. As already described, each of these 

parameters is characterized by one neuron and consequently the input layer in the ANN 

structure has four neurons. The database is built considering experiments at the limit 

ranges of each parameter. To train the neural network used for this work, about 45 data sets 
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obtained during dry sliding wear trials on different composite samples are considered. 

Different ANN structures with varying number of neurons in the hidden layer are tested at 

constant cycles, learning rate, error tolerance, momentum parameter, noise factor and slope 

parameter. Based on least error criterion, one structure, shown in Table 4.12, is selected for 

training of the input-output data.  

 

      

                  

 

 

 

 

 

 

 

 

 

 

 

 

 

Table.4.12. Input parameters selected for training 

 

The learning rate is varied in the range of 0.001- 0.1 during the training of the input-output 

data. Neuron number in the hidden layer is varied and in the optimized structure of the 

network. The number of cycles selected during training is high enough so that the ANN 

models could be rigorously trained (as already been described in chapter-2). Seventy five 

percent of this data is used for training whereas twenty five percent data is used for testing 

while implementing the ANN protocol. 

 

 

 

 

 

 

Input Parameters for Training Values 

Error tolerance 0.001 

Learning rate (ß) 0.001 

Momentum parameter(α) 0.01 

Noise factor (NF) 0.5 

Number of epochs 10,000,000 

Slope parameter  (£) 0.4 

Number of hidden layer neuron (H) 12 

Number of input layer neuron (I) 4 

Number of output layer neuron (O) 1 
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Table.4.13. Comparison of experimental results with ANN predicted values                                     

Table.4.13 shows the comparison between the experimental and the ANN predicted 

results. The errors associated in each test run with respect to the experimental results are 

also given in the table 4.13. It is observed that the error in ANN prediction lies in the range 

of 0-6% which establishes the validity of the neural computation.  

 
Fig.4.25. ANN predication on abrasive wear of different wt % of feather fiber 

 reinforced epoxy composite. 

Expt. No. Sp. Wear Rate  

(Experimental) 

(mm
3
/N-m) 

Sp. Wear Rate  

(ANN Predicted) 

(mm
3
/N-m) 

Error 

(%) 

 

 

1 8.225 8.658 5.264 

2 5.753 6.025 4.727 

3 4.723 4.896 3.662 

4 8.758 7.853 1.033 

5 2.254 2.156 4.347 

6 2.291 2.196 4.146 

7 6.258 5.869 0.814 

8 2.759 2.658 3.660 

9 1.058 1.069 1.039 
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Fig.4.26. ANN predication on aspecific wear rate  of feather fiber 

reinforced epoxy composite. 

 

 

Fig 4.25 and fig 4.26, show the specific wear  rate of father fiber reinforced  epoxy matrix 

composite by ANN, which envisages that the specific wear  rate decreases with  increase in 

wt% of feather fiber and increases with applied normal load. 

 

A simple framework for a physically based model for abrasive wear in ductile 

composites reinforced with a hard second phase is presented based on the salient 

mechanisms of sliding wear, namely plowing, cracking at the matrix/reinforcement 

interface or in the reinforcement, and particle removal [221]. While the torsional and out-

of-plane particle pull-out mechanisms are certainly likely, this contributions to the overall 

wear rate are expected to be secondary. Critical variables describing the role of the 

reinforcement are identified in terms of the relative size of the reinforcement, the depth of 

plowing and the toughness of the matrix/reinforcement interface or the reinforcement.  

In our investigation, with increase in the amount of reinforced phase i.e. chicken 

feather the hardness is improved which might restrict the wear rate. With increase in 

applied load, the ploughing mechanism might be dominating for material removal hence 

increase the wear rate. 
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4.3.5    Surface Morphology 

 

 

(a)                                                                            (b) 

 

Fig.4.27. SEM micrographs of the worn composite surfaces 

 

The typical surface morphology of the abraded specimen is shown in fig.4.27. Abrasive 

particles removed  the  part  of  the  fibres  by  delaminating  and  micro-ploughing  

mechanism.  In present sample, the abrasive particles have slided and has led to the micro 

cutting of fibres and matrix. Fig.4.27 (a) clearly shows the wear track and cut fibres on the 

wear track. Wear process mainly due  to  the  micro cutting  mechanism The cross  sections  

of  vascular  fiber  bundles  are  clearly  visible  in  Fig. 4.27(b), which shows the flower 

type geometry and diameter of vascular bundles. At some places fibres are reserved and 

remained embedded in the matrix. In this case, fibres geometry resists the flow of asperities 

and removal of debris. The cross sections of fibres come in contact and due to micro-

cutting and micro-ploughing of the cross sections debris produced along with the matrix 

present between fibres, caused formation of wear track. Matrix fibre de-bonding is also 

observed in Fig.4.27 (a) and (b). This de bonding would have occurred due to the heat 

generation during sliding. This causes volume mismatching due to difference in thermal 

expansion co-efficient of fibres and matrix. 



 

 

 

 

Chapter   5 

 

 

CONCLUSIONS 
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Chapter 5 

CONCLUSIONS 

 

 

5.1. Conclusions 

The experimental investigation and statistical analysis on feather fiber reinforced 

epoxy matrix composites has led to the following conclusions: 

 

 

1. Chicken feather fibers (barbicels) bears high aspect ratio and hence are good 

reinforcement material for fabrication of randomly oriented short fiber reinforced 

epoxy composites. By incorporating feather fiber, density of the composites 

decreases and possess very low amount of porosity. However, Flexural strength and 

hardness of these composite increases with wt% of feather fiber, but not 

aggressively. 

 

 

2. The FTIR spectroscopic analysis of the feather fiber reinforced epoxy composites 

shows that the formation of hydrogen bonds occurring at the fiber-matrix interface 

between the oxygen atom of the epoxy and hydrogen atom of the polypeptide chain 

of keratin is responsible for improving interface bond strength of these composites. 

 

 

3. A new low-k material is developed from renewable resources using CF. The new 

low-k composite is a natural, bio-based and environmental-friendly material. The k-

value is found to be in the range of 4.5-1.7 depending on the CF weight fraction and 

temperature conditions. The k-values are lower than those of a conventional 

semiconductor insulator material viz. silicon dioxide, epoxies, poly imides, and 

other dielectric materials. 
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4. These composites have adequate potential for applications in highly erosive and 

abrasive environments. Although they exhibit poor strength their wear performance 

shows significant improvement with wt% of short feather fiber reinforcement. Both 

erosion and abrasive wear of these composites can be successfully analyzed using 

Taguchi experimental design scheme. 

 

 

5. Erosion wear of feather fiber reinforced epoxy composites are carried out by 

Taguchi L9  design with four factors and three levels. It can be concluded that 

among all the factors, feather fiber content is most significant control factor 

followed by impingement angle and impact velocity while erodent size has the least 

effect on erosion of the composite. Using ANN analysis technique, the erosion wear 

rate beyond the experimental domain range could be predicted. 

