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ANALYSIS OF
COMPOSITE BARS IN TORSION

ABSTRACT

The purpose of this study is to investigate torsional deflectiodss&ress analysis of the

composite bars in torsion.

In this experimental study, Epoxy/ E-Glass composite bars \iese manufactured by
filament winding process. Then, in order to determine mechanical pespef the composite
bars used, tensile tests were made by strain-gauges. Londittrdimaverse Young Modulus,
poisson’s ratio and shear modulus were determined by using-giages. The experiment was
carried out on a torsional test machine, which was built spebfitainvestigate the static and
dynamic characteristics of cardan shafts. The torsional deflectiorsobtined experimentally.

Numerical study was performed finite analysis software guaNSYS 5.4. In this software,
the test specimens were modeled in accordance to experimentally pestidlens. The boundary
conditions and torque were applied to the model. The torsional defleatgyaobtained for each
applied torque and these outputs were transferred to the graphs.

Inspection of the static behaviour of the composite bar under torsiamthg is made by both
experimental and theoretical analysis. The results of expeaingntdy and numerical study are
compared and it is found that; the experimental results and numestdds are very close to

each other.
The shear stress values of the tested composite bars are fousdcallynand theorically. The
results of the numerically and theorically studies are comdpéres found that compared results

are the same.

Keywords: composite bars, flament winding process, E-Glass/Epoxy, finite elemdysiana



BURULMAYA CALI AN KOMPOZ T
CUBUK YAYLARIN ANAL Z

0z

Bu cal mann amac, burulmaya c¢an cubuk yaylarn burulma sapmalarn ve kesme

gerilemelerini ara rmakt r.

Bu deneysel ¢calmada, ilk olarak E-cam / Epoksi kompozit gubuk yaylar filamen sgngtemi
ile Uretildi. Kullan lan kompozit cubuk yaylar n mekanik Ozellikleriespit etmek icin strain-
gauge’ler kullan larak cekme testleri yap Itr. Boyuna ve enine young modulleri, poisson
oran ve kayma modulli strain gauge’ler kullanlarak tespit ediimiTest 6zellikle kardan
aftlar nn statik ve dinamik karakteristiklerini atamak amac yla kullanlan burulma test
cihaz nda yap Imt r. Burulma sapmalar deneysel olarak elde ediimi

Numerik cal ma ANSYS5.4 program kullan larak sonlu elemanlar metodu ile banrlt r.
Bu programda test edilen kompozit cubuk yaylar modellendi. Modelin arilar belirlendi ve
burulma uyguland . Uygulanan torka gére burulma sapmalar elde edituli veriler grafiklere
aktar Id .

Test edilen kompozit cubuk yaylar n kayma gerilmeleri numerikeggik olarak bulundu.

Numerik ve teorik olarak bulunan sonuglar Kartrild nda, sonuglar n ayn oldu bulundu.

Burulma uygulanan kompozit cubuk yay n statik daviann n incelenmesi hem deneysel
olarak hem de numerik olarak yap Id . Deneysel sonuclar ve numerik sokacléa trld ve

deneysel ve numerik sonugclar n birbirine ¢ok yak n oldulundu.

Anahtar Sozcukler: Kompozit cubuk yaylar, filaman sarg yontemi, E-Cam /Epoksi, sonlu

elemanlar analizi
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CHAPTER ONE

INTRODUCTION

Rapid technological advances in engineering brought the scieamtsngineers to a
point, where they became limited by the capabilities of tathli materials. With the
limits of the technology pushed, the materials failed to answeretiigrements of the
designers or manufacturers. Researchers in materials techmoggnstantly looking
for solutions to provide stronger, durable materials which will anghneeneeds of their
fellow engineers. Composite materials are one of the moste@vsolutions to this
problem in the field. By combining the stronger properties of traditioraderials and
eliminating the disadvantages they bear, composite materidsolegy is providing
compromising solutions and alternatives to many engineering .fielddblems born
from material limitations like heavy weight, structuralesgth, and thermal resistance
are being solved by the composite material alternatives, ang more alternatives are

being introduced to readily used engineering applications.

