
  1  

DOKUZ EYLUL UNIVERSITY 

GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES 

                                                                                             

        

 
 
 
 

ANALYSIS OF  

COMPOSITE BARS IN TORSION 
 

 

 

 

 

 

 

 

by 

Filiz ÇIVGIN 

 

 

 

 

 

September, 2005 

� ZM � R 

 



  2  

        

 
ANALYSIS OF 

COMPOSITE BARS IN TORSION 
 

 

 

 

A Thesis Submitted to the  

Graduate School of Natural and Applied Sciences of Dokuz Eylül University 

In Partial Fulfillment of the Requirements for the Degree of Master of Science         

in Mechanical Engineering, Construction and Manufacturing Program 

 

 

 

 

 

by 

Filiz ÇIVGIN 

 

 

 

 

 

 

 

September, 2005 

� ZM � R



  1  

ii  

                                                                                                      

 

 

M.Sc THESIS EXAMINATION RESULT FORM 

 

 We have read the thesis entitled “ANALYSIS OF COMPOSITE BARS IN 

TORSION”  completed by F� L � Z ÇIVGIN  under supervision of Assoc. Prof. Dr. 

M� NE DEM� RSOY and we certify that in our opinion it is fully adequate, in scope and 

in quality, as a thesis for the degree of Master of Science. 

 

 

 

Assoc. Prof. Dr. Mine DEM�RSOY 

 

Supervisor 

 

 

 

 

 

 

             (Jury Member)       (Jury Member) 

 

 

 

 

Prof. Dr. Cahit HELVACI 
Director 

Graduate School of Natural and Applied Sciences 



  2 

iii  

 

 

ACKNOWLEDGMENTS 

 

 

      I would like to express to my sincere gratitude to my supervisor, Assoc. Prof. Dr. 

Mine DEM�RSOY, for her excellent guidance, patient supervision and continuous 

support thought the preparation of this study. 

  

 I would like to express my thanks to Asst. Prof. Dr. Çiçek ÖZES for her 

assistance and guidance during the numerical phase of the study. 

 

 I also would like to thank Mr. Yaman YILMAZ for his assistance, constructive 

suggestions and encouragement through preparation of the thesis. 

  

 I want to express my thanks to TIRSAN KARDAN Inc. and the quality staff Mr. 

Ercan GÜNERI and Mr. Efe I� IK for their great help during the experimental phase of 

the study.          

       

 Finally, I am deeply indebted to my family for their encouragement and 

continuous morale support. 

 

 

Filiz ÇIVGIN 



  3 

iv 

 

ANALYSIS OF  

COMPOSITE BARS IN TORSION 

 

ABSTRACT 

 

The purpose of this study is to investigate torsional deflections and stress analysis of the 

composite bars in torsion. 

 

In this experimental study, Epoxy/ E-Glass composite bars were first manufactured by 

filament winding process. Then, in order to determine mechanical properties of the composite 

bars used, tensile tests were made by strain-gauges. Longitudinal transverse Young Modulus, 

poisson’s ratio and shear modulus were determined by using strain-gauges. The experiment was 

carried out on a torsional test machine, which was built specifically to investigate the static and 

dynamic characteristics of cardan shafts. The torsional deflections were obtained experimentally. 

 

Numerical study was performed finite analysis software by using ANSYS 5.4. In this software, 

the test specimens were modeled in accordance to experimentally tested specimens. The boundary 

conditions and torque were applied to the model. The torsional deflections were obtained for each 

applied torque and these outputs were transferred to the graphs. 

 

Inspection of the static behaviour of the composite bar under torsional loading is made by both 

experimental and theoretical analysis. The results of experimental study and numerical study are 

compared and it is found that; the experimental results and numerical results are very close to 

each other.  

 

The shear stress values of the tested composite bars are found numerically and theorically. The 

results of the numerically and theorically studies are compared, it is found that compared results 

are the same. 

 

Keywords: composite bars, filament winding process, E-Glass/Epoxy, finite element analysis 



  4 

v 

 

BURULMAYA ÇALI � AN KOMPOZ � T 

ÇUBUK YAYLARIN ANAL � Z�  

 

ÖZ 

 

 Bu çal�� man�n amac�, burulmaya çal�� an çubuk yaylar�n burulma sapmalar�n� ve kesme 

gerilemelerini ara� t�rmakt�r. 

  

 Bu deneysel çal�� mada, ilk olarak E-cam�/ Epoksi kompozit çubuk yaylar filamen sarg� yöntemi 

ile üretildi. Kullan�lan kompozit çubuk yaylar�n mekanik özelliklerini tespit etmek için strain-

gauge’ler kullan�larak çekme testleri yap�lm�� t�r. Boyuna ve enine young  modulleri, poisson 

oran� ve kayma modülü strain gauge’ler kullan�larak tespit edilmi� tir. Test özellikle kardan 

� aftlar�n�n statik ve dinamik karakteristiklerini ara� t�rmak amac�yla kullan�lan burulma test 

cihaz�nda yap�lm�� t�r. Burulma sapmalar� deneysel olarak elde edilmi� tir. 

  

 Numerik çal�� ma ANSYS5.4 program� kullan�larak sonlu elemanlar metodu ile haz�rlanm�� t�r. 

Bu programda test edilen kompozit çubuk yaylar modellendi. Modelin s�n�r � artlar� belirlendi ve 

burulma uyguland�. Uygulanan torka göre burulma sapmalar� elde edildi ve bu veriler grafiklere 

aktar�ld�. 

  

 Test edilen kompozit çubuk yaylar�n kayma gerilmeleri numerik ve teorik olarak bulundu. 

Numerik ve teorik olarak bulunan sonuçlar kar� �la� t�r�ld�� �nda, sonuçlar�n ayn� oldu� u bulundu. 

  

 Burulma uygulanan kompozit çubuk yay�n statik davran�� lar�n�n incelenmesi hem deneysel 

olarak hem de numerik olarak yap�ld�. Deneysel sonuçlar ve numerik sonuçlar kar� �la� t�r�ld� ve 

deneysel ve numerik sonuçlar�n birbirine çok yak�n oldu� u bulundu. 

   

Anahtar Sözcükler: Kompozit çubuk yaylar, filaman sarg� yöntemi, E-Cam�/Epoksi, sonlu 

elemanlar analizi 
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CHAPTER ONE 

INTRODUCTION 

 

Rapid technological advances in engineering brought the scientists and engineers to a 

point, where they became limited by the capabilities of traditional materials. With the 

limits of the technology pushed, the materials failed to answer the requirements of the 

designers or manufacturers. Researchers in materials technology are constantly looking 

for solutions to provide stronger, durable materials which will answer the needs of their 

fellow engineers. Composite materials are one of the most favored solutions to this 

problem in the field. By combining the stronger properties of traditional materials and 

eliminating the disadvantages they bear, composite materials technology is providing 

compromising solutions and alternatives to many engineering fields. Problems born 

from material limitations like heavy weight, structural strength, and thermal resistance 

are being solved by the composite material alternatives, and many more alternatives are 

being introduced to readily used engineering applications. 

Torsion bars are one of the commonly used mechanical elements in many 

applications. With the ever present demand of lower weight in engineering applications, 

the designers seek to reduce weight with every single opportunity. Composite materials, 

with their high strength/weight ratio are becoming popular with their increasing 

availability due to advancements in their manufacturing processes. The main design 

parameter for a torsion bar is torsional rigidity, and as explained above, weight. On the 

other hand, providing a secure connection between traditional materials and composites 

bear the inherent problem of composite materials. 

Rangaswamy & Vijyarangan (2002) have investigated the manufacturing of 

composite shafts for automotive applications. The composite shaft is expected to 



  2 

transmit a certain amount of torque, hence should have a certain torque capability. A 

factor of safety of 2 is chosen and three different materials are investigated. Due to their 

high length/diameter ratio, the torsional buckling capability of the shafts is also studied 

both experimentally and with ANSYS modeling. Finally the natural bending frequency 

of the shaft in question is considered. Their study has shown that a weight reduction of 

48 to 86% can be obtained by using composite materials and with a careful investigation 

of ply orientation, the shafts can be manufactured to fullfill the frequency and buckling 

capability, thus shafts manufactured from composites can be viable to use in real 

engineering applications. 

Another study on composite driveshafts carried out by Rastogi (2004) has 

investigated similar properties of a driveshaft, including torsional fatigue capability into 

consideration. Torsional strength, buckling capability and critical speed for the 

composite shafts are also investigated as in Rangaswamy & Vijyarangan’s study. 

Another important aspect of the research was the connection by using tubular joints. 

Adhesively bonding properties of a composite material with metal is studied, and the 

variation of bond strength with bond strength is investigated. The shafts used in the 

study have different orientation of plys, all of them proved to have high buckling torque 

and satisfactory critical speed well over the required value. And the adhesively bonded 

joint has the capability to transmit the applied torque. 

Lin & Poster (2004) analyzed one of the most important aspects in the design field of 

composite shafts and torsion bars. The strength and low weight of the material loses its 

value and importance if it there is no feasible way to provide a secure connection 

between the shafts –or bar- and the main body frame. Their study was focused on a 

hexagonal profiled end fitting and cross-section with an integral manufacturing process 

to provide the best fitting between the yoke and the bar. Strength analysis of the bonding 

and failure criterion under fatigue loading is observed by using a specialized test stand. 

The buckling properties are investigated as well since a long shaft is used in the 

application. The results obtained show that the RTM solution offered by the researchers 

have proven to be effective to be used in the bonding of a helicopter main shaft. 
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The previous studies especially focus on torque transmission shafts, as they find more 

applications in the field. However the requirements and problems observed in both 

components have similar properties, so every investigated research provides background 

information for the composite torsion bars.  

There are also available some studies composite bars that focused on especially their 

optimization subjected to buckling, static behaviour of rotating bars under compressive 

loads, their cross section deformations of subjected to static loading conditions. They are 

reviewed as follows; 

Muc.A. (1997) have investigated optimal design of composite bars that are subjceted 

to buckling and play failure constraints.  The aim of the study is to discuss the influence 

of various formulations of governing equations on optimal solutions. The layers are 

oriented 0º, 90º, and ±45 º. First, modeled composite bar of simple support boundry 

conditions has been solved analytically and then used in the buckling and firsy ply 

failure for four variants of shell theories. A genetic algorithm is presented and applied to 

the optimal design. The objcetive fuction is formulated by using particular shell theories. 

The examples are solved to demonstrate the importance of the selcetion procedures in 

genetic algorithms and to highlight the significance of transverse shear effects in 

optimization problems. It has been proved that the use of classical shell theories may 

lead to completely wrong results in both estimation of buckling loads and in the 

determination of optimal laminate configurations for orthotropic materials. The 

optimization problems under buckling needs to apply more refined shell theories. 

Chen L.W. & Peng W.K. (1998) has investigated the stability behaviour of rotating 

composite bars under axial compressive loads by using finite element method. The 

laminated composite bar is modeled by applying equivalant beam theory. Numerical 

results are compared with previos works that have been investigated before. Also, the 

stability of the composite laminated shaft is compared with the steel shaft. It was found 

that the critical speed of the laminated composite bar is depent on the stacking sequence, 

the length-radious ratio (L/R) and the boundry conditions. 
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Gubran H.B.H & Gupta K. (2002) have investigated cross-section deformation of 

tubular composite bars subjected to static loading conditions. Therocial and 

experimental studies have been carried out on deflection and cross-section deformation 

for composite tubular shaft. (±45º)2. The shaft is mounted on self-aligning bearings and 

point static load is applied to at the shaft mid-span. Probes are used to measure the 

displacements of points located top and bottom on the shaft cross section located at the 

mid span. Shaft deflection and cross section deformation have been obtained. It was 

found that obtained results both experimentality and therocially were very close each 

other. 

Aim of this presented thesis is to investigate the torsional properties of a composite 

bar under experimental loading and compare them with several computer models, in 

order to show the feasibility of using composite materials as building materials for 

torsion bars. 

Eight chapters were given in this thesis. Explanations of the each chapter are 

highlighted briefly as follows. 

In Chapter One, general introduction and literature review are presented. The 

statement of the problem, the objcetive of the study is explained. Literature review is 

done based on the works regarding composite bars. The articles are investigated about 

their torsional buckling capability, torsional strenght, and connection systems. 

In Chapter Two, general overview of the composite materials is done. Basic comcept 

of the composite materials are explained as detailed. The comparision composite 

materials with the conventional materials, classification of the composite materials, 

manufacturing process and current applications are investigated. 

In Chapter Three, macromechanical behaviours of the composite material are 

described. The stress and strain relationships from the basic building block on which all 

sebsequent analysis procedures are based, it is assumed that the material under 
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consideration is orthotropic. The stree-strain relations for plane stress in orthotropic 

materials are explained. 

In Chapter Four, manufacturing process of the composite bar and the determination 

of mechanical properties of the composite material used in torsion test are explained. 

Experimental determination of the basic material properties is investigated. 

Experimental details and results are presented. 

In Chapter Five, the experimental setup, test specimens used in torsion test, technical 

drwaings of the test specimens are presented. Schematic represantation of the test 

machine on which the test is performed and indicated parts are presented. The 

cosiderations about design of the test specimens and the connection method to the test 

machine during the test and the reasons of the kind of design are explained. Drawings of 

the test specimens and their flanges are presented. 

In Chapter Six, a one piece composite bar was made Epoxy/E-Glass is optimally 

analyxed using ANSYS 5.4 Software. The compsoite bar which is subjceted to the 

constraints such as torque transmission. The experimental setup which on the test is 

performed is simulated by ANSYS 5.4. The composite bar is modeled, the mechanical 

properties of the test specimen are indicated and created composite bar is fixed and then 

the moment is applied to the composite bar. These operation steps are presented as 

detailed. The numerical results are obtained. 

In Chapter Seven, the torsional deflection results obtained both experimental study 

and numerical studies are presented. The data directly gathered from experimental setup 

is presented and it is adapted to the computerized tables. Listed numerical study results 

are adapted to the computerized table. Inspection of the static behavior of the composite 

shaft under torsional loading is made by both experimental and theoretical analysis. 

Comparison of Experimental Results with ANSYS5.4 Results is presented. It is seen 

that the numerical results are very close to experimental results. The shear stress values 

are obtained numerically and therocially. The results of numerical and theorical studies 
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are compared; it is found that the results are the same. And also it is clarified that the 

shear stress doesn’t depend on the material properties. 