 

 

6. Abrasive wear of feather fiber reinforced epoxy composites are carried out by 

Taguchi L9  design with four factors and three levels. It can be concluded that 

among all the factors, filler content is most significant control factor followed by 

abrasive paper grit size and sliding velocity while normal applied load has the least 

effect on abrasive wear of the epoxy resin composite. Using ANN analysis 

technique, the specific wear rate beyond the experimental domain range could be 

predicted. 

 

7. These low strength feather fiber reinforced composites can be useful as coatings on 

curb slurry carrying pipes where erosion and abrasion is the measure factor for 

failure not the strength of the coating material/composite.  

 

8. As a whole it can be concluded that, the composite with chicken feather fiber filler 

addition, improves the tribological behavior by 10-15% than that of the matrix 

material.  A low cost composite could be processed and pollution caused by chicken 

feather can be prohibited. 
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5.2      Recommendation for Future Work 

 

The present work leaves a wide scope for future investigators to explore many other 

aspects of bio-fiber reinforced polymer composites. Some recommendations for future 

areas of research include; 

 

� To increase mechanical strength of these composites for their use in different 

sectors can be studied. 

 

� Environmental study of feather fiber reinforced polymer composites i.e. the effect 

of different environmental conditions like alkaline medium, acidic medium, 

freezing temperature etc. on the properties and/or degradation of these composites 

is to be evaluated. 

 

� Possible use of other fibers/flakes obtained from bio-wastes in the development of 

new composites. 

 

� Other polymers can be tried as the matrix material for fabrication of poultry feather 

reinforced composites. 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

REFERENCES 

 

 

 

 

 

 



Page | 82  

 

 

1. Brown J. R. and Mathys Z., (1997). “Reinforcement and matrix effects on the 

combustion properties of glass reinforced polymer composites”, Composites Part 

A: Applied Science and Manufacturing. Vol.  28, Issue 7, pp: 675-681. 

2. Cardon A. H., Qin Y. and Van Vossole C., (2000).  “Durability analysis of polymer 

matrix composites for structural applications”, Computers & Structures. Vol. 76, 

Issues 1-3, pp: 35-41. 

3. Daniel I.M., Anastassopoulos G. and Lee J.-W., (1993).  “The behavior of ceramic 

matrix fiber composites under longitudinal loading”, Composites Science and 

Technology. Vol. 46, Issue 2, pp: 105-113. 

4. Lugovy M., Orlovskaya N., Berroth K. and  Kuebler J. , (1999). “Macrostructural 

engineering of ceramic-matrix layered composites”, Composites Science and 

Technology, Vol. 59, Issue 9, pp: 1429-1437. 

5. Chou T.W., Kelly A. and Okura A., (1985). “Fiber reinforced metal matrix 

composites”, Composites, Vol. 16, Issue 3, pp: 187-206. 

6. B.T. Astron, “Manufacture of polymer composites” Chapman and Hall publication 

(1997). 

7. Schneider J.P., Myers G.E., Clemons C.M. and  English B.W., (1995). “Biofibres 

as reinforcing fillers in thermoplastic composites”, Engineering plastics, Vol. 8, 

Issue 3, pp: 207-222. 

8. Donnel A. O., Dweib M. A. and Wool R. P., (2004). “Natural fiber composites with 

plant oil-based resin composites”, Composites Science and Technology, Vol. 64, 

Issue 9, pp: 1135-1145. 

9. Maldas D, Kokta B.V. and Daneault C, (1989). Composites of polyvinyl chloride– 

wood fibers: IV. Effect of the nature of fibers, J Vinyl Addit Technol 1 (2): 90–99. 

10. Dweib M.A., Hu B., Shenton III H.W. and Wool R.P., (2006). “Bio-basd 

composites roof structure manufacturing and processing issues”, Composite 

Structures, Vol. 74, Issue 4, pp: 379-388. 

 



Page | 83  

 

11. Sapuan S.M., Leenie A., Harimi M. and Beng Y.K., (2006). “Mechanical properties 

of woven banana fibre reinforced epoxy composites”, Materials & Design, Vol.  

27, Issue 8, pp: 689-693. 

12. Nabi Sahieb. D and Jog. J. P., (1999). “Natural fiber polymer composites”, a 

review, Advances in Polymer Technology, Vol. 18, Issue 4, pp: 351–363. 

13. Soda N., Kimura Y. an Tanak A., (1975). “Metals during unlubricated sliding Part 

I: Effects of load, velocity and atmospheric pressure”, Wear , Vol. 33, pp: 1-16. 

14. Burwell J.T. and Strang C.D, (1953).  “Metallic wear”, Proc.Soc (London), 212A, 

pp: 470-477. 

15. Burwell J.T., (1957).   “Survey of possible wear mechanisms”, Wear, Vol. 58, pp: 

119-141. 

16. Buchanan V.E., Shipway P.H. and McCartney D.G., (2007). “Microstructure and 

abrasive wear behavior of shielded metal arc welding hard facings used in the 

sugarcane industry”, Wear, Vol. 263, Issues 1-6, pp:  99-110. 

17. Pethrick R.A. and Hayward D., (2002). “Real time dielectric relaxation studies of 

dynamic polymeric systems”, Progress in Polymer Science, Vol. 27, pp: 1983–

2017. 

18. Seo I.S., Chin W.S. and Lee D.G.,(2004). “Characterization of electromagnetic 

properties of polymeric composite materials with free space method”, Composite 

Structure, Vol. 66, pp. 533–542 

19. Joshi S.V., Drzal L.T., Mohanty A.K. and Arora S., (2005). “Are natural fiber 

composites environmentally superior to glass fiber reinforced composites?” 

Composites Part A, Vol. 35, pp:  371–376. 

20. Wambua P., Ivens J. and Verpoest I., (2003). “Natural fibers: can they replace glass 

in fiber reinforced plastics?” Composites Science and Technology, Vol. 63, pp: 

1259–1264. 

21. Aziz S.H., Ansell M.P., Clarke S.J. and Panteny S.R., (2005). “Modified polyester 

resins for natural fiber composites”, Composites Science and Technology , Vol. 65, 

pp: 525–535. 



Page | 84  

 

22. Rao K.M.M. and Rao K.M., (2007). “Extraction and tensile properties of natural 

fibers: Vakka, date and bamboo”, Composite Structures, Vol. 77, Issue 4, pp:  288–

295. 

23. Burguenoa R., Quagliataa M.J., Mohanty A.K., Mehtac G., Drzald L.T. and Misrae 

M., (2004). “Load-bearing natural fiber composite cellular beams and panels”, 

Composites Part A, Vol. 35, pp: 645–656. 

24. Mathur V.K., (2006). “Composite materials from local resources”, Construction 

and Building Materials, Vol. 20, pp:  470–477. 