Torsion bars are one of the commonly used mechanical elements ipm man
applications. With the ever present demand of lower weight in esrgageapplications,
the designers seek to reduce weight with every single opportuoityp@site materials,
with their high strength/weight ratio are becoming popular withr thmtreasing
availability due to advancements in their manufacturing proces$esnhiin design
parameter for a torsion bar is torsional rigidity, and as exgiaabove, weight. On the
other hand, providing a secure connection between traditional mateiato@posites

bear the inherent problem of composite materials.

Rangaswamy & Vijyarangan (2002) have investigated the manufactaing
composite shafts for automotive applications. The composite shafkpected to



transmit a certain amount of torque, hence should have a certqure toapability. A
factor of safety of 2 is chosen and three different matearalsnvestigated. Due to their
high length/diameter ratio, the torsional buckling capability ofsthfts is also studied
both experimentally and with ANSYS modeling. Finally the naturadbeg frequency
of the shaft in question is considered. Their study has shown theightweduction of
48 to 86% can be obtained by using composite materials and withfal aarestigation
of ply orientation, the shafts can be manufactured to fullfillftaguency and buckling
capability, thus shafts manufactured from composites can be viablse in real

engineering applications.

Another study on composite driveshafts carried out by Rastogi (2664)
investigated similar properties of a driveshaft, including torsitatajue capability into
consideration. Torsional strength, buckling capability and criticaledpt®r the
composite shafts are also investigated as in Rangaswamy &rafjgan’s study.
Another important aspect of the research was the connection by tubugr joints.
Adhesively bonding properties of a composite material with metatudied, and the
variation of bond strength with bond strength is investigated. The shsdtsin the
study have different orientation of plys, all of them proved to have bugkling torque
and satisfactory critical speed well over the required value. Aa@ddhesively bonded
joint has the capability to transmit the applied torque.

Lin & Poster (2004) analyzed one of the most important aspects desgn field of
composite shafts and torsion bars. The strength and low weidghe ofidgterial loses its
value and importance if it there is no feasible way to provide@re connection
between the shafts —or bar- and the main body frame. Their staslyffocused on a
hexagonal profiled end fitting and cross-section with an integralifaaturing process
to provide the best fitting between the yoke and the bar. Strength analyssboihding
and failure criterion under fatigue loading is observed by ussjeaialized test stand.
The buckling properties are investigated as well since a lbaff & used in the
application. The results obtained show that the RTM solution offgreékebresearchers

have proven to be effective to be used in the bonding of a helicopter main shaft.



The previous studies especially focus on torque transmission shafts, as thegrénd m
applications in the field. However the requirements and problems observeoth
components have similar properties, so every investigated reggaxities background

information for the composite torsion bars.

There are also available some studies composite bars that facussegdecially their
optimization subjected to buckling, static behaviour of rotating lagder compressive
loads, their cross section deformations of subjected to static loading conditionar&hey

reviewed as follows;

Muc.A. (1997) have investigated optimal design of composite bars thatibjceted
to buckling and play failure constraints. The aim of the study dsscuss the influence
of various formulations of governing equations on optimal solutions. Trexslagre
oriented 0°, 90°, and +45 °. First, modeled composite bar of simple support boundry
conditions has been solved analytically and then used in the buckling syndlfir
failure for four variants of shell theories. A genetic aldntis presented and applied to
the optimal design. The objcetive fuction is formulated by using particulartebelies.
The examples are solved to demonstrate the importance of tieéicselsrocedures in
genetic algorithms and to highlight the significance of trarsv shear effects in
optimization problems. It has been proved that the use of classealtlseories may
lead to completely wrong results in both estimation of buckling laaus$ in the
determination of optimal laminate configurations for orthotropic mese The

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

Chen L.W. & Peng W.K. (1998) has investigated the stability behaviototating
composite bars under axial compressive loads by using finilmeatemethod. The
laminated composite bar is modeled by applying equivalant beam thHéonyerical
results are compared with previos works that have been investigefi@e. Also, the
stability of the composite laminated shaft is compared withtded shaft. It was found
that the critical speed of the laminated composite bar is depéiné @tacking sequence,

the length-radious ratio (L/R) and the boundry conditions.