In Chapter Eight, the concluding remarks are explained. The outcome of the thesis is 

summarized. 
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CHAPTER TWO 

A GENERAL OVERVIEW OF COMPOSITE MATERIALS 

AND 

THEIR BASIC PRINCIPLES 

2.1.Introduction 

This chapter provides the background information for the study, which involves and 

investigates composite materials. In order to create a base of information about 

composite materials and their applications, the topic will begin from scratch and expend 

to important aspects about composites. 

This chapter mainly consists of five parts. In the first part definition of composite 

material and its building blocks will be explained. Second part investigates 

classification of composites and their manufacturing technology. In the third part 

mechanical properties of composite materials with their advantages and disadvantages 

will be discussed. Fourth part presents the current applications of composite materials. 

Finally, design examples of a composite shaft will be discussed in the fifth part, 

concluding this chapter. 

2.2. Basic Concepts of Composite Materials 

Composite materials are basically hybrid materials formed of multiple materials in 

order to utilize their individual structural advantages in a single structural material. 

Various scientific definitions for composite materials can be expresses as follows; 

- The word composite means made up of two or more parts. A composite material is 

one made of two other materials. The composite material then has the properties of the 

two materials that have been combined.  
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- The word composite in the term composite material signifies that two or more 

materials are combined on a macroscopic scale to form a useful third material. The key 

is the macroscopic examination of a material wherein the components can be identified 

by the naked eye. Different materials can be combined on a microscopic scale, such as 

in alloying of metals, but the resulting material is, for all practical purposes, 

macroscopically homogeneous, i.e, the components cannot be distinguished by the 

naked eye and essentially act together. (Jones, R.M; 1998; 2) 

- Composites, which consist of two or more separate materials combined in 

macroscopic structural unit, are made from various combinations of the other tree 

materials. (Gibson R.F; 1994; 1) 

- A composite is a structural material which consists of combining two or more 

constituents. The constituents are combined at a macroscopic level and are not soluble 

in each other. (Kaw A.K; 1997; 2) 

The key is the macroscopic examination of a material wherein the components can 

be identified by the naked eye. Different materials can be combined on a microscopic 

scale, such as in alloying of metals, but the resulting material is, for all practical 

purposes, macroscopically homogeneous, i.e the components cannot be distinguished 

by the naked eye and essentially act together. The advantage of composite materials is 

that, if well designed, they usually exhibit the best qualities of their components or 

constituents and often some qualities that neither constituent possesses. Some of the 

properties that can be improved by forming a composite material are 

- Strength       -fatigue life 

-Stiffness  -temperature-dependent behavior 

- Corrosion resistance  -thermal insulation 

-Wear resistance  -thermal conductivity 
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-Attractiveness  -acoustical insulation 

-weight 

Naturally, not all of these properties are improved at the same time nor is there 

usually any requirement to do so. In fact, some of the properties are in conflict with one 

another, e.g., thermal insulation versus thermal conductivity. The objective is merely to 

create a material that has only the characteristics needed to perform the design task. 

Composite materials have a long history of usage. Their precise beginnings are 

unknown, but all recorded history contains references to some form of composite 

material. For example, straw was used by the Israelites to strengthen mud bricks, the 

use of straw in clay as a construction material by the Egyptians. (Swanson S.R; 1997; 

1) Medieval swords and armor were constructed with layers of different metals. More 

recently, fiber-reinforced, resin-matrix composite materials that have high strength to-

weight and stiffness-to-weight ratios have become important in weight sensitive 

applications such as aircraft and space vehicles. (Jones. R.M; 1998; 2) 

Modern composites using fiber-reinforced matrices of various types have created a 

revolution in high-performance structures in recent years. Advanced composite 

materials offer significant advantages in strength and stiffness coupled with light 

weight, relative to conventional metallic materials. Along with this structural 

performance comes the freedom to select the orientation of the fibers for optimum 

performance. Modern composites have been described as being revolutionary in the 

sense that the material can be designed as well as the structure. (Swanson S.R; 1997; 

1) 

There are two building blocks that constitute two the structure of composite 

materials. One constituent is called the reinforcing phase and the one in which it is 

embedded is called the matrix. The reinforcing phase material may be in the form of 

fibers, particulates, flakes. The matrix phase materials are generally continuous. 

Examples of composite systems include concrete reinforced with steel, epoxy 
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reinforced with graphite fibers, etc. (Kaw A.K; 1997; 1) 

2.2.1. Fibers  

Fibers are the principal constituent in a fiber-reinforced composite material. They 

occupy the largest volume fraction in a composite laminate and share the major portion 

of the load acting on a composite structure. Proper selection of the type, amount and 

orientation of fibers is very important, because it influences the following caracteristics 

of a composite laminate. 

- Specific gravity 

- Tensile strenght and modulus 

- Compressive strenght and modulus 

- Fatigue strenght ang fatigue failure mechanisms 

- Electric and thermal conductivities 

- Cost 

In a composite matrix the fibers are surrounded by a thin layer of matrix material that 

holds the fibers permanently in the desired orientation and distributes an applied load 

among all the fibers. The matrix also plays a strong role in determining the envorimental 

stability of the composite article as well as mechanical factors such as toughness and 

shear strenght.Because the reinforcing fibers can be oriented during fabrication of item, 

composites can be tailored to meet increased load demands in specific directions. The 

combined fiber-matrix system is an engineered material designed to maximize 

mechanical and enviromental performance. 

There is an important, but not generally well understood difference between the 

development time for traditional materials compared to that for high performance fibers. 

Because a composite material is a complex system of two components coupled at an 
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interface, the time required to develop and optimize new high performance fibers for a 

particular application is much longer than that needed for the development of traditional 

materials. For composite applications it normally takes 5-10 years to develop a new high 

performance reinforcing fiber. 

By dispersing fibers or particles of one material in a matrix of another material, 

today’s designer can obtain structural proporties that neither material exhibits on its 

own. For example, a metal alloy selected for its resistance to high temperature but 

having low resistance to creep at use temperature can be reinforced with fibrous 

inorganic oxide fibers to provide enhanced creep resistance and still be stable at high 

temperature. A ceramic matrix, brittle and sensitive to impact or fracture induced by 

thermal stress, may be reinforced with ceramic fibers to increase its resistance to crack 

propagation, providing greater toughness and protecting against catastrophic failure. The 

addition of reinforcing fibers to provide equal mechanical proporties at a greatly reduced 

weight is often an important reason for choosing composites over traditional structural 

materials.Another vital consideration is the substitution of radily available materials for 

critical elements in short supply or those available only from foreign sources.Composite 

materials made from abundant, domestically available materials such as carbon, 

polymers, ceramics and common metals often outperform these imported strategic 

materials. 

Reinforcing fibers that provide the means of creating composite materials of high 

strenght and stiffness, combined with low density, it is worthwhile examining in a little 

more detail the nature of these fibers and their origins. (Harris. B; 1999; 7) 
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Figure 2-1 Specific modulus and specific strength for various engineering materials and fibers 

(Swanson S.R; 1997; 3) 

The various types of fibers currently in use are discussed in what follows. (Swanson 

S.R; 1997; 3) 

-Glass Fibers 

-Carbon Fibers 

-Aramid Fibers 

-Boron Fibers 

-Silicon Carbide Fibers 
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2.2.1.1.Glass Fibers 

Glass fibers with polymeric matrices have been widely used in various commercial 

products such as piping, tanks, boats and sporting goods. Glass is by far the most widely 

used fiber, because of the combination of low cost, corrosion resistance, and in many 

cases efficient manufacturing potantial. It has relatively low stiffness, high elongation, 

and moderate strenght and weight, and generally lower cost relative to other composites. 

It has been used extensively where corrosion resistance is important, such as in piping 

for the chemical industry and in marine applications. It is used as a continuous fiber in 

textile forms such as cloth and as a chopped fiber in less critical applications. (Swanson 

S.R; 1997; 3) Glass fibers are strong as any of the newer inorganic fibers but they lack 

rigidity of on account of their moleculer structure. The proporties of glasses can be 

modified toa limited extent by changing the chemical composition of the glass, but the 

only glass used to any great extent in composite materials is ordinary borosilicate galss, 

known as E-glass. (Harris. B; 1999; 7) 

E glass is available as continuous filament, chopped stable and random fiber mats 

suitable for most methods of resin impregnation and composite fabrication. S glass, 

originally developed for aircraft components and missile casings, has the highest tensile 

strenght of all fibers in use. However, the compositional difference and higher 

manufacturing cost make it more expensive than E-glass.A lower cost version of  S-

glass, called S-2 glass, has been made available in  recent years.Although S-2 glass is 

manufactured with less stringent nonmilitary specifications, its tensile strenght and 

modulus are similar to those of S-glass. 

S-glass is primarily available as rovings and yarn and with a limited range of surface 

treatments. S-glass fibers are being used in hybrid reinforcement systems in combination 

with graphite fibers and aramid fibers. R-glass is a similar high-strenght, high modulus 

fiber developed in France. 
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Glass fibers are also available in woven form, such as woven roving and woving 

cloth. Woven roving is coarse, drapable fabric in which continuos rovings are woven in 

two mutually perpendicular directions. 

2.2.1.2.Carbon Fibers 

Carbon fibers, more than all other fibrous reinforcements, have provided the basis for 

the development of PMCs as advanced structural engineering materials. 

Carbon fibers are commercially available with a variety of tensile moduli ranging 

from 207Gpa on the low side to 1035 Gpa on the high side. In general, low modulus 

fibers have lower specific gravities, lower cost, higher tensile and compressive strenghts 

and higher tensile strain to failure than high modulus fibers. Among the advanteges of 

carbon fibers are their exceptionally high tensile strenght to weight ratios and tensile 

modulus to weight ratios, very low CTEs (which provides dimensional stability in such 

applications as space antennas) and high fatigue strenghts.The disadvanteges are their 

low impact reistance and high electric conductivity, which may cause shorting in 

unprotected electrical machinery. Their high cost has so far excluded them from 

widespread commercial application. Carbon fibers are widely used in aerospace and 

some applications of sporting goods, taking advantages of the relatively hifh stiffness to 

weight and high strenght to weight ratios of these fibers.( Swanson S.R; 1997; 4) 

The structure and proporties of carbon fibers are dependent on the raw material used 

the process conditions of nmanufacture. The manufacturing process involves the 

oxidation, textile precursors and pitch precursors. The most common textile precursor is 

PAN. Depending on processing conditions, a wide range of mechanical proporties 

(controlled by structural variation) can be obtained, and fibers can therefore be chosen 

from this range so as to give the desired composite proporties. (Harris. B; 1999; 7) 

Carbon fibers are commecially available in three basic forms, namely, long, 

continuos tow, chopped (6-50mm long) and milled (30-3000µm long). The long, 
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continuos tow, which is simply a bundle of 1000-160.000 parallel filaments, is used to 

for high performance applications. 

Typical mechanical proporties of some commecially available carbon fibers are 

indicated the following table. 

Table 2-1. Mechanical proporties of typical fibers ( Swanson S.R; 1997; 5) 

 

2.2.1.3.Aramid Fibers 

An aramid fiber is an aromatic organic compound made of carbon, htdrogen, oxygen, 

and nitrogen. (Kaw, Autar K; 1997; 20).Aramid polymer fibers, produced primarily by 

E.I. duPont de Nemours&Company under the tradenname “Kevlar” were originally 

developed for use in radial tires. Kevlar 29 is still used for this purpose, but a higher 

modulus version, Kevlar 49 is used more extensively in structural composites. The 

density of Kevlar is about half that of glass and its specific strength is among the highest 

of currently available fibers. (Gibson R.F; 1994; 9) Aramid fibers offer higher strenght 

and stiffness relative to glass coupled with light weight, high tensile strenght, but lower 

compressive strenght both glass-fiber and aramid-fiber composites show good toughness 

in impact enviromentals. Aramid tends to respond under impact ina ductile manner, as 
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opposed to carbon fibe, which tends to fail in a more brittle manner. Aramid fiber is 

used as a higher performance replacement for glass fiber in industrial applications and 

sporting goods, and in protective clothing. (Swanson S.R; 1997; 3) 

2.2.1.4.Boron Fibers 

Boron fiber used as reinforcement for polymeric and metallic materials is available 

in many forms, several diameters and substrates or carbon. The diameter of boron fibers 

is among the largest of all the advanced fibers, tytpically 0.002-0.008in (0.05-0.2mm). 

(Gibson R.F; 1994; 9) Because vapor deposition of boron on a carbon monofilament is 

serving as reinforcement, boron refers to boron deposited on tungsten. Boron was one 

of the earliest fibers to introduved into an aerospace application. However, whereas the 

prices of carbon fibers have dropped steadily since the introduction in the late 1960s, 

boron fibers have remained expensive. (Swanson S.R; 1997; 5) 

The most commom method for producing continuos boron filaments is a chemical 

vapor plating process in which the reduction of boron trichloride by hydrogen gas takes 

place on a moving incandescent tungsten filament. 

2.2.1.5.Silicon Carbide Fibers 

Silicon Carbide (SiC) fibers are used primarily in high-temperature metal and 

ceramic matrix composites because of their excellent oxidation resistance and high-

temperature strenght retension. At roon temperature the strnght and stiffness of SiC 

fibers are about the same as those of boron. SiC whisker reinforced metals are also 

receiving considerable attantion as alternative to unreinforcd metals and continuous 

fiber-reinforced metals. SiC whiskers are very small, typically 8-20�  in (20-51nm) in 

diameter and about 0.0012 in( 0.03mm) long, so that standard metal-forming process 

such as extrusion, rolling and forging can be easily used. (Gibson R.F; 1994; 10) 
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2.2.2. Matrices 

The composite matrix is required to fulfil several functions, most of which are vital 

to the performance of the material. Bundles of fibers are, in themselves, of little value 

to an engineer, and it is only the presence of a matrix or binder that enables us to make 

us of them. Although matrices by themselves generally have low mechanical 

properties as compared to fibers, the matrix influences many mechanical properties of 

the composite.( Kaw, Autar K; 1997; 13), The roles of the matrix in the fiber-reinfoced 

and particulate composites are quite different.The binder for a particulate aggregate 

simply reserves to retain the composite mass in a solid form, but the matrix in a fiber 

composite performs a variaty of other functions which musrt be appreciated if we are 

to understand the true composite action which determines the mechanical behavior of a 

reinforced material. We shall tehrefore consider these functions in some detail.The 

matrix binds the fibers together, holding them aligned in the important stressed 

directions. The matrix must also isolate the fibers from each other so that they can act 

as separate entities. The matrix should protect the reinforcing filaments from 

mechanical damage (e.g. abrasion) and from enviromental attack. A ductile matrix will 

provide a means of slowing down or stopping cracks that might have originated at 

broken fibers; conversely, a brittle matrix may depend upon the fibers to act as matrix 

crack stoppers. Through the quality of its “grip” on the fibers (the interfacial bond 

strength), the matrix can also be an important means of increasing the toughness ofthe 

composite. By comparison with the common reinforcing filaments most matrix 

materials are weak and flexible and their strenghts and moduli are often neglected in 

calculating composite proporties. 