25. Geethammma V.G., Mathew K.T., Lakshminarayanan R. and Thomas S., (1998). 

“Composite of short coir fibers and natural rubber: effect of chemical modification, 

loading and orientation of fiber”, Polymer, Vol. 39, pp: 1483-1489. 

26. Brahmakumar M., Pavithran C. and Pillai R.M., (2005). “Coconut fiber reinforced 

polyethylene composites: effect of natural waxy surface layer of the fiber on 

fiber/matrix interfacial bonding and strength of composites, Composites Science 

and Technology, Vol. 65 , pp: 563–569. 

27. Hand N. and  Dwivedi U.K.,(2006). “Effect of coupling agent on abrasive wear 

behavior of chopped jute fiber-reinforced polypropylene composites”, Wear, Vol. 

261, pp: 1057–1063. 

28. Gowda T.M., Naidu A.C.B. and Chhaya R., (1999). “Some mechanical properties 

of untreated jute fabric-reinforced polyester composites”, Composites Part A: 

Applied Science and Manufacturing, Vol. 30, pp: 277–284. 

29. Yan Li, Chunjing Hu and Yehong Yu., (2008). “Interfacial studies of sisal fiber 

reinforced high density polyethylene (HDPE) composites”, Composites Part, 

Applied Science and Manufacturing, Vol. 39, Issue 4, pp:  570-578. 

30. Dash B.N, Rana A.k, Mishra H.K, Mishra S.C, and Tripathy S.S., (2004). “Novel, 

low-cost jute-polyester composites. Part 1: Processing, mechanical properties, and 

SEM analysis”, Polymer composite, Vol. 20, Issue 1, pp: 62-71. 

31. Li Y., and Mai Y-W., (2006). “Interfacial characteristics of sisal fiber and 

polymeric matrices”, J. Adhesion, Vol. 82, pp: 527–554. 

 



Page | 85  

 

32. Torres F.G. and Cubillas M.L., (2005). “Study of the interfacial properties of 

natural fiber reinforced polyethylene”, Polym. Test, Volu. 24, pp.694– 698. 

33. Ray D., Sarkar B.K., Rana A.K. and Bose N.R., (2001). “The mechanical 

properties of vinyl ester resin matrix composites reinforced with alkali-treated jute 

fibers”, Composites Part A: Applied Science and Manufacturing, Vol. 32, pp: 119–

127. 

34. Sreekala M.S. and Thomas S., (2003). “Effect of fiber surface modification on 

water-sorption characteristics of oil palm fibers”, Compos. Sci. Technol., Vol. 63, 

pp: 861–869. 

35. Thielemans W. and Wool R.P., (2004). “Butyrated kraft lignin as compatiblizing 

agent for natural fiber reinforced thermoset composites”, Composites Part A: 

Applied Science and Manufacturing (Incorporating Composites and Composites 

Manufacturing), Vol. 35, Issue (3), pp: 327-338. 

36. Coats, E.R., Loge, F.J., Wolcott, M.P.  Englund, K. McDonald, A.G., (2008). 

“Production of natural fiber reinforced thermoplastic composites through the use of 

polyhydroxybutyrate-rich biomass” Bio-resource Technology, Vol. 99, Issue 7, pp: 

2680-2686. 

37. Hongzhou Li, Yuxi Jia , Geni Mamtimin, Wei Jiang and Lijia An., (2006).  “ Stress 

transfer and damage evolution of fiber-reinforced polymer matrix composites” 

Materials Science & Engineering, Vol. 425 , Issue 1, p: 178-184, 

38. Fraser R.D.B, Parry D.A.D., (1996). “The molecular structure of reptilian keratin”. 

Int J Biol Macromol, Vol. 11, pp: 207-211. 

39. Yu M., Wu P., Widelitz R. B. and Chuong C. (2002). “The Morphogenesis of 

Feathers”. Nature, Vol. 420, pp: 308–312. 

40. Kock J. W. (2006). “Physical and Mechanical Properties of Chicken Feather 

Materials”. MS thesis, School of Civil and Environmental Engineering, Georgia 

Institute of Technology. 

41. Schmidt W. F. and Jayasundrera S. (2003). Microcrystalline keratin fiber. In: 

Wallenberger F. and Weston N. (eds), Natural Fibers Plastics, and Composites-

Recent Advances, Knee, Kluwar Academic publishers, pp. 51–66. 



Page | 86  

 

42. Akahane K., Murozono S. and Murayama K., (1977).  “Soluble Proteins from Fowl 

Feather Keratin I. Fractionation and Properties”. Biochem. (Tokyo), Vol. 81, pp: 

11–18. 

43. Thannhauser T., Konishi Y. and Scherega H., (1984). “Sensitive Quantitative 

Analysis of Disulfide Bonds in Polypeptides and Proteins”, Anal. Biochem., Vol. 

138, pp: 181–188. 

44. Barone J. R. and Schmidt W. F. (2005). “Polyethylene Reinforced with Keratin 

Fibers Obtained from Chicken Feathers”. Compos. Sci. Technol., Vol. 65, pp: 173–

181. 

45. Jones L. N., Riven D. E. and Tucker D. J. (1998). Handbook of Fiber Chemistry, 

Marcel Dekker, Inc., New York. 

46. Reddy Narendra  and Yang Yiqi , (2007). “Structure and Properties of Chicken 

Feather Barbs as Natural Protein Fibers”. Journal of Polymers and the 

Environment, Vol. 15, PP: 81-87. 

47. Arbelaiz A., Fernández B., Ramos J.A., Retegi A., Llano-Ponte R. and Mondragon 

I., (2005). "Mechanical properties of short flax fiber bundle/polypropylene 

composites: Influence of matrix/fiber modification, fiber content, water uptake and 

recycling”. Composites Science and Technology, Vol. 65, pp:  1582-1592. 

48. Bengtsson Magnus, Baillif Marie Le, Oksman Kristiina, (2007) “Extrusion and 

mechanical properties of highly filled cellulose fiber–polypropylene composites”, 

Composites Part A: Applied Science and Manufacturing , Vol. 38, Issue 8, pp: 

1922-1931. 

49. Supranee Sangthong, Thirawudh Pongprayoon, and Nantaya Yanumet, (2009).  

“Mechanical property improvement of unsaturated polyester composite reinforced 

with admicellar-treated sisal fibers Composites”. Part A: Applied Science and 

Manufacturing, Vol. 40, pp:  687-694. 

50. Aoi N., (1997). “Novel porous films having low dielectric constants synthesized by 

liquid phase silylation of spin-on glass sol for intermetal dielectrics”.  Japanese 

Journal of Applied Physics, Part 1, Vol. 36, pp:1355-1359. 

 



Page | 87  

 

51. Wu, W.-L., Wallace W. E., Lin E. K., Lynn G. W., Glinka C. J., Ryan E. T., and 

Ho H.-M., (2000). “Properties of nonporous silica thin films determined by high-

resolution x-ray reflectivity and small angle neutron scattering,” J. Appl. Phys., 

Vol. 87, pp: 1193-1200. 