Gubran H.B.H & Gupta K. (2002) have investigated cross-section datiormof
tubular composite bars subjected to static loading conditions. Theroodl a
experimental studies have been carried out on deflection and crtiss-skxformation
for composite tubular shaft. (x45°The shaft is mounted on self-aligning bearings and
point static load is applied to at the shaft mid-span. Probes adetaseeasure the
displacements of points located top and bottom on the shaft crossmdectated at the
mid span. Shaft deflection and cross section deformation have beenedbtiwas
found that obtained results both experimentality and therocially wame close each

other.

Aim of this presented thesis is to investigate the torsional grepef a composite
bar under experimental loading and compare them with several conmpodels, in
order to show the feasibility of using composite materialduwkling materials for

torsion bars.

Eight chapters were given in this thesis. Explanations of tloh ehapter are
highlighted briefly as follows.

In Chapter One, general introduction and literature review are peéesemhe
statement of the problem, the objcetive of the study is explainedature review is
done based on the works regarding composite bars. The articleswesggated about

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

In Chapter Two, general overview of the composite materials is daisec Bomcept
of the composite materials are explained as detailed. The dsmpacomposite
materials with the conventional materials, classificationth&f composite materials,

manufacturing process and current applications are investigated.

In Chapter Three, macromechanical behaviours of the compositeriahadre
described. The stress and strain relationships from the basilmguilock on which all

sebsequent analysis procedures are based, it is assumed thaatdreal under



consideration is orthotropic. The stree-strain relations for plaressstn orthotropic

materials are explained.

In Chapter Four, manufacturing process of the composite bar amtérenination
of mechanical properties of the composite material used irototsst are explained.
Experimental determination of the basic material propertiss investigated.
Experimental details and results are presented.

In Chapter Five, the experimental setup, test specimens usedianttast, technical
drwaings of the test specimens are presented. Schematicargptes of the test
machine on which the test is performed and indicated partspr@sented. The
cosiderations about design of the test specimens and the connection todtmdest
machine during the test and the reasons of the kind of designpdaened. Drawings of

the test specimens and their flanges are presented.

In Chapter Six, a one piece composite bar was made Epoxy/E-Glagsimally
analyxed using ANSYS 5.4 Software. The compsoite bar which ixeteldjto the
constraints such as torque transmission. The experimental setup evhithe test is
performed is simulated by ANSYS 5.4. The composite bar is modekedneichanical
properties of the test specimen are indicated and created canparsis fixed and then
the moment is applied to the composite bar. These operation stepseseated as
detailed. The numerical results are obtained.

In Chapter Seven, the torsional deflection results obtained bothiregpéal study
and numerical studies are presented. The data directly gathemeéxXperimental setup
is presented and it is adapted to the computerized tables. Listexticainstudy results
are adapted to the computerized table. Inspection of the static bebiathiercomposite
shaft under torsional loading is made by both experimental and ticabraalysis.
Comparison of Experimental Results with ANSYS5.4 Results is mpieselt is seen
that the numerical results are very close to experimentaltseShe shear stress values
are obtained numerically and therocially. The results of nunenchtheorical studies



are compared; it is found that the results are the same. Andt a&sdarified that the
shear stress doesn’t depend on the material properties.

In Chapter Eight, the concluding remarks are explained. The outcatine thiesis is

summarized.



CHAPTER TWO
A GENERAL OVERVIEW OF COMPOSITE MATERIALS
AND
THEIR BASIC PRINCIPLES
2.1.Introduction

This chapter provides the background information for the study, whicives/ and
investigates composite materials. In order to create a basefarmation about
composite materials and their applications, the topic will begim scratch and expend

to important aspects about composites.

This chapter mainly consists of five parts. In the first paftnition of composite
material and its building blocks will be explained. Second part figagss
classification of composites and their manufacturing technologyheénthird part
mechanical properties of composite materials with their adva @y disadvantages
will be discussed. Fourth part presents the current applications @iosder materials.
Finally, design examples of a composite shaft will be discussetie fifth part,

concluding this chapter.
2.2. Basic Concepts of Composite Materials

Composite materials are basically hybrid materials formechwdfiple materials in
order to utilize their individual structural advantages in a sisgiectural material.