The potential for reinforcing any given material will depend to some extent on its 

ability to carry out some or all of these matrix functions, but there are often other 

considerations. (Harris, Bryan; 1999; 12) 
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2.2.3.Conventional Materials  and Their Limitations 

It is difficult to draw up a table of materials characteristics in order to assess the 

relative strengths and weaknesses of metals, plastics and ceramics because of each 

these terms covers whole families of materials within which the range of properties is 

often as broad as the differences between the tree classes. A comparison in general 

terms, however, can identify some of the more obvious advantages and disadvantages 

of the different types of material. At a simplistic level, then; 

Plastics are of low density. They have good short-term chemical resistance but they 

lack thermal stability and have only moderate resistance to environmental degradation 

(especially that caused by the photochemical effects of sunlight). They have poor 

mechanical properties, but are easily fabricated and joined. 

Ceramics may be of low density (although some are very dense). They have great 

thermal stability and are resistant to kst forms of attack (abrasion, wear, 

corrosion).Although intrinsically very rigid and strong because of their chemical 

bonding, they are all brittle and can be formed and shaped only with difficulty. 

Metals are mostly of medium to high density- only magnesium, aluminium and 

beryllium can compete with plastics in this respect. Many have good thermal stability 

and may be made corrosion-resistant by alloying. They have useful mechanical 

properties and high toughness, and tjhey are modely easy to shape and join. It is 

largely a consequence of their ductility and resistance to cracking that metals, as a 

class, became (and remain) the preferred engineering materials. 

On the basis of even so superficial a comparison it can be seen that each class has 

certain intrinsic advantages and weaknesses, although metals pose fewer problems for 

the designer than either plastics or ceramics. (Harris. B; 1999; 3) 

A distinctive chart which expresses the relative importance of metals, ceramics, 

polymers and composites in human life through out the history of mankind is given in 
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Figure 2-2 - The relative importance of metals, polymers, composites and ceramics as a function of 

time. (Gibson. R.F; 1994; 2) 

2.3. Classification of Composite Materials  

There are four commonly accepted types of composite materials. These types are 

listed as follows;  

- Fibrous composite materials that consist of fibers in a matrix 

- Laminated composite materials that consist of layers of various materials 

- Particulate composite materials that are composed of particles in a matrix 

- Combinations of some or all of the first three types 
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2.3.1. Fibrous Composite Materials 

Long fibers in various forms are inherently much stiffer and stronger than the same 

material in bulk form. For example, ordinary plate glass fractures at stresses of only a 

few thousand pounds per square inch (Ib/in² or psi) (20 MPa), yet glass fibers have 

strengths of 400,000 to 700,000 psi (2800 to 4800 MPa) in commercially available 

forms and about 1,000,000 psi (7000 MPa) in laboratory-prepared forms (Jones. R.M; 

1998; 3).Fibrous reinforcement is so effective because many materials are much 

stronger than they are in bulk form. It is believed that this phenomenon was first 

demonstrated scientifically in 1920 by Griffith, who measured the tensile strengths of 

glass rods and glass fibers of different diameters. Griffith found that as the rods and 

fibers got thinner, they got stronger. Apparently because the smaller the diameter, the 

smaller the likelihood that failure-inducing surface cracks would be generated during 

fabrication and handling. By extrapolating these results, Griffith found that for very 

small diameters the fiber strength approached the theoretical cohesive strength 

between adjacent layers of atoms, whereas for large diameters the fiber strength 

dropped to near the strength of bulk glass.   

There can be no doubt that fibers allow us to obtain the maximum tensile strength 

and stiffness of a material, but there are obvious disadvantages of using a material in 

fiber form. Fibers alone cannot support longitudinal compressive loads and their 

transverse mechanical properties are generally not so good as the corresponding 

longitudinal properties. Thus, fibers are generally useless as structural materials unless 

they are held together in a structural unit with a binder or matrix material and unless 

some transverse reinforcement is provided. Fortunately, the geometrical configuration 

of fibers also turns out to be very efficient from the point of view of interaction with the 

binder or matrix. As shown in Figure 1-2, the ratio of surface area to volume for a 

cylindrical particle is greatest when the particle is in either platelet or fiber form. Thus, 

the fiber/matrix interfacial area available for stress transfer per unit volume of fiber 

increases with increasing fiber length-to diameter ratio. Transverse reinforcement is 

generally provided by orienting fibers at various angles according to the stress field in 



  21 

the component of interest. (Gibson. R.F; 1994; 4) 

2.3.1.1. Whiskers 

A whisker has essentially the same near-crystal-sized diameter as a fiber, but 

generally is very short and stubby, although the length-to diameter ratio can be in the 

hundreds. Thus, a whisker is an even more obvious example of the crystal-bulk-

material-property-difference paradox. That is, a whisker is even more perfect than a 

fiber and therefore exhibits even higher properties. Indeed, whiskers are currently the 

strongest reinforcing materials available. (Gibson. R.F; 1994; 3)  

Naturally, fibers and whiskers are of little use unless they are bonded together to 

take the form of a structural element that can carry loads. (Jones, R.M; 1998; 4) 

2.3.2. Laminated Composite Materials 

Laminated composite materials consist of layers of at least two different materials 

that are bonded together. Lamination is used to combine the best aspects of the 

constituent layers and bonding material in order to achieve a more useful material. The 

properties that can be emphasized by lamination are strength, stiffness, low weight, 

corrosion resistance, wear resistance, beauty or attractiveness, thermal insulation, 

acoustical insulation, etc. Bimetals, clad metals, laminated glass, plastic-based 

laminates, and laminated fibrous composite materials are available but only laminated 

fibrous composite materials will be explained. 

2.3.2.1. Fibrous Laminated Composite Materials 

The fibers are long and continuous as opposed to whiskers. The basic terminology of 

fiber-reinforced composite laminates will be introduced in the following paragraphs. For 

a lamina, the configurations and functions of the constituent materials, fibers and matrix, 

were introduced in the former parts. Finally, a laminate is defined to round out this 

introduction to the characteristics of fiber-reinforced composite laminates. 
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2.3.2.1.1 Laminae 

The basic building block of composite structure is the lamina, which usually consists 

of one of the fiber/matrix configurations shown in Figure 2-6. (Gibson. R.F; 1994; 4). 

The main constituent of a laminate is a lamina which is a flat sometimes curved as in a 

shell) arrangement of unidirectional fibers or woven fibers in a matrix. Two typical flat 

laminae along with their principal material axes that are parallel and perpendicular to 

the fiber direction are shown in Figure 2-6(a) And Figure 2-6(b). The fibers are the 

principal reinforcing or load-carrying agent and are typically strong and stiff. The 

matrix can be organic, metallic, ceramic, or carbon.  

Fibers generally exhibit linear elastic behavior, although reinforcing steel bars in con-

crete are more nearly elastic-perfectly plastic. Aluminum, as well as many polymers, and 

some composite materials exhibit elastic-plastic behavior that is really nonlinear elastic 

behavior if there is no unloading. Commonly, resinous matrix materials are viscoelastic if 

not viscoplastic i.e, have strain-rate dependence and linear or nonlinear stress-strain 

behavior. The various stress-strain relations are sometimes referred to as constitutive 

relations because they describe the mechanical constitution of the material. 

Fiber-reinforced composite materials such as boron-epoxy and graphite-epoxy are 

usually treated as linear elastic materials because the essentially linear elastic fibers 

provide the majority of the strength and stiffness. Refinement of that approximation 

requires consideration of some form of plasticity, viscoelasticity, or both 

(viscoplasticity). Very little work has been done to implement those models or 

idealizations of composite material behavior in structural applications. 
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2.3.2.1.2. Laminates 

 

Figure 2-3 Unbonded view of laminate construction (Jones, R.M; 1998; 17) 

A laminate is a bonded stack of laminae with various orientations of principal 

material directions in the laminae as in Figure 2-3. Note that the fiber orientation of the 

layers in Figure 2-3 is not symmetric about the middle surface of the laminate. The 

layers of a laminate are usually bonded together by the same matrix material that is 

used in the individual laminae. That is, some of the matrix material in a lamina coats 

the surfaces of a lamina and is used to bond the lamina to its adjacent laminae without 

the addition of more matrix material. Laminates can be composed of plates of different 

materials or, in the the present context, layers of fiber-reinforced laminae. A laminated 

circular cylindrical shell can be constructed by winding resin-coated fibers on a 

removable core structure called a mandrel first with one orientation to the shell axis, 

then another, and soon until the desired thickness is achieved. 
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 A major purpose of lamination is to tailor the directional dependence of strength 

and stiffness of a composite material to match the loading environment of the structural 

element. Laminates are uniquely suited to this objective because the principal material 

directions of each layer can be oriented according to need. For example, six layers of a 

ten-layer laminate could be oriented in one direction and the other four at 90° to that 

direction; the resulting laminate then has a strength and extensional stiffness roughly 

50% higher in one direction than the other. The ratio of the extensional stiffnesses in 

the two directions is approximately 6:4, but the ratio of bending stiffnesses is unclear 

because the order of lamination is not specified in the example. Moreover, if the 

laminae are not arranged symmetrically about the middle surface of the laminate, the 

result is stiffnesses that represent coupling between bending and extension. (Jones, 

Robert M; 1998; 15) 

 

Figure 2-4 Types of fiber-reinforced composites (Gibson. R.F; 1994; 5) 
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Various composite types that are listed according to fiber displacements is explained 

as following.  

The need for fiber placement in different directions according to the particular 

application has led to various types of composites, as shown in Figure 2-4.  

  In the continuous fiber composite laminate Figure 2-4(a) individual continuous 

fiber/matrix laminae are oriented in the required directions and bonded together to form a 

laminate. Although the continuous fiber laminate is used extensively, the potential for 

delamination, or separation of the laminae, is still a major problem because the 

interlaminar strength is matrix-dominated.  

 Woven fiber composites Figure 2-4(b) do not have distinct laminae and are not 

susceptible to delamination, but strength and stiffness are sacrificed due to the fact that 

the fibers are not so straight as in the continuous fiber laminate.  

    Chopped fiber composites may have short fibers randomly dispersed in the matrix, 

as shown in Figure 2-4(c) Chopped fiber composites are used extensively in high-

volume applications due to low manufacturing cost, but their mechanical properties are 

considerably poorer than those of .continuous fiber composites.  

Finally, hybrid composites may consist of mixed chopped and continuous fibers, as 

shown in Figure 2-4(d) or mixed fiber types such as glass/graphite.  
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Figure 2-5 Composite sandwich structure  (Gibson. R.F; 1994; 6) 

Another common composite configuration, the sandwich structure (Figure 2-5), 

consists of high strength composite facing sheets (which could be any of the composites 

shown in Figure 2-4) bonded to a lightweight foam or honeycomb core. Sandwich 

structures have extremely high flexural stiffness-to-weight ratios and are widely used in 

aerospace structures. The design flexibility offered by these and other composite 

configurations is obviously quite attractive .to designers, and the potential now exists to 

design not only the structure, but also the structural material itself. (Gibson. R.F; 1994; 

4) 

2.3.3. Particulate Composite Materials 

Particulate composite materials consist of particles of one or more materials 

suspended in a matrix of another material. They are usually isotropic since the particles 

are added randomly. Particulate composites have advantages such as improved 

strength, increased operating temperature and oxidation resistance, etc. (Kaw, Autar K; 

1997; 12). The particles can be either metallic or nonmetallic as can the matrix.  
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2.3.4. Combinations of Composite Materials 

Numerous multiphase composite materials exhibit more than one characteristic of the 

various classes, fibrous, laminated, or particulate composite materials, just discussed. 

For example, reinforced concrete is both particulate (because the concrete is composed 

of gravel in a cement-paste binder) and fibrous (because of the steel reinforcement).Also 

laminated fiber-reinforced composite materials are obviously both laminated and fibrous 

composite materials.  

Laminated fiber-reinforced composite materials are a hybrid class of composite 

materials involving both fibrous composite materials and lamination techniques. Here, 

layers of fiber reinforced material are bonded together with the fiber directions of each 

layer typically oriented in different direction to give different strengths and stiffnesses 

of the laminate in various directions. Thus, the strengths and stiffnesses of the 

laminated fiber-reinforced composite material can be tailored to the specific design 

requirements of the structural element being built. Examples, of laminated fiber 

reinforced composite materials include rocket motor cases, boat hulls, aircraft wing 

panels and body sections, tennis rackets, golf club shafts, etc.  (Jones, Robert M; 1998; 

8) 

2.4. Major Composite Classes 

The major composite classes of structural composite materials are available and 

these classes will be categorized as following; 

-Polymer-Matrix Composites 

-Metal- Matrix Composites 

-Ceramic- Matrix Composites 

-Carbon- Carbon Composites 
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-Hybrid Composites 

2.4.1. Polymer-Matrix Composites 

Polymer-Mtarix Composites are the most developed class of composite materials in 

that they have found widespread application, can be fabricated into large, complex 

shapes, and have been accepted in a variety of aeroscape and commercial 

applications.They are constructed of componenets such as carbon, boron, graphite, 

aramid fiibers bound together by an organic polymer matrix such as epoxy, polyester, 

urethane. (Kaw, Autar K; 1997; 16) These reinforced plastics are a synergistic 

combination of high-performance fibers and matrices. The fiber provides the high 

strenght and modulus, whereas the matrix spreads the load as well as offering resistance 

to weathering and corrosion. For example, graphite/epoxy composites are approximately 

five times stronger than steel on a weight- for weight basis. The reasons of being the 

most common composites include their low cost, high strenght and simple 

manufacturing principles. The main drawbacks of Polymer-Matrix Composites include 

low operating temperatures, high coefficients of thermal nad moisture expansion, and 

low elastic proporties in certain directions.(Kaw, Autar K; 1997; 16)  

Continuous-fiber thermoset composites are produced by quite different methods. 