52. Jo M. H., Park H. H., Kim D. J., Hyun S. H., Choi S. Y., and Paik J. T., (1997) 

“SiO2 aerogel film as a novel intermetal dielectric”, J. Appl. Phys. Vol. 82, pp: 

1297-1304. 

53. Denison D. R., Barbour J. C., and Burkart J. H., (1996) “Low dielectric constant, 

fluorine-droped SiO2 for intermetal dielectric”. j. Vas. Techniol, Vol. 14, pp: 1124-

1126. 

54. Tada M., Harada Y., Hijioka K., Ohtake H., Takeuchi T., Saito S., Onodera T., 

Hiroi M., Furutake N., and Hayashi Y.,(2002) IEEE International Interconnect 

Technology Conference, pp: 12-14. 

55. Pillai P. K. C., Narula G. K. and Tripathi A. K., (1984). “Electrical-conduction of 

polycarbonate polypropylene blends”,   Polymer Journal, Vol. 16, pp: 575-578. 

56. Lobo H. and Cohen C., (1990). “Measurement of thermal conductivity of polymer 

melts by the line-source method”. Polymer Engineering and Science, Vol. 30, pp: 

65-70. 

57. Nysten B. and Issi J.P., (1990). “Thermally. Hyper conductive. Carbon Fibers”. 

Composites, Vol. 21, pp: 339-343. 

58. Kim W.J., Taya M. and Nguyen M.N., (2009). “Electrical and thermal conductivity 

of a silver flake/thermosetting polymer matrix composite mechanics of materials”. 

Mechanics of Materials, Vol. 41, pp: 1116-1124. 

59. Bigg D.M., (1977). “Conductive Polymeric Compositions”, Polymer Engineering 

and Science, Vol. 17, pp: 842–847. 

60. Soane D.S. and Martynenko Z., (1989). “Polymer in Microelectronics: 

Fundamentals and Applications”, Elsevier, New York. 

61. Li Y., Cordovez M.and Karbhari V.M., (2003). “Dielectric and mechanical 

characterization of processing and moisture uptake effects in E-glass/epoxy 

composites”, Composites Part B Engineering, Vol. 34, pp: 383–390. 



Page | 88  

 

62. Pethrick R.A. and Hayward D., (2002). “Real time dielectric relaxation studies of 

dynamic polymeric systems”, Progress in Polymer Science, Vol. 27, pp: 1983–

2017. 

63. Tjong S.C and Xu S.A, (2004), “Mechanical properties of glass fiber and liquid 

crystalline polymer reinforced polypropylene hybrid composites toughened with 

elastomers”,  J.  Appl.  Polym.  Sci., Vol. 94, pp: 1539-1546. 

64. Selzer R. and Friedrich K., (1997).  “Mechanical properties and failure behavior of 

carbon fiber-reinforced polymer composites under the influence of moisture”, 

Composites Part A:  Applied Science and Manufacturing, Vol. 28, pp: 595–604. 

65. Golden J. H., Hawker C. J., and Ho P. S., (2001). “Designing Porous Low-k 

Dielectrics” (Semiconductor    International, 2001). 

66. Martin S.J, Godschalx J.P, Mills M.E, Shaffer II E.O. and Townsend P, (2000). 

“Development of a low-dielectric-constant polymer for the fabrication of integrated 

circuit interconnects”, Advanced Materials, Vol. 12, pp: 1769-1778. 

67. Miller R. D, (Oct. 15 1999). “In Search of Low-k Dielectrics", Science, Vol. 286, 

pp: 421-423. 

68. Treichel H.,  Withers B,  Ruhl G, Ansmann P,  Wurl R,  Muller C,  Dietlmeier M 

and  Maier G, (1999). In: H.S. Nalwa, Ed. Handbook of Low and High Dielectric 

Constant Materials and their Applications Vol. 1. Academic Press, San Diego, 

Chap.1. 

69. Carole A. Daniels, (1989). Polymers-structure and properties, CRC Press, p 32. 

70. Smyth C. P., (New York. 1955). “Dielectric behavior and Structure”, McGraw Hill, 

pp. 53. 

71. Frohlick H., (Oxford. 1956). “Theory of Dielectrics”, Oxford University press, pp. 

13. 

72. Hollaway L, (1994). Handbook of Polymer Composites for Engineers, Woodhead 

Publishing Ltd., Cambridge, pp. 1. 

73. Pritchard G, (1999). Reinforced Plastics Durability, Woodhead Publishing Ltd., 

Cambridge, pp: 91-96. 



Page | 89  

 

74. Mason J.S and Smith B.V, (1972). “The erosion of bends by pneumatically 

conveyed suspensions of abrasive particles”, Powder Technol., Vol. 6, pp: 323–

335. 

75. Tsai W, Humphrey J.A.C, Cornet I and Levy A.V, (1981). “Experimental 

measurement of accelerated erosion in a slurry pot tester”, Wear, Vol. 68, pp: 289–

303. 

76. Hojo H, Tsuda K and Yabu T., (1986). “Erosion damage of polymeric material by 

slurry”, Wear, Vol. 112, pp: 17–28. 

77. Kumar R, Verma A.P and Lal G.K., (1983). “Nozzle wears during the flow of a gas 

particle mixture”, Wear, Vol. 91, pp: 33–43. 

78. Crowley M.S., (1969). “Influence of particle size on erosion resistance of refractory   

concretes”, Am. Ceram. Soc. Bull. Vol. 48, pp: 707–710. 

79. Wright I.G, (1979). Proc. Corrosion/Erosion of Coal Conversion Systems Materials 

Conf., Berkeley, pp: 103–138. 

80. Jansson S.A, (1982). Proc. Corrosion-Erosion-Wear of Materials in Emerging 

Fossil Energy Systems, Berkeley, pp: 548–560. 

81. Neilson J.H and Gilchrist A, (1968). “An experimental investigation into aspects of 

erosion in rocket motor tail nozzles”, Wear, Vol. 11, pp: 123–143. 

82. Hibbert W.A, (1965). “Helicopter trials over sand and sea”, J. Roy. Aeronaut.Soc. 

Vol. 69, pp: 769–776. 

83. Tilly G. P, (1969). “Erosion caused by airborne particles”, Wear, vol. 14, pp: 63-79. 

84. Zahavi J, Nadiv S and Schmitt Jr G. F, (1981). “Indirect damage in 

compositematerials due to raindrop impact”, Wear, Vol. 72, pp: 305-313. 

85. Tilly G. P and Wendy Sage, (1970). “The interaction of particle and material 

behaviour in erosion processes”, Wear, Vol. 16, pp: 447-465. 

86. Tsiang T.H,(1989).Sand erosion of fiber composites: Testing and evaluation in CC. 

Chamis (Ed.), Test methods for design allowables for fibrous composites, Vol. 2, 

American Society for Testing and Materials, (ASTM) STP I003, Philadelphia, pp. 