Various scientific definitions for composite materials can be expressiedows;

- The word composite means made up of two or more parts. A compaséagahis
one made of two other materials. The composite material theméngsaperties of the

two materials that have been combined.



- The word composite in the term composite matesighifies that two or more
materials are combined on a macroscopic scale to form a tisefuimaterial. The key
is the macroscopic examination of a material wherein the compaorentse identified
by the naked eye. Different materials can be combined on a copiosscale, such as
in alloying of metals, but the resulting material is, falt practical purposes,
macroscopically homogeneous, i.e, the components cannot be distinguishied by t

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

- Composites, which consist of two or more separate materiaithiged in
macroscopic structural unit, are made from various combinationkeobther tree
materials. (Gibson R.F; 1994; 1)

- A composite is a structural material which consists of comgitwo or more
constituents. The constituents are combined at a macroscopic eivateanot soluble
in each other. (Kaw A.K; 1997; 2)

The key is the macroscopic examination of a material whehneirtdmponents can
be identified by the naked eye. Different materials cacdmbined on a microscopic
scale, such as in alloying of metals, but the resulting mhtetidor all practical
purposes, macroscopically homogeneous, i.e the components cannot be distinguishe
by the naked eye and essentially act together. The advaftagemposite materials is
that, if well designed, they usually exhibit the best qualitiesheir components or
constituents and often some qualities that neither constituent pEss8ssne 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



-Attractiveness -acoustical insulation
-weight

Naturally, not all of these properties are improved at the samee rior is there
usually any requirement to do so. In fact, some of the properéas aonflict with one
another, e.g., thermal insulation versus thermal conductivity. The iokjéEtmerely to
create a material that has only the characteristics needed to pdréodesign task.

Composite materials have a long history of usage. Their precgenbeys are
unknown, but all recorded history contains references to some form qioste
material. For example, straw was used by the Isragbtetrengthen mud bricks, the
use of straw in clay as a constiian material by the Egyptians. (Swanson S.R; 1997,
1) Medieval swords and armor were constructed with layers @rdift metals. More
recently, fiber-reinforced, resin-matrix composite matetiadd have high strength to-
weight and stiffness-to-weight ratios have become important ighivesensitive

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

Modern composites using fiber-reinforced matrices of variousstizpee created a
revolution in high-performance structures in recent years. Advaoatposite
materials offer significant advantages in strength and stiffcespled with light
weight, relative to conventional metallic materials. Alongthwihis structural
performance comes the freedom to select the orientation ofltées fior optimum
performance. Modern composites have been described as being revojuiiottze
sense that the material can be designed as well as theirgr{Swanson S.R; 1997,
1)

There are two building blocks that constitute two the structure ofpcsite
materials. One constituent is called the reinforcing phasehendne in which it is
embedded is called the matrix. The reinforcing phase materiabmay the form of
fibers, particulates, flakes. The matrix phase materials gereerally continuous.

Examples of composite systems include concrete reinforced wathl, sepoxy
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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 congpasdterial. They
occupy the largest volume fraction in a composite laminate and thlganeajor portion
of the load acting on a composite structure. Proper selection oygbe @mount and
orientation of fibers is very important, because it influencegalf®ving 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 Gfymatrix material that
holds the fibers permanently in the desired orientation and distriantegplied load
among all the fibers. The matrix also plays a strong role erméting the envorimental
stability of the composite article as well as mechanicetbfa such as toughness and
shear strenght.Because the reinforcing fibers can be oridatedy fabrication of item,
composites can be tailored to meet increased load demands ificspieections. The
combined fiber-matrix system is an engineered material daE$igeo maximize

mechanical and enviromental performance.

There is an important, but not generally well understood differentteebe the
development time for traditional materials compared to that fdr pegformance fibers.

Because a composite material is a complex system of two contporupled at an
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interface, the time required to develop and optimize new high peafaranfibers for a
particular application is much longer than that needed for the devetdmhtraditional
materials. For composite applications it normally takes 5-10 yearsétogea new high

performance reinforcing fiber.