Cylindirically symmetric structures such as pressure vessels, tanks, rocket-motor 

casings, centrifuge cylinders, and a variety of pipes, can be made by winding fibers or 

tapes soaked with pre-catalysed resin onto expendable or removable mandrels.(Harris. 

B; 1999; 24) 

Composite strenght is almost directly proportinal to the basic fiber strenght and can 

be improved at the expense of stiffness. High modulus organic fibers have been made 

with simple polimers by arranging the molecules during processing, which results in 

straightened moleculer structure. Optimization of stiffness and fiber strenght remain in a 

fundemental objective of fiber manufacture. In addition, because of diffrences in 

flexibility between fiber intraand interfibrillar amorphous zones, shear stress can result 

and eventually lead to a fatigue crack.  
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2.4.2. Metal- Matrix Composites 

These composites consist of metal alloys reinforced with continuos fibers, whiskers 

(a version of short fibers that are in the form of single crystals), or particulates( fine 

particles, as distinct from fibers). Because of their use of metals as matrix materials, 

they have a higher temperature resistance than PMCs but in general are heavier.They are 

not use as widely used as PMCs but are finding increasing application in many areas. 

Further development of manufacturing and processing tecniques is essential to bringing 

down product costs and accelerating the uses of MMCs. 

Research continues on particulate and fiber reinforced MMCs because of substantial 

improvements in their strenght and stiffness as compared to those of unreinforced metal 

alloys. The basic attributes of metals reinforced with hard ceramic particles or fibers are 

improved strenght and stiffness, improved creep and fatigue resistance, and increased 

hardness, wear and abrasion resistance, combined with the possibility of higher 

operating temperatures than for the unreinforced metal ( or competing reinforced 

plastics). (Harris. B; 1999; 27) 

Efforts are directed at light alloy composites capable of use in low  to medium 

temperature applications for space structures and for high temperature applications such 

as engines and airframe components.  

The extreme low densitiy of graphite used as a reinforcement, coupled with its very 

high modulus, makes it a highly desiarble material. However, one obstacle is the poor 

interfacial bond between graphite and metals such as aluminum and magnesium. The 

interfacial bond can be strengthened by using a metal carbibe coating.MMCs exhibit 

high performance as a result of their good strenght to weight ratios. 

 The development of directionaly solidified alloys has increased the high temperature 

capability further by aligning grain boundaries away from the principal stress direction. 

The extreme low densitiy of graphite, coupled with its very high modulus, makes it a 

highly desirable reinforcement. 
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Components of this type are still under development, but few are in commercial 

production apart from one or two limited applications in Japanese automobiles. (Harris. 

B; 1999; 27) 

2.4.3. Ceramic-Matrix Composites 

Monolithic ceramic materials have a natural high temperature resistance but also 

have fundemental limitations in structural applications owing to their propensity for 

brittle fracture.The incorporation of reinforcement, for example, ceramic fiber 

reinforcement, into the ceramic matrix can improve the forgivability of the material by 

allowing cracking to be retarded by the fiber matrix interfaces. CMCs are a class of 

structural materials with reinforcement such as SiC fibers embedded in a ceramic matrix 

such as Al2O3, Si3N4 or SiC. The reinforcements can be continuos fibers, chopped 

fibers, small discontinuos whisker platelets, or particulates. This combination of a fiber 

and ceramic matrix makes ceramic-matrix composites more attractive for applications 

where both high mechanical proporties and extreme service temperatures are desired. 

(Kaw, Autar K; 1997; 40) 

One of the most common methods to manufacture CMC s is called the hot pressing 

method, which is will be explained in the next parts as detailed. Glass fibers in 

continuous tow are passed through a slurry consisting of powdered matrix material, 

solvent such as alcohol, and organic binder. The tow is then wound ona drum and dried 

to form prepreg tapes. The prepreg tapes can now be stacked up to make a required 

laminate. Heating at about 500ºC burns out the binder. Hot pressing method at high 

temperatures in excess of 1000 ºC snd pressure of  7 to 14 Mpa follows this. (Kaw, 

Autar K; 1997; 41) 

2.4.4. Carbon- Carbon Composites 

CCCs consist of carbon fiber reinforcements embedded in a carbonaceous matrix. 

Preliminary processing is very much like that for PMCs, but the organic matrix 

subsequently heated up to the point where it is converted to carbon. Carbon-carbon is a 
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superior structural material for applications where resistance to very high temperatures 

and thermal shock is required. Carbon by itself brittle and flaw sensitive like ceramics. 

Reinforcement of a carbon matrix allows the composite to fail gradually, and also gives 

advantages such as ability to withstand high temperatures, low creep at high 

temperatures, low density, good tensile and compressive strenghts, high fatigue 

resistance, high thermal conductivity and high coefficient of friction. Drawbacks include 

high cost, low shear strenght and susceptibility to oxidations at high temperatures. 

(Kaw, Autar K; 1997; 43) No other material has higher specific strenght proporties  

(strengh to density ratio) at temperatures in excess of 1371ºC. Oxidation protection 

systems, low cost manufacturing, and scale up of C/C structures are needed to effect 

more widespread use and subsequent flow down to industrial applications. In the 30 

years or so that this class of materials has been under development. 

CCC material systems can be generally into two usage categories. Nonstructural 

composites and structural composites. The maturity of these categories is different. The 

nonstructural class of  the materials is in production for commercial and military usage 

and is relatively mature. The structural class of materials, which have very high pay off 

applications, is not in production and will require considerable development. The main 

reasons for the considerable difference in development of two classes of C/C composites 

are the significantly higher requirements involving temperature, service life, and load-

carrying capability of structural applications. 

2.4.5. Hybrid Composites 

Reference to hybrid composites most frequently relates to the kinds of fiber-

reinforced materials, usually resin-based, in which two types of fibers are incorporated 

into a style matrix.. HCM is defined as a composite material system derived from the 

integrating of dissimilar materials at least one of which is a basic composite material. A 

typical example of a hybrid composite material is a reinforced polymer composite 

combined with a conventional unreinforced homogenous metal. The hybrid composite 

material blends the desirable proporties of two or more types of materials into a single 
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material system which displays the beneficial characteristics of the separate constituents. 

As such, the definition is much more restrictive than the reality. Any combination of 

dissimilar materials could in fact be though of as a hybrid.. (Harris. B; 1999; 30) 

2.5. Manufacturing Process 

Unlike most conventional materials, there is a very close relation between the 

manufacture of a composite material and its end use. the manufacture of the material is 

often actually part of the fabrication process for the structural elemnt or even the 

complete structure. (Jones, R.M; 1998; 18) The selection of a fabrication process 

obviously depends on the constituent materials in the composite, with the matrix 

material being the key (i.e., The process for polymer matrix, metal matrix and ceramic 

matrix composites are generally quite different). (Gibson R.F;1994 ;21)  

Table 2-2. Fabrication proces for polymer matrix composites (Gibson R.F;1994 ;21) 
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2.5.1.Inital Form of Constituent Materials 

The fibers and matrix material can be obtained commercially in a variety of forms, 

both individually and as laminae. Fibers are available individually or as roving which is 

a continuous, bundled, but not twisted, group fiber. The fibers can be unidirectional or 

interwoven. Fibers are often saturated or coated with resinous material such as epoxy 

which is subsequently used as a matrix material. The process is referred to as 

preimprenation, and such forms of preimpregnated fibers are called prepregs. For 

example, unidirectional fibers in an epoxy matrix are available in a tape form (prepreg 

tape) where the fibers run in the lenghtwise direction of the tape. The fibers are held in 

position not only by the matrix but by a removable backing that also prevents the tape 

from sticking together in the roll. The tape is very similar to the widely used glass-

reinforced, heavy-duty package-strapping tape. Similarly, prepreg cloth or mats are 

available in wich teh fibers are interwoven and then preimpregnated with the resin. 

Other variations on these principal forms of fibers and matrix exist. (Jones, R.M; 1998; 

18) 

Some of the more popular techniques are described in what follows. 

- Sheet Molding Compound 

- Filament Winding 

- Prepreg and Prepreg Layup 

- Autoclave Molding 

- Thermoplastic Molding Process 

- Pultrusion 

- Tube Rolling 
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2.5.1.1. Sheet Molding Compound 

Sheet-molding compound (SMC) is an important innovation in composite 

manufacturing which is used extensively in the automobile industry and this 

manufacturing system has been used for producing glass fiber with polyester resin.  

SMC is similar to prepreg tape in that the fibers and the resin are “prepackaged” in a 

form that is more easily used by fabricators. SMC consists of a relatively thick, chopped 

fiber-reinforced resin sheet, whereas prepreg usually has continuous fibers in a thin type. 

(Gibson R.F; 1994; 24) 

 As illustrated in Figure 2-6, the glass fiber is typically used in chopped-fiber form 

and added to a resin mixture that is carried on plastic carrier film. After partial cure, the 

carrier films are removed; the sheet molding material is cut into lengths and placed into 

matched metal dies under heat and pressure. Catalysts and other additives such as 

thermoplastics are mixed with the resin. . (Swanson S.R; 1997; 8) 

 

Figure 2-6 Process for producing sheet molding compound (SMC) (Swanson S.R; 1997; 10) 

2.5.1.2 Filament Winding 

This manufacturing process method will be explained in Chapter IV. 
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2.5.1.3 Autoclave Molding 

Autoclave molding (Figure 2-7) is the standard aerospace industry and this method 

of manufacturing is used with composites available as prepregs. (Kaw, Autar K; 1997; 

28). The autoclave is simply a heated pressure vessel into which the mold (with lay-up) 

is placed and subjected to the required temperature and pressure for curing. The mold 

and lay-up are often covered with a release fabric, a bleeder cloth, and a vacuum bag. A 

vacuum line is then attached to the mold for evacuation of volatile gases during the cure 

process. Without the vacuum bagging these gases would be trapped and could cause 

void contents of greater than 5 percent in the cured laminate. With the vacuum bag void 

contents on the order of 0.1 percent are attainable. Autoclaves come in a wide range of 

sizes from bench-top laboratory versions to the room-size units which are used to cure 

large aircraft structures. The autoclave-style press cure is often used to cure small 

samples for research. In this case a vacuum-bagged mold assembly is inserted between 

the heated platens of a hydraulic press, and the press then generates the temperature and 

pressure required for curing. A vacuum press is a variation on this concept involving 

the use of a vacuum chamber surrounding the platen-mold assembly, and a sealed door 

on this chamber eliminates the need for a vacuum bag. (Gibson R.F; 1994; 22) 
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Figure 2-7 Autoclave molding (Gibson R.F; 1994; 23) 

2.5.1.4. Thermoplastic Molding Process  

In the thermoplastic molding process (Figure 2-8) the blank (an uncured laminate 

consisting of thermoplastic prepreg tape layers) is passed through an infrared oven 

where it is heated to near the melting point of the thermoplastic resin. The heated blank 

is then quickly placed in a matched metal die mold for final forming. Resin transfer 

molding (RTM) and structural reaction injection molding (SRIM) are attracting 

considerable attention because of their relatively fast production cycles and the near-

net-shape of resulting parts.RTM is being considered for a number of automotive 

structural parts. (Swanson S.R; 16) In both the RTM process and the SRIM process a 

"preform" consisting of fibers and possibly a foam core is first produced in the general 

shape of the finished part. The preform is then placed in a closed metal mold and the 

liquid resin is injected under pressure. The major difference between the two processes 

is that with RTM the resin and hardener are premixed before injection into the mold, 

whereas with SRIM the resin and hardener are mixed by impingement as they are 

injected into the mold. Three dimensionally shaped parts with foam cores can be 
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produced with both RTM and SRIM, but SRIM tends to be faster than RTM. (Gibson 

R.F; 1994; 27) 

 

Figure 2-8 Thermoplastic molding process (Gibson R.F; 1994; 29) 

2.5.1.5. Pultrusion 

Pultrusion is a process in which the fiber and matrix are pulled through a die. 

Pultrusion is similar in overall function to extrusion in metals and polymer materials, 

except that the fibers are pulled rather than pushed. The pultrusion apparatus provides 

the functions of assembling the fibers, impregnating the resin, shaping the product, and 

curing the resin. Glass-fiber and polyester or vinyl ester resin is widely used in the 

pultrusion process, as well as other material systems such as aramid (Kevlar and 

Twaron) or carbon fibers with epoxy resin. Pultruded products include solid and hollow 

shapes in standard sizes, as well as custom shapes for a variety of specific applications.  

Pultrusion is the process of pulling a continuous fiber/resin mixture through a heated 

die to form structural lements such as I-beams and channel sections. (Gibson R.F; 1994; 

26) 

 Fishing rods and electrical insulator rods manufactured by pultrusion are popular 

examples. (Swanson S.R;1997; 17) This process is relatively fast but is restricted to 

structures whose shapes do not change along the lentgh. (Gibson R.F; 1994; 26) The 

pultrusion process is illustrated in Figure 2-9. (Swanson S.R; 1997;  18) 
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Figure 2-9 The pultrusion process (Swanson S.R; 1997; 18) 

2.1.5.6.Tube Rolling 

Tubular products such as fishing rods and golf club shafts are often made by a 

wrapping or rolling process, as an alternative to other processes such as filament 

winding. Prepreg tape is typically used, and the tube may be either wrapped with a 

bidirectional cloth (with fibers in the axial and transverse directions) or spiral-wrapped. 

Tapered tubes can be roll-wrapped, although the orientation of the fibers is then not 

totally symmetric. (Swanson S.R; 1997; 17) 

2.6. Current Applications 

A number of current applications of composites are illustrated in the following. 

These applications show quite a variety. (Swanson S.R; 1997; 18) Compoite structural 

elements are now used in a variety of components for automotive, aerospace, marine 

and archirectural structures in addition to consumer products such as skies, golf clubs 

and tennis rackets. (Gibson R.F; 1994; 13) Currently, almost every aerospace company 

is developing products made with fiber-reinforced composite materials. The usage of 

composite materials has progressed through several stages since the 1960s. (Jones, 
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R.M; 1998; 37) The applications can be considered by area as follows. 