55-74. 



Page | 90  

 

87. Mathias P-J., Wu W, Goretta K.C, Routbort L.J, Groppi D.P and Karasek K.R, 

(1989). “Solid particle erosion of a graphite-fiber reinforced bismaleimide polymer 

composite”, Wear, Vol. 35, pp: 161-169. 

88. Suchánek Jan, Vladimír Kuklík, and Zdravecká Eva, “(2009). “Influence of 

microstructure on erosion resistance of steels”, Wear, Vol. 267, Issue 11, 29, pp: 

2092-2099. 

89. Karasek K.R., Goretta K.C., Helberg D.A. and Routbort J.L. (1992). “Erosion in 

Bismaleimide Polymers and Bismaleimide-polymer Composites”, Journal of 

Materials Science Letters, vol. 11, Issue 16, page: 1143–1144. 

90. Tilly G.P, (1969). “Sand erosion of metals and plastics”: A brief review, Wear, 

Vol. 14, pp: 241-248. 

91. Finnie I, (1960). “An experimental study of erosion”, Proc. Sot. Exp. Stress Anal., 

Vol. 17, pp: 65 - 70. 

92. Smeltzer C. E, Gulden M. E and Compton W. A, (1970). “Mechanisms of material 

removal by impacting dust particles”, J. Basic Eng., Vol. 92, pp:  639 - 654. 

93. Schmitt G. P, (1970). The erosion behavior of polymeric coatings and composites 

at subsonic velocities. In A. A. Fyall and R. B. King (eds.), Proc. 3rd Int. Conf. on 

Rain Erosion and Associated Phenomena, Royal Aircraft Establishment, 

Farnborough, pp. 107 - 128. 

94. Zahavi J and Schmitt, Jr., G. F, (1981). “Solid particle erosion of polymeric 

coatings”, Wear, Vol. 71, pp: 191- 210. 

95. Zum Gahr K. H, (1987). “Microstructure and Wear of Materials”, Tribology Series, 

Vol. 10, Elsevier, Amsterdam. 

96. Kruschov M.M. (1974). “Principles of abrasive wear”, Wear, Vol. 28, PP: 69–88. 

97. Murray M. J, Watson J. D, Mutton P and Ludema K. C, (ed.), (1979). Proc. Int. 

Conf. on Wear of Materials, American Society of Mechanical Engineers, New 

York, pp. 257-265. 

98. Richardson R. C. D, (1967). “The maximum hardness of strained surfaces and the 

abrasive wear of metals and alloys”, Wear, Vol. 10, pp: 353-382. 



Page | 91  

 

99. Ericson F, Johansson S and Schweitz, J.-A. (1988). “Hardness and fracture 

toughness of semiconducting materials studied by indentation and erosion 

techniques”. Mater. Sci. Eng. A:  Vol. 105/106, pp: 131-141. 

100. Wiederhorn M and Hockey B. J, (1980). “Effect of material parameters on the 

erosion resistance of brittle materials”, J. Mater. Sci., Vol. 18, pp: 766-780. 

101. Friedrich K and Ludema K. C, (ed.), (1987). Proc. Int. Conf. on wear of Materials, 

American Society of Mechanical Engineers, New York, pp. 833. 

102. Lamy B, (1984). “Effect of brittleness index and sliding speed on the morphology 

of surface scratching in abrasive or erosive processes”, Tribol. Int., Vol. 17, pp: 35-

38. 

103. Briscoe, B, (1981). “Wear of Polymers-An Essay on Fundamental-Aspects”, Tribol 

Int., 1 Vol. 4, pp:  231 –243. 

104. Hager A, Friedrich K, Dzenis Y and Paipetis S.A, (1995). “Study of erosion wear 

of advanced polymer composites”, in: K. Street, B. Whistler (Eds.), Proceedings of 

the ICCM-10, Canada, Wood-head Publishing Ltd., Cambridge, UK, pp: 155–162. 

105.  Finnie I, (1972). “Some observations on the erosion of ductile metals”, Wear, Vol. 

19, pp: 81-90. 

106. Miyazaki N and Takeda N, (1993). “Solid particle erosion of fiber reinforced 

plastics, J. Compos. Mater, Vol. 27, pp: 21–31. 

107. Miyazaki N and Hamao T, (1996). “Effect of interfacial strength on erosion 

behavior of FRPs”, J. Compos. Mater., Vol. 30, pp: 35–50. 

108. Roy M, Vishwanathan B and Sundararajan G., (1994). “Solid particle erosion of 

polymer matrix composites”, Wear, vol. 171, pp: 149–161. 

109. Miyazaki N and Hamao T, (1994). “Solid particle erosion of thermoplastic resins 

reinforced by short fibers”, J. Compos. Mater, Vol. 28, pp: 871–883. 

110. Haraki N, Tsuda K and Hojo H, (1992). “Sand erosion behavior of composites 

reinforced with glass cloth laminates”, Adv. Compos. Lett., Vol. 1, pp:  31–33. 



Page | 92  

 

111. Lhymn C and Lhymn Y.O., (1989). “Erosive wear of fibrous PEEK composites”, 

in: Proceedings of the 21st International SAMPE Technical Conference, Eric, PA, 

USA, 25–28. pp:  720–729. 

112. Finnie I, Stevick G.R and Ridgely J.R, (1992). “The influence of impingement 

angle on the erosion of ductile metals by angular abrasive particles”, Wear, Vol. 

152, pp: 91–98. 

113. Chevallier P and Vannes A.B, (1995). “Effect on a sheet surface of an erosive 

particle jet upon impact”, Wear,  Vol. 184, pp: 87–91. 

114. Tabakoff W, (1995). “High-temperature erosion resistance of coatings for use in 

turbo machinery”, Wear, Vol. 186/187, pp: 224–229. 

115. Tirupataiah Y, Venkataraman B and Sundararajan G, (1990). “The nature of the 

elastic rebound of a hard ball impacting on ductile, metallic target materials”, 

Materials Science and Engineering: A, Vol. 124, pp: 133-140. 

116. Tabakoff W, (1991). “Measurements of particles rebound characteristics on 

materials used in gas turbines”, Journal of Propulsion and Power, Vol. 7, pp:  805- 

813. 

117. Metwally M, Tabakoff W and Hamed A, (1995). “Blade Erosion in Automotive 

Gas Turbine Engine”, ASME J. Eng. Gas Turbines Power, Vol. 117, pp: 213–219. 

118. Lindsley B. A. and Marder A. R., (1999). “The effect of velocity on solid particle 

erosion on the solid particle erosion rate of alloys”, Wear, Vol. 225-229, pp: 510-

516. 

119. Neilson J. H, Gilchrist A, (1968). “Erosion by a stream of solid particles”, Wear, 

Vol. 11, pp: 111-122. 