By dispersing fibers or particles of one material in a matfi another material,
today’s designer can obtain structural proporties that neithégrialaexhibits on its
own. For example, a metal alloy selected for its resistamdeigh temperature but
having low resistance to creep at use temperature can be cethfaith fibrous
inorganic oxide fibers to provide enhanced creep resistance #drioksstable at high
temperature. A ceramic matrix, brittle and sensitive to impadracture induced by
thermal stress, may be reinforced with ceramic fibers t@aser its resistance to crack
propagation, providing greater toughness and protecting against catastroprec Taieur
addition of reinforcing fibers to provide equal mechanical proporties at a gredtiged
weight is often an important reason for choosing composites overdradistructural
materials.Another vital consideration is the substitution of radiylable materials for
critical elements in short supply or those available only fromidorsources.Composite
materials made from abundant, domestically available matesiath as carbon,
polymers, ceramics and common metals often outperform these edpsirtategic

materials.

Reinforcing fibers that provide the means of creating compositerialat of high
strenght and stiffness, combined with low density, it is worthwdakemining 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 variouseadng materials and fibers
(Swanson S.R; 1997; 3)

The various types of fibers currently in use are discussed a fethows. (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 usediious commercial
products such as piping, tanks, boats and sporting goods. Glass ishHeyrfayst widely
used fiber, because of the combination of low cost, corrosion resisartén many
cases efficient manufacturing potantial. It has relatively s$tiffness, high elongation,
and moderate strenght and weight, and generally lower costedimiother composites.
It has been used extensively where corrosion resistance is imtp@ah as in piping
for the chemical industry and in marine applications. It is usedatinuous fiber in
textile forms such as cloth and as a chopped fiber in lessati@gpplications. (Swanson
S.R; 1997; 3) Glass fibers are strong as any of the newemmorfibers but they lack
rigidity of on account of their moleculer structure. The propsrté glasses can be
modified toa limited extent by changing the chemical composdfahe glass, but the
only glass used to any great extent in composite materiatsliisary borosilicate galss,
known as E-glass. (Harris. B; 1999; 7)

E glass is available as continuous filament, chopped stable and rdib@éormats
suitable for most methods of resin impregnation and composite dabric S glass,
originally developed for aircraft components and missile cashagsthe highest tensile
strenght of all fibers in use. However, the compositional differescd higher
manufacturing cost make it more expensive than E-glass.A loestrversion of S-
glass, called S-2 glass, has been made available in rexastAlthough S-2 glass is
manufactured with less stringent nonmilitary specifications tatsile strenght and
modulus are similar to those of S-glass.

S-glass is primarily available as rovings and yarn and whithited range of surface
treatments. S-glass fibers are being used in hybrid reinforcementsyateombination
with graphite fibers and aramid fibers. R-glass is a sinhilgh-strenght, high modulus
fiber developed in France.
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Glass fibers are also available in woven form, such as woven rawidgvoving
cloth. Woven roving is coarse, drapable fabric in which continuos roviega@ren in

two mutually perpendicular directions.
2.2.1.2.Carbon Fibers

Carbon fibers, more than all other fibrous reinforcements, have pdothdebasis for

the development of PMCs as advanced structural engineering materials.

Carbon fibers are commercially available with a varietyenfsie moduli ranging
from 207Gpa on the low side to 1035 Gpa on the high side. In generamadowlus
fibers have lower specific gravities, lower cost, higher temasittcompressive strenghts
and higher tensile strain to failure than high modulus fibers. Amongdbanteges of
carbon fibers are their exceptionally high tensile strenghtdighw ratios and tensile
modulus to weight ratios, very low CTEs (which provides dimensionbllgy in such
applications as space antennas) and high fatigue strenghts.The mlisgdsaare their
low impact reistance and high electric conductivity, which may ecalsorting in
unprotected electrical machinery. Their high cost has so faudeal them from
widespread commercial application. Carbon fibers are widely usetrospace and
some applications of sporting goods, taking advantages of the egfdtith 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 timeatawal used
the process conditions of nmanufacture. The manufacturing process svblee
oxidation, textile precursors and pitch precursors. The most commda ferCursor is
PAN. Depending on processing conditions, a wide range of mechanogabripes
(controlled by structural variation) can be obtained, and fibersheaefore 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 fornanely, long,

continuos tow, chopped (6-50mm long) and milled (30-3000um long). The long,
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continuos tow, which is simply a bundle of 1000-160.000 parallel filamentises to
for high performance applications.