2.6.1. Aerospace  

The aerospace industry has been a major factor in the development and application 

of carbon, aramid, and boron fibers. Carbon and aramid fibers have been used in solid 

rocket motor cases because of their high strength-to-weight properties. These cases are 

manufactured by filament winding. One of the earliest applications for carbon fiber was 

in space structures because of its very special thermal-expansion properties. Carbon 

fiber actually has a small but negative coefficient of thermal expansion in the fiber 

direction. It is possible to align the fibers so as to achieve a very low distortion 

associated with changes in temperature. Present-day space structures, such as illustrated 

in Figure 2-10, may use high-modulus carbon fiber and special resins to achieve 

excellent dimensional stability. 

Carbon fibers, and in some instances aramid fiber are being used extensively in 

helicopters because of high ratios as well as strength-to-weight ratios. For example, the 

USA Comanche helicopter under development uses carbon-fiber prepreg systems with 

toughened epoxies or BMI resins for 73% of the airframe, and carbon fiber/epoxy for 

the blade spars and glass fiber/epoxy for the blade skins. The V-22 Osprey tiltrotor 

aircraft under production, illustrated in Figure 2.11, uses intermediate-modulus, carbon-

fiber IM6/3501-6 for 41% of the primary structure and glass fiber/epoxy for an 

additional 8%. (Swanson S.R; 1997; 19) 

Military aircraft designers were among the first to realize the tremendous potential of 

composites with high specific strength and high specific stiffness since performance and 

maneuverability of those vehicles depend so heavily on weight. The military aircraft 

industry has mainly led the use of polymer composites. (Kaw, Autar K; 1997; 29) 

Composite construction also leads to smooth surfaces (no rivets or sharp transitions as in 

metallic construction) which reduce drag. Applications of advanced composites in 

military aircraft have accelerated in early 1960s. Composite structural elements such as 

horizontal and vertical stabilizers, flaps, wing skins and various control surfaces have 
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been used in fighter aircraft such as F-14, F-15, and F-16 with typical weight savings of 

about 20 percent. The AV-8B (Figure 1-14) has graphite/epoxy wing-box skins, forward 

fuselage, horizontal stabilizer, elevators, rudder and other control surfaces, and 

overwing fairing totaling about 26 percent of the aircraft’s structural weight. One of the 

most demanding applications thus war is the use of graphite/epoxy composite wing 

structures on the experimental forward-swept wing X-29 fighter. Although the concept 

of a froward-swept wing for improved maneuverability is not new, conventional 

aluminium structures could not withstand the aerodynamic forces acting on such a wing, 

so the implementation of the cncept had to wait for the development of advanced 

composite materials. (Gibson R.F; 1994; 13) 

 

Figure 2-10 Optical bench for space application, made from carbon-fiber/epoxy laminates designed with 

a near zero coefficient of thermal expansion. (Swanson S.R; 1997; 19) 
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Figure 2-11 Composite structures on the AV-8B fighter aircraft. (Gibson R.F; 1994; 14) 

The applications to commercial aircraft have been much slower to come to market 

because of the problems associated with both material and manufacturing cost. The 

Airbus series of airplanes introduced a vertical stabilizer made from carbon fiber/epoxy 

in 1985, and incorporated this in subsequent models. The airbus A340 introduced in 

1993 also has a carbon-fiber/epoxy horizontal rear stabilizer, and uses carbon-fiber 

composites for most of the control surfaces, fairings, nacelles, and access doors. The 

recently introduced Boeing 777 is also using carbon fiber for the horizontal and vertical 

rear stabilizers. The Boeing 777 horizontal stabilizer and tail have a span of 21m and 

almost 10 m, respectively, and are made of carbon fiber and toughened epoxy. The 

Boeing 777, a 400 passenger aircraft will have about 10% composites by weight. 

Although carbon-fiber composites have been used in the primary structure of military 

aircraft for some time, this recent use of carbon fiber in commercial aircraft represents a 

significant advance. Reducing the problems of design, reliability, manufacturing, and 

cost to commercial practice represents a milestone in the use of composite materials. 



  42 

On a smaller scale, the introduction of the Beech Starship corporate jet with an all-

carbon-fiber composite airframe represents another milestone in the use of fiber 

composites in commercial aviation. . (Swanson S.R; 1997; 19) 

Finally, the level of sophistication that has been attained in current composite 

construction is strikingly illustrated by the composite helicopter rotor blade in Figure 2-

12. The construction of such a component obviously requires a multi step fabrication 

procedure involving many materials and some of the fabrication processes. Due to the 

tremendous cost per unit weight to place an object in space, the value of weight saved 

grater for spacecraft than it is for aircraft. Thus, composites are extremely attractive for 

space craft applications. The NASA Space Shuttle has a number of composite parts, 

including graphite/epoxy cargo bay doors and experimental graphite/epoxy solid rocket 

booster motor cases. For large space structures such as the proposed space station the 

key properties of the structural materials are high stiffness-to-weight ratio, low thermal 

expansion coefficient, and good vibration damping characteristics.  

In all three of these areas composites offer significant advantages over conventional 

metallic materials. The proposed National Aerospace Plane would not be feasible 

without heavy use of advanced high-temperature composites (some of which have not 

yet been developed) in its structure and engines.  (Gibson R.F; 1994; 16) 

In the near future, aircraft will be built with a very high percentage of components 

made from composite materials. Only then will the full advantages of weight savings be 

realized because nearly all parts of plane interact with or support other parts. Hence, the 

effect of wright reduction in one part of a plane pyramids over the entire plane. (Jones, 

R.M; 1998; 38) 
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Figure 2-12 Composite construction of a helicopter rotor blade. (Gibson R.F; 1994; 16) 

2.6.1.1 Aircraft Brakes 

Although carbon-carbon brakes cost 440$/Ib (970$/kg), which is several times more 

then their metallic counterpart, the high durability (two to four times that of steel), high 

specific heat (2.5 times that of steel), low braking distances and braking times (3/4 of 

beryllium), and large weight savings of up to 990Ib (450kg) on a commercial aircraft 

are attractive. As mentioned earlier, 1Ib (0.453kg) weight savings on a full service 

commercial aircraft can translate to fuel savings of about (1360 1/year.) (Kaw, Autar K; 

1997; 44) 

2.6.2 Automotive 

Despite early predictions of widespread use of composites in the automotive industry 

by this time, actual use of composites has been quite low. Some examples are 

components such as leaf springs, drive shafts, and chopped glass fiber as sheet molding 
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compound used for body. (Swanson S.R; 1997; 24) Structural weight is also very 

important in automotive vehicles, and the use of composite automotive components 

continues to grow. Glass fiber-reinforced polymers continue to dominate the automotive 

composites scene, and advanced composites have still not made significant inroads.  

Weight savings on specific components such as leaf springs (Figure 2-16) can 

exceed 70 percent compared with steel (composite leaf springs have also proved to be 

more fatigue resistant than steel springs). And also, composite leaf springs give a 

smoother ride than steel leaf springs and give more rapid response to stresses caused by 

road shock. Moreover; composite leaf springs offer less chance of catastrophic failure 

and excellent corrosion resistance. By weight, about 8% of today’s automobile parts, 

including bumpers, body panels and doors are made of composites. (Kaw, Autar K; 

1997; 35) 

Experimental composite engine blocks have been fabricated from graphite-reinforced 

thermoplastics, but the ultimate goal is a ceramic composite engine which would not 

require water-cooling. Chopped glass fiber-reinforced polymers have been used 

extensively in body panels, where stiffness and appearance are the principal design 

criteria. Composite primary structures such as the Ford Taurus "Tub” are only 

experimental at this point, but they offer weight reduction, fewer parts, and smaller 

assembly and manufacturing costs.  (Gibson R.F; 1994; 18)  

Cost appears to be the principal barrier. There are indications that legislated 

requirements for fuel economy may lead to further consideration of composites. 

Protypes of frame cross-members have been built, and manufacturing techniques are 

currently being studied with the goal of decreasing manufacturing costs. (Swanson S.R; 

1997; 25) 

The corresponding level of demand forces production rates that can not be met with 

current manufacturing techniques. For example, tape-layering machines have 

production rates sufficient to manufacture all the needed aircraft per a year. However, 

those same tape-layering machines are woefully inadequate to manufacture parts at the 
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arets necessary to sustain automobile production that has a current rate per day which 

far exceeds the number of aircraft made in a decade. Furthermore, autoclave curing 

each such part would be a further bottleneck in the manufacturing problem because 

each part would take several h�urs to cure. Thus, new manufacturing techniques are 

essential before widespread use of composite parts in the automotive industry occurs. 

(Jones, R.M; 1998; 51) The use of resin transfer molding (RTM) with high-cure-rate 

polyurethane resin, with stiched cloth or braided glass-fiber preforms, looks promising 

at present. 

Glass fiber has been emphasized in the production and protype applications to date 

in the automotive industry. However, it is still an open question as to whether the 

weight savings with glass fiber will be adequate to justify the change from steel, or 

whether eventually carbon-fiber composites will be used because of the increased 

stiffness to weight ratios for that material. (Swanson S.R; 1997; 25) 

 

 

Figure 2-13 Carbon and glass-fiber truck leaf springs (Swanson S.R; 1997; 25) 
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 Figure 2-14 Filament wound composite drive shaft. (Swanson S.R; 1997; 26) 

2.6.3 Other Commercial Applications 

Some composite materials found their way into commercial applications very 

quickly if costs could be controlled or were not an issue. Many other fiberglass products 

became popular; boats, cars to a limitet extent, tennis rackets, and skies surf boards. 

(Jones, R.M; 1998; 52) Composites have become popular in a number of applications in 

sporting goods. One of the early popular applications of carbon-fiber composites was 

for the shafts of golf clubs. The light weight and stiffness enabled a higher percentage 

of the weight to be concentrated in the head, giving better performance. Golf shafts are 

fabricated by roll wrapping with car-bon/epoxy prepreg or by filament winding. 

Standard-modulus carbon fiber is used, and that more expensive shafts may use high-

modulus carbon fiber. Glass fiber is universally used ii» poles used for pole vaults, 

taking advantage of the high strain torailure of that material to store energy. A similar 

application of glass fiber is in archery bows, and carbon fiber is used for the very high-

performance arrow shafts. In another application involving sporting goods, 

polyethylene and aramid fibers are used in protective helmets. Carbon fiber is widely 

used in various types of tennis rackets. Here the stiffness-to-weight ratio and vibration 
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absorption are key characteristics, properties that are utilized in fishing rods as well. 

(Swanson S.R; 1997; 22) For example, fiber glass fishing rods were produced in the 

1940s and became virtually the standard by the 1960s. (Jones, R.M; 1998; 52)  

Sailboard and sailboat masts employ glass fiber in the lower-cost models and carbon 

fiber in higher-performance models. Although significantly lighter than glass fiber, the 

carbon-fiber masts typically require more care in use to prevent accidental damage. 

Carbon fiber is now universally used in Formula I race-car frames, for reasons of crash 

protection that take advantage of the high strength-to-weight and stiffness-to-weight 

ratios of carbon fiber. 

Glass fiber dominates the recreational boat industry because of corrosion resistance 

and cost. Higher-performance kayaks and canoes are available in aramid fiber. Very 

high-performance (and expensive) racing power and sailboat hulls are now being made 

with carbon fiber, including the boats for the America's Cup.  

Bicycle frames are becoming available from many manufacturers in vcarbon finber. 

The more conventional method of using carbon fibers in bicycle frames has been to 

retain the conventional tube and lug construction, with carbon-fiber/epoxy tubes in 

conjuction with secondary bonding to metal lugs, and in some cases to composite lugs. 

The tubes may be roll-wrapped, hand layup with preperg materials, or braided. 

(Swanson S.R; 1997; 22) 

2.6.4 Concluding Remarks about Applications of Composites 

The composites industry, and particularly the advanced composites industry, is 

currently in a state of flux. Growth rates for carbon-fiber use have been on the order of 

15 to 20% per year for the past decade, with consumption in 1991 being around 20 

million pounds. The reductions in defense spending that followed the end of the Cold 

War have led to reductions in material requirements for carbon fiber in the military 

aerospace industry. As a consequence, the supply of carbon fiber exceeded demand. One 

consequence is that manufacturers have offered commercial grades of carbon fiber at 
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significantly reduced prices, in the range of $9 to $15 per pound ($20 to $33 per kg) for 

carbon fiber with properties similar to that of AS4, which has been widely used in 

aerospace applications. Carbon fiber with larger tow sizes is currently available at prices 

of from $9 to $ 12 per pound $20 to $26 per kg) with projections that these prices will 

be cut in half in the next few years. These lowered prices are making other markets 

feasible that do not require the certification procedures and therefore higher prices of the 

aerospace grades. It is possible that a greatly expanded role for fiber composites in 

infrastructure may open up, as well as an increased role in the automotive industry. 

However, in addition to the performance and cost issues, the natural resistance to change 

because of the uncertainties involved will have to be overcome in order for fiber 

composite materials to achieve widespread use in these industries. 

There are signs that the industry will continue to grow, although the rate at which 

growth occurs depends on complex interactions between cost and performance gains. 

The technical need for design and analysis of composite structures remains in place, as 

increased use of composites will require taking full advantage of the material properties 

and manufacturing techniques available. (Swanson S.R; 1997; 26) 
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CHAPTER THREE 

MACROMECHANICAL BEHAVIOUR OF 

A COMPOSITE MATERIAL 

 

3.1 Experimental Determination of Mechanical Properties 

The experimental determination of the mechanical properties of unidirectional under 

static loading conditions has always been a key issue in the research on composite 

materials. With the rise of huge variety of composites, the need for an efficient and 

reliable way of measuring these properties has become more important. The central 

issue here is that principal stresses and strains are the largest values irrespective of 

direction or orientation; however, direction of stress or strain has, by definition, 

absolutely no significance for isotropic materials. Because of orthotropic, the axes of 

principal stress do not coincide with the axes of principal strain. The fundamental way 

in which fiber composites, and in particular continuous-fiber composites, differ from 

conventional engineering materials. This directionally affects the way in which the 

materials are used and the way in which the directions of the individual plies are 

selected (Swanson S.R; 1997; 29).  Moreover, because the strength is lower in one 

direction than another, the highest stress might not be the stress governing the design. A 

rational comparison of the actual stress field with the allowable stress field is therefore 

required, irrespective of any principal values. The experiments, if conducted properly, 

generally reveal both strengths and stiffness characteristics of the material (Jones, R.M; 

1998; 88). 