120. Hibbert, W.A. (1965). “Helicopter trials over sand and sea”, J. Roy. Aero. Soc., 

Vol. 69, pp: 769-776. 

121. Gandhi B.K, Singh S.N and Seshadri V, (1999). “Study of the parametric 

dependence of erosion wear for the parallel flow of solid–liquid mixtures”, Tribol. 

Int.  Vol. 32, pp: 275–282. 

122. Raask E, (1969). “Tube erosion by ash impaction”, Wear, Vol. 13, pp: 301-315. 



Page | 93  

 

123. Preece C. M and Macmillan N. H, (1977). “Erosion”, Annual Review of Materials 

Science, Vol. 7, pp: 95-121. 

124. Engel P.A, (1976). Impact Wear of Materials, Amsterdam, Elsevier, Amsterdam. 

125. Finnie I., Levy A. and McFadden D.H., (1979) “Fundamental mechanisms of the 

erosive wear of ductile metals by solid particles”. In: W.F. Adler, Editor, Erosion: 

prevention and Useful applications, ASTM STP 664, ASTM (1979), pp: 36–52. 

126. Barkoula N. -M. and  Karger-Kocsis J., (2002). “Effects of fibre content and 

relative fibre-orientation on the solid particle erosion of GF/PP composites”, Wear, 

Vol. 252, Issues 1-2, pp: 80-87. 

127. Sheldon G.L., (1970). “Similarities and differences in the erosion behavior of 

materials”. Trans. ASME, J. Basic Eng., Ser. D 92, pp. 619–626. 

128. Tilly G.P. (1979). “Erosion caused by impact of solid particles”. In: Scott D, editor. 

Treatise on materials science and technology, Vol. 13, pp: 28-37. 

129. Arnold J.C and Hutchings I.M. (1990). “The mechanisms of erosion of unfilled 

elastomers by solid particle impact”. Wear, Vol. 138, pp: 33–46. 

130. Arnold J.C and Hutchings I.M., (1989). “Flux rate effects in the erosive wear of 

elastomers”. J Mater Sci., Vol. 24, pp: 833–839. 

131. Friedrich K, (1986). “Erosive wear of polymer surfaces by steel ball blasting”. J 

Mater Sci., Vol. 21, pp: 3317–3332. 

132. Zahavi J. (1981). “Solid particle erosion of polymeric coatings”. Wear; Vol. 71, pp: 

191– 210. 

133. Williams Jr. J.H and Lau K.E., (1974). “Solid particle erosion of graphite epoxy 

composites”. Wear, Vol. 29, pp: 219–230. 

134. Dhar S, Krajac T, Ciampini D and Papini M., (2005). “Erosion mechanisms due to 

impact of single angular particles”, Wear, Vol. 258, pp: 567–579. 

135. Gomes Ferreira C, Ciampini D and Papini M., (2004). “The effect of inter particle 

collisions in erosive streams on the distribution of energy flux incident to a flat 

surface”, Tribology International, Vol. 37, pp: 791–807. 



Page | 94  

 

136. Tilly G.P., (1973). “A two stage mechanisms of ductile erosion”. Wear, Vol. 23, 

pp: 87– 96. 

137. Scattergood R.O and Routbort J.L, (1981). “Velocity and size dependence of the 

erosion rate in silicon”. Wear, Vol. 67, pp: 227-232. 

138. Rao P.V and Buckley D.H, (1985). “Angular particle impingement studies of 

thermoplastic materials at normal incidence”. ASLE Trans, Vol. 29, pp: 283–298. 

139. John Rajesh J, Bijwe J, Tewri U.S and Venkataramanan B, (2001). “Erosive wear 

of various polyamides”. Wear, Vol. 249, pp: 702–714. 

140. Rochester M.C and Brunton J.H, (1974). “Influences of physical properties of the 

liquid on the erosion of solids”. Erosion, wear and interfaces with corrosion ASTM 

STP 567. American Society of Testing and Materials, pp: 128–151. 

141. True M.E and Weiner P.D. (1976). A laboratory evaluation of sand erosion of oil 

and gas well production equipment. Annual API production division meeting. Los 

Angeles, CA, pp. I-1, I-27. 

142. Glaeser W.A and Dow A, (1977). “Mechanisms of erosion in slurry pipelines. In: 

Proceedings of the second international conference on slurry transportation”. Las 

Vegas, NV: March 2–4, pp: 136–140. 

143. Roco M.C, Nair P, Addie G.R and Dennis J, (1984). “Erosion of concentrated 

slurries in turbulent flow”. J Pipelines, Vol. 4, pp:  213–221. 

144. Venkatesh E.S, (1986). “Erosion damage in oil and gas wells”, SPE paper 15183. 

Rocky mountain regional meeting of the society of petroleum engineers. Billings, 

MT. 

145. Shook C.A, Mckibben M and Small M, (1987). “Experimental investigation of 

some hydrodynamics factors affecting slurry pipeline wall erosion”. ASME paper 

no. 87-PVP-9. 

146. Soderberg S, Hogmark S and Swahn H, (1982). “Mechanisms of material removal 

during erosion of a stainless steel”, Paper no. 82-AM-4A-1. 37th ASLE Annual 

Meeting, Cincinnati, May pp: 10–13. 

147. Soderberg S, Hogmark S, Engman U and Swahn H, (1981). “Erosion classification 

of materials using a centrifugal erosion tester”. Tribol Int., Vol. 14, pp:  333– 344. 



Page | 95  

 

148. Hutchings I.M, (1983). “Monograph on the erosion of materials by solid particle 

impact”. Materials Technology Institute of Chemical Process Industries, Inc.; MTI 

publication no. 10. 

149. Hutchings I.M, (1983). “Introduction to the microscopy of erosion”. J Microscopy, 

Vol. 130, pp: 331–338. 

150. McLaury B.S, Wang J, Shirazi S.A, Shadley J.R and Rybicki E.F., (1997). “Solid 

particle erosion in long radius elbows and straight pipes”. Society of Petroleum 

Engineers, Paper no. SPE 38842, pp: 977–986. 

151. Edwards J.K, McLaury B.S and Shirazi S.A. (2000).  “Evaluation of alternative 

pipe bends fittings in erosive service”. Proceedings of 2000 ASME fluids 

engineering summer meeting, June 11–15, Boston, MA: Paper no. FEDSM2000-

11245, 

152. Blanchard D.J, Griffith P and Rabinowicz E, (1984). “Erosion of a pipe bend by 

solid particle entrained in water”. J Eng Indust., Vol. 106, pp: 213–217. 

153. Rabinowicz, E. (1995). Friction and Wear of Materials. New York, John Wiley and 

Sons. 

154. Standard Terminology Relating to Wear and Erosion, Annual Book of Standards, 

Vol 03.02, ASTM, 1987, p 243-250. 