Typical mechanical proporties of some commecially availablbora fibers are

indicated the following table.

Table 2-1. Mechanical proporties of typical fibéiSwanson S.R; 1997; 5)

Table 1.1 Mechanical Properties of Typical Fibers

Fiber

Fiber Density Tensile Strength Tensile Modulus

Diameter
Fiber (pom) (Ibfin?) (glce) (ksi) (GPa) (Msi) (GPa)
E-glass 8-14 0.092 2.54 500 3.45 10.5 72.4
S-glass 8-14 0.090 2.49 665 4.58 [2:5 86.2
Polyethylene 10-12 0.035 0.97 392 290 12.6 87.0
Aramid (Kevlar 49) 12 0.052 1.44 525 3.62 19.0 130.0
HS Carbon, T300 7 0.063 1.76 514 353 33.6 230
AS4 Carbon 7 0.065 1.80 580 4.00 33.0 228
IM7 Carbon 5 0.065 1.80 785 5.41 40.0 276
XUHM Carbon — 0.068 1.88 550 3.79 62.0 428
GYS80 Carbon 8.4 0.071 1.96 270 1.86 83.0 52
Boron 50-203 0.094 2.60 500 3.44 59.0 407
Silicon Carbide 0.115 3.19 220 1.52 70.0 483
Sources: From [1.1, 1.2] and product literature.

2.2.1.3.Aramid Fibers

An aramid fiber is an aromatic organic compound made of carbon, htdroggenoxy
and nitrogen. (Kaw, Autar K; 1997; 20).Aramid polymer fibers, producedgily by
E.l. duPont de Nemours&Company under the tradenname “Kevlar’ wegasmaily
developed for use in radial tires. Kevlar 29 is still used for phipose, but a higher
modulus version, Kevlar 49 is used more extensively in structurapasites. The
density of Kevlar is about half that of glass and its spedifength is among the highest
of currently available fibers. (Gibson R.F; 1994; 9) Aramid fibefsrdiigher strenght
and stiffness relative to glass coupled with light weight, hegisite strenght, but lower
compressive strenght both glass-fiber and aramid-fiber composites show gdutessig

in impact enviromentals. Aramid tends to respond under impact ina dwetileer, as
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opposed to carbon fibe, which tends to fail in a more brittle mannemidriber is
used as a higher performance replacement for glass fiber inriatlagiplications 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 metallienads is available
in many forms, several diameters and substrates or carbon. Tineteliaf boron fibers
is among the largest of all the advanced fibers, tytpically 0.002-0.0085-0.2mm).
(Gibson R.F; 1994; 9) Because vapor deposition of boron on a carbon monofilament i
serving as reinforcement, boron refers to boron deposited on tungsten.vigsamne
of the earliest fibers to introduved into an aerospace application.ugovwehereas the
prices of carbon fibers have dropped steadily since the introduntithe late 1960s,

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

The most commom method for producing continuos boron filaments is a ehemic
vapor plating process in which the reduction of boron trichloride blydgen 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-terapge metal and
ceramic matrix composites because of their excellent oxida¢isistance and high-
temperature strenght retension. At roon temperature the strngltgtiindss of SiC
fibers are about the same as those of boron. SiC whisker reinfortads rare also
receiving considerable attantion as alternative to unreinforcdisnatal continuous
fiber-reinforced metals. SiC whiskers are very small, typicg20 in (20-51nm) in
diameter and about 0.0012 in( 0.03mm) long, so that standard metal-formiegsroc