In this section, the stress and strain relationships for an individual ply or lamina are 

examined. These relationships form the basic building block on which all subsequent 

analysis and design procedures are based. It is assumed here that the material under 

consideration is orthotropic, that is, it has directional stiffness properties, but that 



  50 

certain symmetries hold. In particular, an orthotropic material has planes of symmetry 

and principal material axes such that loading along these principal axes in tension or 

compression does not induce shear stresses and strains, and the applications of shear 

stresses does not produce normal strains. The individual layers of a composite, whether 

it is a layer in a laminate or a layer in a filament-wound structure, closely follow this 

assumption, with the principal material axes aligned with a transverse to the fibers. 

When a composite is considered to be an orthotropic material, the individual 

constituents of fiber and matrix are no longer explicitly considered, but only average or 

smeared properties in the different directions are employed. Because many composite 

structures are thin in the through the thickness direction, the theory developed here is 

essentially a two dimensional stress theory. 

The major focus of this section is to develop the relationships between stress and 

strain for a thin lamina (layer) of aligned fibers in a matrix. These relationships are 

applicable to all continuous-fiber composites and to aligned short-fiber composites. 

Those short-fiber composites that have more random fiber orientations and other 

materials such as continuous fibers in what is called a random mat may be considerably 

less directional in stiffness; in many cases, they can be analyzed as if they were 

conventional isotropic materials. 

The section begins by introducing the idea of orthotropic properties. 

3.1.1 Orthotropic Properties 

A unidirectional layer is shown in Figure 4-2, along with a coordinate system used to 

establish notation. Here directions 1 and 2 refer to the fiber direction and transverse to 

the fibers in the plane of the ply, and direction 3 refers to the through –the-thickness 

direction. The modulus of the ply in the direction of the fibers is called E11, and the 

modulus of the ply is the transverse direction is E22. The transverse to a uniaxial stress in 

the fiber direction is a strain given by 
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e1

s1

E11          (Equation 3-1) 

The response to a uniaxial stress in (transverse) direction 2 is a strain given by 

e2

s2

E22             (Equation 3-2) 

Note that the numbers 1 and 2 indicate directions and have nothing to do with 

principal stresses. Similarly, an im-plane shear modulus G12 can be defined so that the 

response to a shear stress is a shear strain given by 

g12

t 12

G12                 (Equation 3-3) 

The poisson ratios also can be defined in a similar manner. If one again considers a 

uniaxial stress in (fiber) direction1, a strain in (transverse) direction 2 will result because 

of the poisson effect. The appropriate Poisson ratio can be defined as 

e2 n12- e1×    (For uniaxial stress in direction 1)    (Equation 3-4) 

Conversely, if a uniaxial stress is applied in (transverse) direction 2, the strain in 

(fiber) direction 1 can be defined in terms of the appropriate poisson ratio as 

e1 n21- e2×    (For uniaxial stress in direction 2)     (Equation 3-5) 
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Figure 3-1- Unidirectional plies with a local 1,2 fiber coordinate system and a global x,y coordinate 

system. 

The notation for the poisson ratio is usually defined as given, although some authors 

reverse the order of the subscripts. The stress and strain in the through-the-thickness 

direction can be defined in a similar manner as 

e3

s3

E33        (For a uniaxial stress in direction 3)    (Equation 3-6) 

 

e1 n31- e3×   and e2 n32- e3×         (Equation 3-7) 

Finally, these straight forward notions can be combined by using the idea of 

superposition. That is, consider that the strain in direction 1 results both from a stress � 1 

through the poisson effect from stresses � 2 and � 3. Thus, consider that stresses � 1 and � 2 

and � 3 are applied. A strain in direction 1 results from each of these stresses, and is the 

sum of the strains that would result from these stresses applied separately. The strains in 

direction 1 for each load acting separately are given by 
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� 1  loading:  

e1

s1

E11  

� 2  loading 

e1 n21- e2×
n21- s 2×

E22  

� 3  loading 

e1 n31- e3×
n31- s 3×

E33  

 

Combining these loadings and adding the strains in direction 1 by superposition gives 

33
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E11
n21

s2

E22
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�

×- n 31

s3

E33
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×-

      (Equation 3-8) 

And similarly 

e2 n12-
s1

E11

�
�
�

�
�
�

×
s2

E22
+ n32

s3

E33

�
�
�

�
�
�

×-

        (Equation 3-9) 

    

And so forth. It is convenient to arrange these in a matrix, using standard matrix 

notation and procedures gives 
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         (Equation 3-10) 

or  

{ � }= [ S ] { �  }       (Equation 3-11) 

The S matrix is often referred to as the compliance matrix for the lamina, or the 

strain-stress form of material properties with the strains as the dependent variables. It 

can be shown that the matrices describing the stress-strain relationships of an elastic 

material must be symmetric, so that relationships such as 

E11n21× E22n12×     

or           (Equation 3-12) 

 

n12

E11

n21

E22  

Hold for the off-diagonal terms, so that only nine material properties are required to 

fully characterize the linear behavior of a lamina in 3-D stress and strain states. The 

zeros in the compliance matrix reflect the fact that we are describing the stress-strain 



  55 

behavior of an orthotropic material (rather than a generally anisotropic material) and that 

the description is made with respect to the principal material axes. 

3.2Orthotropic Properties in Plane Stress 

Because many engineering structures made of laminates are thin in the through-the-

thickness direction, the two-dimensional subset of the preceding is frequently used. This 

can be obtained by setting � 3 = 	 13 = 	 23 =0 ( a plane stress assumption) to get 

e1
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g12
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�
�
�
�
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  plane stress     (Equation 3-13) 

 

The matrix of Equation 4-13 can be inverted to give the stress-strain stiffness matrix 

as  

s1

s2

t 12

�
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�

Q11

Q21

0

Q12

Q22

0

0

0
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e1

e2

g12

�
�
�
�
�

�
�
�
�
�

×

           plane stress                        (Equation 3-14) 

or  

{ � }= [ Q ] { �  }                           (Equation  3-15) 

Where the individual terms of the matrix are given by 
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Q12

n21E11×

DQ11

E11

D

Q22

E22

DQ21

n12E22×

D

D 1 n12n21×-
Q66 G12      (Equation 3-16) 

so that 

Q

E11

1 n12n21×-

n12E22×

1 n12n21×-

0

n21E11×

1 n12n21×-

E22

1 n12n21×-

0

0

0

G12

��
�
�
�
�
�
��

��
�
�
�
�
�
��     (Equation 3-17) 

 

Note that it is conventional to identify the Q66 term from its location in the full 6-by-6 

matrix before the plane-stress assumption was made. Although there appears to be five 

independent constants needed to describe the stress-strain response of the lamina, again 

the S and Q matrices must be symmetric. As a consequence, there are only four 

independent properties to be considered, and the reciprocity relation is used. 

E11n21× E22n12×   or       (Equation 3-18)

   

n12

E11

n21

E22  

3.3 Experimental Procedures for Lamina Characterization 

The stiffness proporties needed for a plane-stress analysis are the modulus in the 

fiber direction E11, the modulus transverse to the fiber direction E22 ( in the plane of the 
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lamina), the in plane shear modulus G12, and one of the plane Poisson ratios � 12 or  � 21.  

These proporties are routinely characterized by laboraty experiments. The experiments 

commonly utilized are described in what follws along with some reprsentive proporties. 

It may also be noted that many of these tests are used for failure proporties as well. 

3.3.1 E11 and � 12 

The modulus in the direction of the fibers E11 and the Poisson ratio � 12 can be 

characterized by menas of tension tests on unidirectional coupons that are instrumented 

with electric resistance strain gages. The tsate of stress is uniaxial in the fiber direction; 

the modulus is just the ratio of stress to strain in that direction. The Poisson’s ratio is 

just � 12 = - � 2 / � 1. It may be noted that some nonlineraity may be observed in these tests. 

Fpr examples, carbon-fiber lamina often stiffen somewhat in tension, so that precise 

measurements of the modulus depend on the procedure used for data reduction. A final 

secant value for modulus may be 15% higher than a value measured at low strain levels. 

It also should be noted that the measurement of stress in the data-reduction procedure is 

based on the total cross sectional area of the combined fiber and matrix, and the fibers 

are contributing to essentially all of the stiffness, for polymeric matrix composites. 

Thus, for a given combination of fiber and matrix, the modulus obtained depends on the 

relative fraction of the cross-section taken up by the fibers, which is also equal to the 

volume fraction of the fibers. The fiber volume fraction can vary somewhat with 

manufacturing procedure, so that adjustments for the actual fiber volume fraction may 

have to be made.  

3.3.2. E22 

Tensile coupons are also used for measuring E22, but with the fibers oriented 

perpendicular to the direction of the applied load.Care must be taken with these 

specimens, as they are quite fragile in the transverse direction, reflecting the extreme 

difference in strenght between fiber and matrix. Although it is theoretically possible to 

obtain the Poisson ratio � 12 from strain gages on this specimen, as a consistency check 

on the value obtained from the test described before, it is diffucult to obtain accurate 
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values in this manner because of the low value of � 21, which is on the order of 0.025 for 

polymer matrix composites. It is common practise to obtain � 12 from the test for E11, 

and rely on the reciprocity relationship � 21 = � 12 E22 / E11. 

3.3.3. G12 

The in plane shear modulus can be obtaind in a number of ways. One method is to 

use angle ply coupons, made up of alternating layers of plies at an angle to the axis of 

the specimen. It will be simply stated that the stress and strain rsponce in the axial 

direction of ±45° laminate can be interpreted to give G12 accoding to the following 

expression: 

G12
1

4

Ex

1

E1
-

1

E2
-

2 n12×

E1
+

     (Equation 3-19) 
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CHAPTER FOUR 

MANUFACTURING PROCESS OF COMPOSITE BAR 

AND 

EXPERIMENTAL DETERMINATION OF 

BASIC MATERIAL PROPERTIES 

4.1.Introduction 

This chapter is focused on the determination of mechanical properties of the 

composite material used in torsion test and manufacturing process of composite bar. 

First, manufacturing process of composite bar will be explained and then the theorical 

macromechanical bahaviour of the composite material was explained in the previous 

chapter. After that using these therocial fundamentals, the investigation and testing of 

the composite material will be presented along with gathered experimental data. 

4.2 Manufacturing Process of the Composite Bar 

There are lots of manufacturing process techniques available for composite 

materails. Some more popular manufacturing process techniques were explained in 

Chapter II.  In this part, only filament winding manufacturing process will be explained, 

which is the most common manufacturing process used for composite bars. 

The selection of a fabrication process obviously depends on the constituent materials 

in the composite, with the matrix material being the key. The composite bar was 

manufactured by filament winding process. 

As illustrated in Figure 4-1 the process consists of winding continuous-fiber tow 

around a mandrel to form the structure. E-Glass fiber and epoxy matrix material were 

used in the manufacturing of the composite material. Typically, the mandrel itself 

rotates while the fiber placement is controlled to move longitudinally in 
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synchronization. The matrix may be added to the fiber by running the fiber tow through 

a matrix bath at the time of placement, in a process called wet winding, or the tows may 

be prepregged prior to winding (Swanson S.R; 1997; 10).  

The composite bar used in the test was manufactured by wet filament winding 

manufacturing process by IZOREEL Company. Carbon, glass, aramid and etc. 

materials are wound on the mandrel, after epoxy, polyster, etc. resin bath. After placing 

the mandrel to winding machine, the caddy moves back and forth with arranged speeds 

in order to wind fibers at the requested orientations. The filament winding precision is 

provided by computer control system at the CNC winding machines. After winding 

operation, furnacing operation is starts. The oven heat is 150 Cº and the mandrel holds 

approximately 3 hours inside the owen. The mandrel must be rotated inside the oven in 

order to prevent unwanted accumulation of resin.  And after these operations, the 

mandrel is taken out of the oven. A filament angle of the composite test bar is 45º. 

Required wall thickness is provided by repeating the winding operation until the desired 

wall thickness is achieved. After these operations, the mandrel is taken out of with the 

press. 
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Figure 4.1 Wet filament Winding Process (Swanson S.R; 1997; 10) 
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Figure 4-2 Filament winding Process- Picture I 

 

Figure 4.3 Filament winding process- Picture II 



  63 

 

Figure 4.4 Filament winding process- Picture III 

In part fabrication by this method it is important to satisfy two basic requirements: 

1. Orientation of reinforcing filament in the direction of the basic loads on 

components. 

2. Filament balance on the mandrel surface (i.e. absence of sliding of filaments), 

maintaining the form tension of the wind through interaction with the surface. 

These requirements can conflict with each other, since the continuous load direction 

can differ from the filament orientation, and continuous filaments cannot change 

direction abruptly, which would lead to unbalance (Braukhin A.G & Bogolyubov V.S.; 

1995; 77). 

The advantages are that it is a highly automated process, with typically low 

manufacturing costs, fiber orientation is controlled by the transverse speed of the fiber 

winding head, and the rotational speed of the mandrel and this process is that by 

controlling the winding tension on the fibers, they can be packed together very tightly 

to produce high fiber volume fractions (Gibson R.F; 1994; 25). Obviously, it lends itself 

most readily to convex axisymmetric articles, but a number of specialized techniques 

are being considered for more complicated shapes (Depending on the desired properties 
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of the product, winding patterns such as hoop, helical and polar can be developed (Kaw 

A.K; 1197; 28). Filament winding is typically a low-cost method because of the use of 

fibers and resins in their lowest-cost form, and because of the potential for high 

production rates. Mandrels must be constructed so that they can be removed from the 

finished article. The winding tension is typically sufficient to consolidate the part, and 

shrink tape can be wrapped over the outside to give additional consolidation pressure 

during cure. Thus, additional pressure during cure is usually not used (Swanson S.R; 

1997; 10). 

Filament winding is widely used to produce such structures as rocket motor cases, 

pressure vessels, power transmission shafts, piping, and tubing. Imaginative variations 

on the filament winding process have produced a variety of structures such as leaf 

springs for automotive vehicles. A composite leaf spring may be fabricated by winding 

on an ellipsoidal mandrel, then cutting the cured shell into the required pieces. 

Experimental programs are underway to produce large, complex structures such as 

aircraft fuselages and automobile body structures by filament winding. Filament 

winding machines for such structures will require liberal use of computer control and 

robotics (Gibson R.F; 1994; 25). 

4.3. Experimental Determination of Basic Material Proporties 

4.3.1.Tensile Testing 

To determine the mechanical properties of the composite material used in the test 

pieces, three different tensile tests are made by using a standard tensile test machine. 