155. ASM Handbook Committee (2002). ASM Handbook. Friction, Lubrication and 

Wear Technology. U.S.A., ASM International. Volume 18. 

156. Friedrich K., Lu Z. and Hager A.M., (1996). “Recent advances in polymer 

composites tribology”, Wear, Vol. 190, pp: 139–144. 

157. Lancaster J.K., (1968), “The effect of carbon fiber reinforcement on friction and 

wear of polymers”, Br. J. Appl. Phys., Vol.1, pp: 549–559. 

158. Lu Z., Friedrich K., Pannhorst W. and Heinz J., (1993). “Wear and friction of 

unidirectional carbon fiber–glass matrix composite against various counterparts”, 

Wear, Vol. 162–164, pp: 1103–1110. 

159. Viswnath B., Verma A.P. and Kameswara rao C.V.S., (1993). “Effect of 

reinforcement on friction and wear of fabric reinforced polymer composites”, 

Wear, Vol. 167, pp: 93–99. 



Page | 96  

 

160. Harsha A.P. and Tewari U.S., (2002). “Tribo performance of PAEK composites, 

Polym Test 21, pp. 697–709. 

161. K.N. Shivakumar, G. Swaminathan and M. Sharpe, (2006). “Carbon/vinyl ester 

composites for enhanced performance in marine applications”, J Reinf Plast, 

Compos., Vol. 25, pp: 1101–1116. 

162. Suresha, G. Chandramohan, P. Sampathkumaran, S. Seetharamu and S. Vynatheya, 

(2006). “Friction and wear characteristics of carbon-epoxy and glass-epoxy woven 

roving fiber composites, J Reinf Plast Compos., Vol. 25, pp: 771–782. 

163. Soutis C., (2005). “Carbon fiber reinforced plastics in aircraft construction”, mater, 

Sci Eng A., Vol. 412, pp: 171–176. 

164. Bijwe J., Rattan R. and Fahim M., (2008). “Erosive wear of carbon fabric 

reinforced polyetherimide composites: role of amount of fabric and processing 

technique”, Polym Compos., Vol. 29, pp: 337–344. 

165. Rekha Rattan and Bijwe J., (2006). “Carbon fabric reinforced polyetherimide 

composites: influence of weave of fabric and processing parameters on 

performance properties and erosive wear”, Mater Sci Eng A, Vol. 420, pp: 342–

350. 

166. Hutchings IM. Tribology; friction and wear of engineering materials. In: Arnold E, 

editor. Division of hodder and soughton. London: CRC Press; 1992. 

167. Mody P.B., Chou T.W. and Friedrich K.,(1988). “Effect of testing conditions and 

microstructure on the sliding wear of graphite fiber/PEEK matrix composites”, J 

Mater Sci, Vol. 23, pp: 4319–4330. 

168. G.W.Stacowiak, “Wear Materials, Mechanisms and Practices”, Wiley publication 

(2006), pp: 1-4. 

169. Characterization and failure analysis of plastic, ASM International, (2003)pp: 359-

366. 

170. Neale  MJ,  Gee  M.  Guide to wear problems and testing for industry.  New York, 

USA:  William Andrew Publishing; 2001. 

171. Vaziri M., Spurr R.T. and Stott, F.H. (1988). “An Investigation of the Wear of 

Polymeric Materials”, Wear, Vol. 122, pp: 329–342. 



Page | 97  

 

172. Friedrich K. and Cyftka M. (1985). “On The Wear of Reinforced Thermoplastics 

by Different Abrasive Papers”, Wear, Vol.103, pp: 333–344. 

173. Gates G.D. (1998). “Two-Body and Three-Body Abrasion: A Critical Discussion”, 

Wear, Vol. 214, pp: 139–146. 

174. Chand N., Nayak A. and Neogi S., (2000). “Three-Body Abrasive Wear of Short 

Glass FiberPolyester Composite”, Wear, Vol. 242, pp:  32–46. 

175. Evans D.C. and Lancaster J.K., (1979). “The Wear of Polymers, In: Scott, D. (Ed.), 

Treatise on Materials Science and Technology, New York, USA; Academic Press, 

Vol. 13, pp: 85––139. 

176. Budinski  K.G.  (1997). “Abrasive Wear  Resistance  of  Polymeric  Materials”,  

Wear,   Vol. 203–204, pp: 302–309. 

177. Cenna A.A., Doyle J., Page N.W. and Dastoor P. (2000). “Wear Mechanisms in 

Polymer Matrix Composites Abraded by Bulk Solids”, Wear, Vol. 240, pp: 207–

214. 

178. Cirino M., Pipes R.B. and Friedrich K., (1987). “The Abrasive Wear Behavior of 

ContinuousFiber Polymer Composites”, J. Mater. Sci., Vol. 22, pp: 2481–2492. 

179. Cirino M., Friedrich K. and Pipes R.B., (1988). “Evaluation of Polymer 

Composites for Slidingand Abrasive Wear Application”, Composites, Vol. 19, pp: 

383–392. 

180. Lhymn C., Tempelmeyer K.E. and Davis P.K., (1985). “The Abrasive Wear of 

Short FiberComposites”, Composites, Vol. 16, pp: 127–136. 

181. Friedrich K., Lu Z. and Scherer R., (1992). “Wear and Friction of Composite 

Materials”, Elsevier,Amsterdam, pp. 67–85. 

182. Bijwe J., Logani C.M. and Tewari U.S., (1989). “Influence of Fillers and Fiber 

Reinforcementon Abrasive Wear Resistance of Some Polymeric Composites”, 

Proceedings of the International Conference on Wear of Materials, Denver, CO, 

USA, pp. 75–92. 

183. Bijwe J., Tewari U.S. and Vasudevan P., (1989). “Friction and wear studies of 

short glass fibre reinforced polyetherimide composite”, Wear, Vol. 132, pp: 247-

264. 



Page | 98  

 

184. Sung N.H. and Suh N.P.,(1979). “Effect of fiber orientation on friction and wear of 

fiber reinforced polymeric composites”, Wear, Vol.53, pp: 129–141. 

185. Chang H.W., (1983). “Wear characteristics of composite: effect of fiber 

orientation”, Wear, Vol. 85, pp: 81-91. 

186. Jain V.K.,(1983) “Investigation of the wear mechanism of carbon-fiber reinforced 

acetal”. Wear, Vol. 92, pp: 279–292. 

187. Tsukizoe T. and Ohmae N., (1983) “Friction and wear of advanced composite 

materials”, Fibre Science Technology, Vol. 18, pp: 265. 

188. Bahadur S. and Zheng Y., (1990). “Mechanical and Tribological Behavior of 

Polyester Reinforced with. Short Glass Fibers”, Wear, Vol. 137, pp: 251-266. 

189. Bijwe J. and Tewari, U.S., (1991).  “On the abrasive wear of some polyimides and 

their composites”, Tribology International, Vol. 24, pp: 247-253. 