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, nebsthich are vital
to the performance of the material. Bundles of fibers are, indbleas, of little value
to an engineer, and it is only the presence of a matrixhdebithat enables us to make
us of them. Although matrices by themselves generally have nmghanical
properties as compared to fibers, the matrix influences manlganieal properties of
the composite.( Kaw, Autar K; 1997; 13), The roles of the matrix in the fibeeosdf
and particulate composites are quite different.The binder for acydaté aggregate
simply reserves to retain the composite mass in a solid fautrthe matrix in a fiber
composite performs a variaty of other functions which musrt becajaped if we are
to understand the true composite action which determines the mechanical behavior of a
reinforced material. We shall tehrefore consider these functiors®me detail. The
matrix binds the fibers together, holding them aligned in the impodaetsed
directions. The matrix must also isolate the fibers from edudr o that they can act
as separate entities. The matrix should protect the reinfortiagnents from
mechanical damage (e.g. abrasion) and from enviromental attacktike duetrix will
provide a means of slowing down or stopping cracks that might haveatedi at
broken fibers; conversely, a brittle matrix may depend upon thesfibeact as matrix
crack stoppers. Through the quality of its “grip” on the fibehe (interfacial bond
strength), the matrix can also be an important means of increasinngughness ofthe
composite. By comparison with the common reinforcing filaments muwesirix
materials are weak and flexible and their strenghts and maubften neglected in
calculating composite proporties.

The potential for reinforcing any given material will depend to es@xtent on its
ability to carry out some or all of these matrix functions, butettae 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 characté&ssin order to assess the
relative strengths and weaknesses of metals, plastics amdicetaecause of each
these terms covers whole families of materials within whiehrainge of properties is
often as broad as the differences between the tree classesngarison in general
terms, however, can identify some of the more obvious advantageisaddantages

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

Plastics are of low density. They have good short-term chenegiagtance but they
lack thermal stability and have only moderate resistance tooemvéntal degradation
(especially that caused by the photochemical effects of sunligh8y have poor

mechanical properties, but are easily fabricated and joined.

Ceramics may be of low density (although some are very dertsey. lave great
thermal stability and are resistant to kst forms of attackraGon, wear,
corrosion).Although intrinsically very rigid and strong because oir tblkeemical

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

Metals are mostly of medium to high density- only magnesium, aiumi and
beryllium can compete with plastics in this respect. Many lgaosl thermal stability
and may be made corrosion-resistant by alloying. They haveilusefchanical
properties and high toughness, and tjhey are modely easy to shapenantl imi
largely a consequence of their ductility and resistance to agdkiat metals, as a

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

On the basis of even so superficial a comparison it can be seéerathaclass has
certain intrinsic advantages and weaknesses, although metalfewesgroblems for

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

A distinctive chart which expresses the relative importanceethls, ceramics,

polymers and composites in human life through out the history of mankgikis in
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Figure 2-2 - The relative importance of metals,ypwrs, 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 matertaseTtypes are
listed as follows;

- Fibrouscompositematerials that consist of fibers in a matrix
- Laminated composite materidlgat consist of layers of various materials
- Particulate composite materials that are composed of particlesatria m

- 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 stndnger than the same
material in bulk form. For example, ordinary plate glass frastatestresses of only a
few thousand pounds per square inch (Ib/inz or psi) (20 MPa), y&t fitkeers 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 nmtaren much
stronger than they are in bulk form. It is believed that this phenomeasnfiigt
demonstrated scientifically in 1920 by Griffith, who measured ¢hsile strengths of
glass rods and glass fibers of different diameters. Grififittnd that as the rods and
fibers got thinner, they got stronger. Apparently because theesritadl diameter, the
smaller the likelihood that failure-inducing surface cracks wdaadyenerated during
fabrication and handling. By extrapolating these results, Grifétind that for very
small diameters the fiber strength approached the theorett@sive strength
between adjacent layers of atoms, whereas for large diaméterBber strength

dropped to near the strength of bulk glass.