These tensile test specimens are cut from a single plate of composite in 0o, 90o, and 45o 

angles. These tensile test specimens will henceforth be named as TSI, TSII, and TSIII 

respectively. 

It is necessary to determine of basic proporties of the unidirectional lamina for use as 

basic input data for the test samples. Due to huge variety of composites, effiencient and 

reliable ways of measuring these properties has become more important. 
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In order to determine the poisson’s ratio as well as E1, a pair of strain gages are 

placed on TSI, one of which parallel to the fiber direction, and the other perpendicular to 

the fiber direction.  

Experimental data gathered from the tensile test for TSI is composed of load values 

and corresponding strain amounts from strain gages. Using Eq.4-20, the normal stress in 

the material for each load point is calculated. 

The stiffness characteristics of the material are; 

E1, E2    : Longitundal and transverse Young Modulus 

� 12 :  Poisson’s ratio 

G12 : Shear Modulus 
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Figure 4.5 Test specimen fixed at tensile test machine 

A
P

=s             (Equation 4-1) 

 Where, � : Normal Stress 

   P: Applied Load 

   A: Cross Sectional Area of the Specimen 

The relation between stress and strain is given by; 

�  = �  * E       (Equation 4-2) 
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 Where,  � : Normal Stress 

   � : Normal Strain 

   E: Modulus of Elasticity 

Rearranging Eq 4-21 and using incremental difference ratio between stress and strain 

yields; 

e
s

D
D

=E         (Equation 4-3) 

Poisson’s ratio for a given material can be expressed as; 

1

2
12 e

e
u

-
=  which can be rearranged as; 

1

2
12 e

e
u

D
D-

=    (Equation 4-4) 

Substituting the experimental data into the expressions given above, Table 4-1 can be 

constructed for TS1. 
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Figure 4.6 Strain gages connected to specimens before the tensile test. 
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Table 4-1 – Experimental data and calculations for TSI 

P � 1 �� 1 �  1 �  �  1 E1 �  2 �  �  2 � 12 

0 0  1712   1508   

150 1.603 1.603 1746 34 47134.238 1496 -12 0.353 

600 6.410 4.808 1848 102 47134.238 1460 -36 0.353 

910 9.722 3.312 1916 68 48705.380 1440 -20 0.294 

1220 13.034 3.312 1990 74 44756.295 1415 -25 0.338 

1850 19.765 6.731 2130 140 48076.923 1372 -43 0.307 

2380 25.427 5.662 2242 112 50557.082 1335 -37 0.330 

2700 28.846 3.419 2312 70 48840.049 1310 -25 0.357 

2910 31.090 2.244 2364 52 43145.957 1298 -12 0.231 

3570 38.141 7.051 2510 146 48296.452 1248 -50 0.342 

4100 43.803 5.662 2628 118 47986.383 1210 -38 0.322 

    AVG: 47463.300  AVG: 0.323 
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E1 Value for TSI
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Figure 4.7 Average value for E1 calculated using data points 

By using one strain gage for each of the specimens TSII and TSIII, load and 

corresponding strain value data are gathered and using the expressions given above E2 

and Ex are calculated. Tables 4-2 and 4-3, show the experimental data for TSII and TSIII 

along with the calculations. 
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Table 4-2 – Experimental data and calculations for TSII 

P �  2 �� 2 �  2 �  �  2 E2 

0 0   1132     

240 2.564 2.564 1328 196 13082.156 

913 9.754 7.190 1796 468 15363.613 

1620 17.308 7.553 2314 518 14581.890 

1970 21.047 3.739 2612 298 12548.041 

2350 25.107 4.060 2920 308 13181.263 

2600 27.778 2.671 3168 248 10769.920 

3170 33.868 6.090 3688 520 11711.045 

3500 37.393 3.526 4050 362 9739.340 

3675 39.263 1.870 4290 240 7790.242 

3830 40.919 1.656 4500 210 7885.633 

4020 42.949 2.030 4774 274 7408.447 

        AVG: 11278.326 
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Table 4-3 – Experimental data and calculations for TSIII 

P �  x �� x �  x �  �  x Ex 

0 0   1294     

250 1.410 1.410 1492 198 7121.412 

430 2.425 1.015 1634 142 7149.496 

650 3.666 1.241 1805 171 7256.344 

870 4.907 1.241 1956 151 8217.449 

1030 5.809 0.902 2100 144 6266.842 

1250 7.050 1.241 2298 198 6266.842 

1425 8.037 0.987 2420 122 8090.390 

1600 9.024 0.987 2570 150 6580.184 

1850 10.434 1.410 2782 212 6651.130 

        AVG: 7066.676 
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The following expression is given to calculate the shear modulus of elasticity of the 

composite: 

   

(Equation 4-5) 

Substituting; 

Ex = 7066 MPa 

E1 = 47463 MPa 

E2 = 11278 MPa and, 

� 12 = 0.323 

into Eq. 2-24, G12 is calculated as 2128 MPa. 

 

Table 4-4 Mechanical properties of the Epoxy- E-Glass composite materials 

Ex (Mpa) E1 (Mpa) E2 (Mpa) � 12 G12 (Mpa) 
  (g/cm3) 

7066 47463 11278 2128 2128 1,8 
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CHAPTER FIVE 

EXPERIMENTAL STUDY 

 

5.1. Introduction 

This chapter involves the experimental setup used for the torsion test, along with a 

general overwiev of the test specimen used in the test. The chapter mainly consists of 

three parts, in the first part the test machine on which the test is performed, will be 

explained in detail. Second part explains the considerations about the design of the test 

specimen and introduces the connection method used during the test. Finally technical 

drawings are presented in order to show the dimensions of the test specimens and the 

connection flanges. 

5.2. Torsional Test Setup 

The experiment is carried out on a torsional test machine, which is built specifically 

to investigate the static and dynamic characteristics of the cardan shafts produced by a 

shaft manufacturer. Figure 5-1 shows a schematic represantation of the test machine. 
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Figure 5-1-Schematic representation of the test machine 

The parts indicated in figure 5-1 can be explained as follows: 

5.2.1.Hydraulic Cylinder 

To apply the torque on the test piece, a large cylinder is used. This cylinder driven by 

a hydraulic pump applies a linear force to a rotating arm which is connected to the right 

flange through a flange. This linear force is converted into the applied torque by the 

arm-shaft mechanism. 

5.2.2.Hydraulic Pump and Oil Tanks 

As indicated above, the torque is provided via a hydraulic cylinder, the hydraulic 

pump drives the cylinder. The operating power level as well as control valves on the 

pump provides a control over the applied oil pressure, which in turn controls the amount 
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of torque applied on the test piece. Oil tanks store the oil used in the hydraulic circuit, as 

well as providing some means to cool down the circulating oil temperature. This system 

is capable of providing a maximum torque of 35000Nm, and the pressure control system 

allows a firm control over the oil pressure inside the cylinder, which in turn provides the 

torque to be applied in 100Nm intervals. 

5.2.3.Movable Slab and Fixed Slab 

These two pieces provides the means to connect the test piece to the machine. On 

each tower, a grooved flange is placed. The flange on the movable slab is fixed, while 

the one on the other one is rotated by means of a shaft, which is powered by the 

hydraulic cylinder. The grooves on the flanges provide a better connection and increased 

tightening between the mechanical components. Movable slab can move between 0 to 

3100mm distance, and by this means, any shaft with a length falling into this category 

can be tested on the machine. 

5.2.4.Belt & Sensor Arrangement 

An angular displacement sensor is used to measure the displacement at the rotating 

end of the shaft. The sensor has a rotating disk placed on it, and this disk is connected to 

the rotating flange by a belt. The angular deflection at the rotating shaft is transmitted 

through this belt arrangement and recorded by the angular deflection sensor. 

5.3 Design of the Test Piece 

The test piece is designed considering the torque conditions, connection 

considerations and finally composite manufacturer’s options. The outcome of these 

three factors involved can be summarized as follows; 
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5.3.1.Torque Conditions  

As explained above, the test machine applies torque with 100Nm intervals, to be able 

to gather enough data for a good sampling; the test piece should be able to withstand at 

least 3000Nm torque with a safety factor of 1.5. 

5.3.2. Connection Considerations 

Since the test machine is specially used to test cardan shafts, it requires a flanged 

connection to fix the test piece. This requirement brought some options, which bear 

advantages, disadvantages and impossibilities with the given conditions, these options 

are summarized as follows;   

5.3.2.1. Metal Embedded Composite    

Brief Description: In this type of connection, composite is woven around a pre-

machined metal flange, and the best available and secure connection between the 

composite and metal is obtained. 

Advantages&Disadvantages: The obvious advantage of this connection type is, it 

provides a very strong connection between the metal and the composite, but it requires a 

sophisticated manufacturing process as well as specialized equipment in composite 

manufacturing. 

Discussion: With this type of connection, it can be possible to achieve a high amount 

of torque close to that of the permitted amount by the shear strength of the composite. 

Due to the restrictions on composite manufacturer’s side, this type of connection is not 

available to use in the test procedure. 

5.3.2.2. Press-Tightening the Test Specimen 

Brief Description: This type of connection uses friction to secure the specimen. The 

specimen is pressed between two jaws, and torque is applied. 
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Advantages&Disadvantages: The method is easy to use and apply, however it is only 

viable to use with lower torque levels, because of the increasing surface wear and 

sliding on the connection with the increasing torque. 

Discussion: This type of connection is out of consideration, given the torque levels 

applied by the test machine. 

5.3.2.3. Bolted Flange Connection: 

Brief Description: In this method flanges are connected to the composite from the 

cross sectional faces of the specimen, bolts placed in several angles are used to secure 

the connection between the flange and the specimen. 

Advantages&Disadvantages: This method provides a relatively secure connection 

between the composite and the flange, and is easy to apply by drilling holes on the face 

of the composite. However, the connection is unable to provide an acceptable 

connection to the torque levels limited by the shear strength of the composite, and it 

requires a larger cross sectional area to drill the holes safely without creating shears on 

the material. 

Discussion: Although this method does not provide a connection as strong as 

embedding, it permits an acceptable amount of torque to gather enough data, and it’s 

easy to manufacture and apply aspect makes this type the most acceptable connection 

type for a single use test. 

5.3.3. Manufacturer’s Options 

The composite manufacturer is able to provide shafts with a fixed 25mm inner 

diameter and optional outer diameter. Metal embedded composite production is not an 

available option, and e-glass composites are available. 

Considering the limitations and availibilities provided by these three factors, the final 

shape of the specimen and connection method is shaped. A cylindirical shaft, with 
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bolted flange connections at each end is used in the experiment. Figure 5-2 shows the 

test specimen connected to the test machine. 

 

Figure 5-2- Torsional test machine with specimen connected 

5.4 Schematics and Technical Drawings of the Test Pieces 

Photographs, schematics and technical drawings of the test pieces will be presented at 

the following part. 
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5.4.1.Photographs and Schematics 

 

 

Figure 5-3 – Test piece I 

 

Figure 5-4 – Test Piece exploded assembly 
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5.5 Technical Drawings 
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CHAPTER SIX 

 

NUMERICAL STUDY 

 

The overall objective of this chapter is to analyze a composite bar for transmission 

applications. A one-piece bar was designed optimally using E-Glass/Epoxy composites.  

6.1 Introduction 

Many methods are available at present for the design optimization of structural 

systems and these methods based on mathematical programming techniques involving 

gradient search and direct search.These methods assume that the design variables are 

continuous. But in practical structural engineering optimization, almost all the design 

variables are discrete. This is due to the availability of components in standart sizes and 

constraints due to construction and manufacturing practicses. There are available some 

studies about analysis of composite bars, some of them are as follows; 

The potential for composites in structural automotive applications from a structural 

point of view was explained by Beradmore, (1986). The polymer matrix composites in 

driveline applications were proposed by Andrew Pollard, (1989).  

The working of genetic algorithm is explained by Goldberg, (1989) 

In the present work an attempt is made to evaluate the suitability of composite 

material such as E-Glass/Epoxy for the purpose of automotive transmission applications. 

A one-piece composite bar is optimally analyzed using ANSYS Software for E-

Glass/Epoxy composites with the objcetive of minimization of weight of the shaft which 

is subjceted to the constraints such as torque transmission, torsional buckling strenght 

capabilities. 
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6.2. Analysis Procedure 

The commercial FEA software ANASYS 5.4 was used to model the entire of the 

composite bar. The ANSYS ‘Pipe Elast Straight’ with capabilities of handling the most 

general anisotropic material was used to model the composite bar. The bar is fixed at 

one end in all degree of freedoms and is usbjceted to torsion at the other end. After 

performing a static anlysis of the bar, the displacemnets are saved.  

The material properties were given to the ANSYS modeler in the form of a general 

anisotropic stiffness/compliance matrix. In the present analysis, material properties of 

Epoxy-E-glass composite, which exhibits very strong torsional resistance, were used. 

The material constants for Epoxy-E-glass are; 

E1 = 47463 Mpa  

E2 = 11278 Mpa 

Ex =7066 Mpa 

� 12 = 0.323  

G12 = 2128 Mpa 
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Table 6.1 Optimal design value of composite shafts with E-Glass/Epoxy 

  

do(mm) 

outer 

diameter

L(mm) 

Lenght 

of the 

bar 

tk(mm) 

ply 

thickness 

n(plies) 

Total 

number 

of plies 

t(mm) 

thi

cknes

s of 

the 

bar 

Optim

um 

Stacking 

sequence 

Test Piece I          

(E-Glass/Epoxy) 
75 200 1,5 17 25 [±45] 

Test Piece II          

(E-Glass/Epoxy) 
75 150 1,5 17 25 [±45] 

Test Piece III        

(E-Glass/Epoxy) 
70 200 1,5 15 22,5 [±45] 

 

The composite bar was modeled using twenty-noded staight pipe element. The FEA 

mesh had a total 21 nodes. The outside diameter, wall thickness and lenght of the 

composite bar was indicated for each specimen. After indicating these data, the straight 

lines were created.  According to test specimen’s length, simulated straight lines were 

created. And then, these simulated straight lines were meshed. The numbers of element 

divisions were determinated as 20. The reason of determining number of element 

divisions is to be able to adapte the results to the chart. 

At the moment of the composite bar is fixed in order to simulate real test procedure 

and then moment was applied to at the other end of the composite bar. The plots also 

show no lateral displacement for the specimen. 
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6.3 Modeling Procedure of the Composite Bar 

The problem is defined as structural analysis. 