190. Chand N. and Fahim M., (1995). “Abrasive wear behavior of some FRP 

composites”, Research and Industry, Vol. 40, pp: 182-188. 

191. Lhymn C., Tempelmeyer K.E., Davis P.K., (1985), “The abrasive wear of short 

fibre composites”, Composites, Vol. 16, pp: 127-136. 

192. Ratner S.N, Farberoua I.I, Radyukeuich O.V and Lure E.G, (1967). “Correlation 

between wear resistance of plastics and other mechanical properties”, in: D.I. James 

(Ed.), Abrasion of Rubber, MacLaren, London, pp.145–154. 

193. Lancaster J.K, (1972). Friction and wear, in: A.D. Jenkins (Ed.), Polymer Science 

and Material Science Handbook, North Holland, London, (Chapter 14). 

194. Friedrich K, (1986). “Erosive wear of polymer surfaces by steel ball blasting”, J. 

Mater. Sci., Vol. 21, pp: 3317–3332. 

195. Velten K, Reinicke R and Friedrich K, (2000). “Wear volume prediction with 

artificial neural networks”, Tribol. Int.  Vol. 33, pp: 731–736. 

196. Zhang Z, Friedrich K and Velten K, (2002). “Prediction on tribological properties 

of short fiber composites using artificial neural networks”, Wear, Vol. 252, pp: 

668–675. 



Page | 99  

 

197. Zhang Z and Friedrich K, (2003). “Artificial neural networks applied to polymer 

composites: a review”, Compos Sci Technol, Vol.63, pp: 2029–2044. 

198. Esteban Fernandez J, Ma del Rocio Fernandez M, Vijande Diaz R and Tucho 

Navarro R, (2003). Wear, Vol. 255, pp: 38–43. 

199. Spuzic S, Zec M, Abhary K, Ghomashchi R and Reid I, (1997). “Fractionaldesign 

of experiments applied to a wear simulation”, Wear, Vol. 212, pp: 131-139. 

200. Prasad B. K, (2002). “Abrasive wear characteristics of a zinc-based alloy and zinc-

alloy/ SiC composite”, Wear, Vol. 252, pp: 250-263. 

201. Deuis R. L, Subramanian C and Yellup J. M, (1998). “Three-body abrasive wear of 

composite coatings in dry and wet environments”, Wear, Vol. 214, pp: 112- 130. 

202. Banerji A, Prasad S. V, Surappa M. K and Rohatgi P. K, (1982). “Abrasive wear of 

cast aluminium alloy-zircon particle composites”, Wear, Vol. 82, pp: 141-151. 

203.  Mondal D. P, Das S, Jha A. K and Yegneswaran A. H, (1998). “Abrasive wear of 

Al alloy–Al2O3 particle composite: a study on the combined effect of load and size 

of abrasive”, Wear, Volume 223, pp: 131-138. 

204. Taguchi G and Konishi S, (1987).Taguchi Methods: Orthogonal Arrays and 

LinearGraphs; Tools for Quality Engineering, American Supplier Institute Inc., 

Dearborn, MI. 

205. Taguchi G, (1990). Introduction to Quality Engineering, Asian Productivity 

Organization, Tokyo, 

206. Phadke M.S, (1989). Quality Engineering using Robost Design, Prentice-Hall, 

Englewood Cliffs, NJ. 

207. Wu Y and Moore W.H, (1986). Quality Engineering: Product & Process Design 

Optimization, American Supplier Institute Inc., Dearborn, MI. 

208. Logothetis N. and Haigh A., (1987). Profession. Statist.  Vol.6, pp:10–16. 

209. Logothetis N and Haigh A, (1988). Characterizing and optimizing multi-response 

processes by the Taguchi method Qual. Reliab. Eng. Int., Vol. 4, pp: 159–169. 

210. Shoemaker A.C and Kackar R.N, (1988). A methodology for planning experiments 

in robust product and process design, Qual. Reliab. Eng. Int., Vol. 4, pp: 95–103. 



Page | 100  

 

211. Phadke M.S and Dehnad K., (1988). “Optimization of product and process design 

for quality and cost. Qual. Reliab. Eng. Int., Vol. 4, pp: 105–112. 

212. Agarwal  B.D  and  Broutman  L.  J., (1990).  “Analysis and performance of fiber 

composites”, Second edition, John wiley & Sons, Inc, pp: 12-16. 

213. Silverstein R. M., Bassler G. C. and Morril T. C., (1991). “Spectrometric 

Identification of Organic Compounds”, 5th edn, John Wiley & Sons, Inc., New 

York. 

214. Ruff A.W and Ives L.K, (1975). “Measurement of solid particle velocity in erosive 

wear”, Wear, Volume 35, pp: 195-199. 

215. Simon Haykin, Neural Networks:  A Comprehensive Foundation, Prentice Hall, 

1999. 

216. Josi S.V, Drzal L.T, Mohanty A.K and Arora S., (2004). “Are natural fiber 

composites environmentally superior to glass fiber reinforced composites?”  

Composite Part A: Applied Science and Manufacturing, Volume 32, pp:  371-376. 

217.  Volkan Cecen, Yolda¸s Seki,  Mehmet Sarikanat,  Ismail H. Tavman, (2008). 

“FTIR and SEM analysis of polyester- and epoxy-based composites manufactured 

by vartm process”, Journal of Applied Polymer Science, Volume 108, PP: 2163 –

 2170. 

218. Suzhu Yu, and Peter Hing, (2008). “Thermal and dielectric properties of fiber 

reinforced polystyrene composites”, Polymer Composites, Volume 29, pp: 1199-

120. 

219. Venkata Reddy G., Venkata Naidu S. and Shobha Rani T., (2009).  “A Study on 

Hardness and Flexural Properties of Kapok/Sisal Composites”, Journal of 

Reinforced Plastics & Composites, (In press), DOI: 10.1177/0731684408091682. 

220.  Barkoula N.-M. and Karger-Kocsis J., (2002). “Review-processes and influencing 

parameters of the solid particle erosion of polymers and their composites”, J. 

Mater. Sci., Volume 37, pp: 3807–3820. 

221. Lee G.Y., Dharan C.K.H. and Ritchie, R.O., (2002). “A physically-based abrasive 

wear model for composite materials”  Wear,  Volume 252, Issue 3, pp: 322-331. 

 



Page | 101  

 

Research Publications: 

 

1. Nadiya Bihary Nayak, S.C.Mishra and alok Satapathy “Investigation on Bio-waste 

Reinforced Epoxy Composites” Journal of Reinforced Plastics and Composites; 

Online First, published on February 25, 2009 as doi: 10.1177/0731684408100740. 

 

2. Nadiya Bihary Nayak, S.C.Mishra “An Investigation on Dielectric Properties of 

Chicken Feather Reinforced Epoxy Matrix Composite” Journal of Reinforced 

Plastics and Composites; DOI: 10.1177/0731684409356610 

 

 

 

 