Main Menu/ Preference/ Structural 

 

 

And then element type is defined as follows. 

Preprocessor/Element Type/ Add/Edit/ Delete 

Add/Elast Straight Pipe/Pipe 16 type  
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The element type is defined as Type1. 
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Specify working units are defined. 

Material Prob/ material Lib/ Select units/SI 
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Real Constants  

Type 1 is defined as Set1. 

And then the following data were indicated at the real constant set chart. 

- Outside diameter 

- Wall thickness 
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After indicating these data, set1 is defined. 
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And then, material properties are defined. 

- Orthotropic 

Specify material number is indicated as metarial 1. 
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Properties sfor material number 1 are indicated at the chart. The following data 

values are indicated. 

- Young modulus 

- Density 

- Poisson’s ratio 

- Shear modulus 

And then in active coordinate system is created as follows. 

Preprocesor/ Modeling/Keypoints 
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First of all, in active coordinate system is created and then keypoints are created in 

order to simulate composite bar. 

After creating the keypoints, straight line was created by combining of the keypoints. 

Finally, straight line was created. 
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And then all lines were defined and asigned attributes to all selected lines. The 

following data are indicated at the line attributes chart. 

- Material number 

- Real constant set number 

- Element Type number 

- Element Coordinate System 
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And then meshing operartion starts 

Meshing/Size Controls/ Global Element Size 
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Element edge length is indicated as zero, because only element edge length and 

number of element divisions are indicated as 20 in order to adapte node results to the 

comprasions charts. 

The defined line is meshed and the node numbers were seen at the display. 
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In summary of modeling operation, the composite bar was defined as a straight line, 

material properties for the composite bar was indicated and then is meshed. 

Solution 

After modeling and defining the composite bar, solutions operations start.  

First of all, displacement of the compsoite bar is provided and then moment is 

applied to the composite bar. First node is constrarained by setting all dof to zero. 
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After constraining of the first node, moment is applied to the last node in steps. 

The following data are indicated at the chart. 

- Direction of moment 

- Moment value 
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Solution results are accepted as follows. 

Solution/ Solve / Current LS 
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The model is shown with defined boundary conditions. The lefthand side –according 

to the figure above- is constrained in 6 DOFs and moment is applied to the righthand 

side of the specimen – 3e+06 Nmm in the particular figure-. 
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General Postprocessor, List Results, Nodal Solution 
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Dof solution is listed. 
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Degree of freedom results are listed in global coordinates for each node in order to 

see angular displacement observed in the analysis. 

The results obtained from Finite Element analysis show good agreement with 

experimental results the ply sequence has an important effect on the torsional buckling 

of the shaft. 

Comparision between finite element and experimental results are shown as detailed 

in Chapter VII. 
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6.4 Stress Analysis of the Composite Bar 

First of all, help menu is selected from the utiliy menu, after that the elements manual 

is selected as follows. 

Help / Table of Contents/ Elements Manual 

Pipe16 Elastic Straight Pipe Menu is selected in Elements Reference Table of 

Contents. 

ST ( Shear Stress) is selected from PIPE16 Element Output Definitions Table.  

SMISC,14 definition is selected PIPE16 Item and Sequence Numbers for the 

ETABLE and ESOL Commands Table, according to ST description. 

By sequence sum and SMISC,14 are selected at the define additional element table 

items. 

And SMISC,14 is added to element table data. 
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Element Table is selected form General Postprocessor. 

SMISC,14 is selceted at the list element table data. 
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The results are listed. The results for three test specimens will be showed at the 

graphs in Chapter VII. 
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CHAPTER SEVEN 

 

RESULTS AND DISCUSSION 

 

7.1.Introduction 

The results obtained from both experimental and numerical analyses are presented in 

this chapter. First, the data gathered from experimental study will be presented, both 

with direct output from the test setup and computerized tables. The failure mechanism as 

well as acceptable data sampling will be discussed and explained in this first part of the 

chapter. Second part involves the results obtained from numerical analysis carried out 

by using sophisticated software. The thesis focuses on the torsional charasteristics of the 

composite bar, which in turn involves the torsional deflection observed and predicted, 

but other data such as stresses induced in the composite will be presented as a 

compilation. Finally by superimposing the results obtained from experimental study 

over numerical analysis, a comparison of theory and practice will be given. 

7.2. Experimental Results 

Upon completing the design of the test piece, three specimens with varying cross-

sectional area and length are chosen for the test. The main idea behind the selection of 

different test pieces was to investigate the changes in the deflection of the material as 

the main parameters affecting angular deflection are changed. 

As discussed in Chapter V - Connection Considerations, the bolted-flange connection 

used in the experiment proven to be inadequate for higher torsion levels. In all three 

specimens, a similar failure pattern is observed in the connection. This will be discussed 

after the presentation of the experimental results, however it is crucial to indicate this 

failure pattern beforehand, in order to explain the extraordinary results observed. 
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The results presented at the following sections are classified for each specimen, a 

direct output taken from the test machine, and a computerized graph involving the 

acceptable test region will be given. The direct output taken from the test machine is 

obtained as the experiment is carried out, the results are printed on a CRT display as a 

moving curve, changing with the increasing torque and deflection occuring in the 

specimen. 

7.2.1. Test Specimen I 

Test piece I has a length of 200mm with an outer diameter of 75mm, and an inner 

diameter of 25mm.  

  

Figure 7.1 Experimental results (Direct output) – Test Piece I 
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Experimental Data - Specimen I
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Figure 7.2 Experimental rresults (Computerized data) – Test Specimen I 
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7.2.2. Test Specimen II 

Test piece II has a length of 150mm with an outer diameter of 75mm, and an inner 

diameter of 25mm.  

 

Figure 7-3 – Experimental results (Direct output) – Test Specimen II 
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Experimental Data - Specimen II
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Figure 7-4 – Experimental results (Computerized data) – Test Specimen II 
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7.2.3.Test Specimen III 

Test piece III has a length of 200mm with an outer diameter of 70mm, and an inner 

diameter of 25mm.  

 

Figure 7-5 – Experimental results (Direct output) – Test Specimen III 
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Experimental Data - Specimen III
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Figure 7-6 – Experimental results (Computerized data) – Test Specimen III 

The failure pattern was same for every specimen; the torque applied by the machine 

is first transferred to the flanges, then to the specimen through the bolts. With the 

increasing torque, the force exerted on the walls of the holes drilled on the specimen 

increases, after a certain point, both due to the small clearance present between bolts and 

hole walls and increased bearing stress on the walls, the walls begin to deform. At a 

certain torque peak, the bolts shift and bend inside the walls, after this point the 

resistance to torque is no longer from the composite material but from the bending bolts. 

The stress state on the bolts change into a complex pattern and the bolts cannot 

withstand this resultant stress and are sheared. The failure pattern after a certain peak 

torque is complex and differs for every specimen, the reason behind this is the failure 

pattern of the bolts and the composite material, after the bolts are sheared and the hole 

walls are deformed, the resistance to the torque is caused by these deformed pieces with 
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friction, adhesion and mechanical stiffness. Deformed shape after the experiment is 

presented in figure 7-7 

 

Figure 7-7 – Deformed test piece and bolt failure 

Due to this failure pattern, only a certain amount of experimental data is viable to use 

in the comparison of theoritical and experimental results. Thus an area of 75% between 

starting and the peak torque point is used in the comparison of experimental and 

numerical results, and the data points falling into this area for every specimen is used to 

form the computerized graphics presented above.. 

 

 



  118 

7.3.Numerical Results 

As explained in Chapter VI – Numerical Analysis, three different models were 

created for each tested specimen. The mechanical properties obtained from tensile test 

are keyed in as the mechanical properties of the material, and boundry conditions are 

applied. The data obatined for every load step are datavised, and presented as follows; 

 

ANSYS Results - Specimen I
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Figure 7-8 – ANSYS output – Test Specimen I 
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ANSYS Results - Specimen II
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Figure 7-9 – ANSYS output – Test Specimen II 

ANSYS Results - Specimen III
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Figure 7-10 – ANSYS output – Test Specimen III 
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The results are showing a linear increase in deflection with the increasing torque. 

This is an expected output and it confirms with the theoritical behavior of a bar 

subjected to torsional loading. Parameters like increasing torsional stiffness, failed 

fibers, cracks in matrix material, play an important role in the complex defromation 

mechanics of a real specimen, but they are omitted in the theoritical study, thus 

theoritically speaking, there exists a complete linear relationship between the applied 

torque and the angular deflection as shown in the graphs. 

7.3.1 Shear Stress Analysis 

Material proporties are used to relate shear strains to shear stresses and permit 

calculation of shear stresses at a section. The basic concepts are used for detemining 

both stresses and angles of twist of circular shafts. However, similar to the case for 

axially loaded bars, large local stresses arise at points of the application of concentrated 

torques or changes in cross section. According to Saint- Venant’s principle the stresses 

and strains are accurately described by the developed theory only beyond a distance 

about equal to the diameter of a shaft from these locations. (Popov, E.P., 1990, 178) 

Typically local stresses are determined by using stress concentration factor. The stress 

deformation does not depend on material properties, is also applicable to anisotropic 

materials. For example, wood exhibits drastically different properties of strenght in 

different directions. The shearing strenght of wood on planes parallel to the grain is 

much less than on planes perpendicular to the grain. Hence, although equal intensities of 

shear stress exist mutually perpendicular planes, wooden shafts of inadequate size fail 

longitudianally along axial planes. Such shafts are occasionally used in the process 

industries.  

When the output for shear stress is requested, an expected output is obtained. The 

shear stress for a material can be obtained by using the expression; 
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j
cT.

=t         (Equation 7-1) 

J= �  (do
4- di

4 )/32       

T: Applied torque 

c: The radious 

j:  the polar moment of inertia of a circular area 

do : outside diameter 

di : inside diameter 

This equation is the well known torsion formula for circular shafts that expresses the 

maximum shear stress in terms of the resisting torque and the dimensions of a member. 

In applying this formula, the internal torque T can be expressed in Newton*meters, N.m, 

or inch. pounds, c in meters. 

In a thin-walled tube, all of the material works at approximately the same stress level. 

Therefore, thin-walled tubes are more efficient in transmitting torque than solid shafts. 

Such tubes are also useful for creating an essentially uniform ‘field’ of pure shear stress 

needed for establishing 	 -�  relationships. To avoid local buckling, however, the wall 

thickness cannot be excessively thin. 

As it can be clearly seen from Eq. 7-1, shear stress is a function of geometric 

parameters and the applied torque. Thus the stress state observed in specimens I & II are 

identical where larger stresses observed in specimen III, for the same applied torques. 

The shear stress of the bar is calculated both numericaly and theorically. Numerical 

calculated shear stress values and the therocial calculated results are the same, because 

the shear stress doesn’t depend on the material properties.  
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As indicated before, the main focus of the experiment and the analysis are the angular 

deflection observed in the specimen. However, with a torsional load applied, there are 

two more important quantitites which should be considered, shear stress and max strain. 

The models constructed to analyze angular deflection, are used to investigate these 

quantities as well. Figures 7-11 and 7-12 show a comparison of these quantities for the 

three specimens. 
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Figure 7-11 – Shear stress induced in test specimens 
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Max Strain Analysis
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Figure 7-12 – Max strain in test specimens 

The max strain graph is very similar to the stress analysis as expected. The max strain 

values for specimen I & II are identical whereas, those observed in specimen III differ 

and come in larger quantities. 

7.4. Comparison of Experimental Results with Computer Models 

Inspection of the static behaviour of the composite shaft under torsional loading is 

made by both experimental and theoritical analysis. The comparisons of these two 

analyses are obtained by superimposing the graphics provided at the previous sections. 

Figures 7-13 through 7-15 provides this data for each test specimen.  
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Figure 7-13 – Comparison of analyses for Test Specimen I 
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Figure 7-14 – Comparison of analyses for Test Specimen II 
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Figure 7-15 – Comparison of analyses for Test Specimen III 

Comparison tables provided for the three specimens have important indications; these 

can be summarized as follows; 

FEM analysis show linear increase in angular deflection with the increasing torque, 

this is expected since the relation between the angular deflection and the torque is 

expressed as, 

jG
cT
.
.

=q         (Equation 7-2) 

Where;  
  = Angular Deflection 

 T = Torque 

 c = Radius 

 j = Polar Moment of Inertia 
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The linear dependency between angular deflection and torsion can easily be seen 

from Eq. 7-2. 
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CHAPTER EIGHT 

CONCLUSION 

Composite bars made up E-Glass/ Epoxy in torsion is investigated experimentally 

and numerically. The composite bar is manufactured by using filament winding 

process. Material properties of the composite bar are obtained experimentally. 

Longitundal and transverse modulus, poisson’s ratio and shear modulus are 

determined by using strain-gauges.  

The composite bar is fixed from one end; the torque is applied to the other end. 

The experiment is carried out on a torsional test machine. The torsional deflections 

are obtained from the test machine as outputs.  

In numerical study, the test specimens are modeled in accordance to experimental 

specimens. After applying boundry conditions and torque, the torsional deflections 

are obtained for each torque value. List of the results are graphed. It is seen that the 

results are very close to the each other. All the experimental and numerical results are 

presented in graphs. 

Torque and shear stress values of the test specimens are presented in graphs. List of 

the shear stress values are graphed. Therocially calculated and numerically obtained 

shear stress values are presented in graphs. Theoritical and numerical results are same.  

The experimental results are close to the expected theoritical results for all test 

specimens. There is an exception in Test Specimen I, which occurred due to early failure 

in the connection, but this can be disregarded when 75% of the viable area is concerned. 

The other small variations in the experimental results may occur due to several reasons, 

o Discontinuities in the test specimen material. 

o Differences between the test specimen and tensile specimen materials. 
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o Torque transmission efficiency due to connections between composite-

flange and flange-flange. 

o Uncertainities in the experimental setup (Line noise, human error, etc.) 

The angular deflection observed in all test specimens are as expected with the 

diameter and length variations of the test specimens. The least deflection is observed in 

Test Specimen II, due to smallest length with biggest diameter, where Test Specimen I 

proved to be stiffer than Test Specimen III, due to larger diameter while both having the 

same length. 

In conclusion, when the experimental results are compared with the theoritical 

results, the observations and study carried on the topic is succesful and yield little 

variations from the expected results.  
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