There can be no doubt that fibers allow us to obtain the maximuntetstrgingth
and stiffness of a material, but there are obvidisadvantages of using a material in
fiber form. Fibers alone cannot support longitudinal compressive loads haid t
transverse mechanical properties are generally not so good asortesponding
longitudinal properties. Thus, fibers are generally uselesswdwsal materials unless
they are held together in a structural unit with a binder or xataterial and unless
some transverse reinforcement is provided. Fortunately, the geahetidiguration
of fibers also turns out to be very efficient from the point oiwié interaction with the
binder or matrix. As shown in Figure 1-2, the ratio of surface aresmlume for a
cylindrical particle is greatest when the particle is ihegitplatelet or fiber form. Thus,
the fiber/matrix interfacial area available for stresssfer per unit volume of fiber
increases with increasing fiber length-to diameter ratian3verse reinforcement is

generally provided by orienting fibers at various angles acoptdirihe stress field in
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the component of interest. (Gibson. R.F; 1994; 4)

2.3.1.1. Whiskers

A whisker has essentially the same near-crystal-sized etitinas a fiber, but
generally is very short and stubby, although the length-to diamegtercan be in the
hundreds. Thus, a whisker is an even more obvious example of the boyjktal-
material-property-difference paradox. That is, a whisker is ewere perfect than a
fiber and therefore exhibits even higher properties. Indeed, whiakersurrently the

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

Naturally, fibers and whiskers are of little use unless theybanded 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 teastifferent materials
that are bonded together. Lamination is used to combine the bestsaspdbe
constituent layers and bonding material in order to achieve @ nseful material. The
properties that can be emphasized by lamination are streniffinesst, low weight,
corrosion resistance, wear resistance, beauty or attracsjetieermal insulation,
acoustical insulation, etc. Bimetals, clad metals, laminatedsglplastic-based
laminates, and laminated fibrous composite materials are laleabat 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 basmokegsn of
fiber-reinforced composite laminates will be introduced in thieiehg paragraphs. For
a lamina, the configurations and functions of the constituent matditars and matrix,
were introduced in the former parts. Finally, a laminate isnééfto 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, whichllysonsists
of one of the fiber/matrix configurations shown in Figure 2-6. (Gibson. Fa¢4; 4).
The main constituent of a laminate is a lamatachis a flat sometimes curved as in a
shell) arrangement of unidirectional fibers or woven fibers nmasrix. Two typical flat
laminae along with their principal material axes that amallgh and perpendicular to
the fiber direction are shown in Figure 2-6(a) And Figure 2-6(b). fillezs are the
principal reinforcing or load-carrying agent and are typjcallrong and stiff. The

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

Fibers generally exhibit linear elastic behavior, although resifg steel bars in con-
crete are more nearly elastic-perfectly plastic. Aluminuwsnyall as many polymers, and
some composite materials exhibit elastic-plastic behaviorigha&ally nonlinear elastic
behavior if there is no unloading. Commonly, resinous matrix materials arelasto#
not viscoplastic i.e, have strain-rate dependence and linear or @@néitress-strain
behavior. The various stress-strain relations are sometimeseckfto as constitutive

relations because they describe the mechanical constitution of the materia

Fiber-reinforced composite materials such as boron-epoxy and grepbitg-are
usually treated as linear elastic materials because sbentally linear elastic fibers
provide the majority of the strength and stiffness. Refinemerthatf approximation
requires consideration of some form of plasticity, viscoelagticior both
(viscoplasticity). Very little work has been done to implement é¢hosodels 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 constructidones, R.M; 1998; 17)

A laminate is a bonded stack of laminae with various orientatddngrincipal
material directions in the laminae as in Figure 2-3. Notethigatiber orientation of the
layers in Figure 2-3 is not symmetric about the middle surfddbe laminate. The
layers of a laminate are usually bonded together by the szatrex material that is
used in the individual laminae. That is, some of the matrix na&teria lamina coats
the surfaces of a lamina and is used to bond the lamina toatseatljaminae without
the addition of more matrix material. Laminates can be compogadtes of different
materials or, in the the present context, layers of fiber-raatblaminae. A laminated
circular cylindrical shell can be constructed by winding mesiated fibers on a
removable core structure called a mandrel first with one otientéo 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 dependehstrength
and stiffness of a composite material to match the loading envirdrohthe structural
element. Laminates are uniquely suited to this objective beda@geibcipal material
directions of each layer can be oriented according to need. Foplexai layers of a
ten-layer laminate could be oriented in one direction and the otheafd@f to that
direction; the resulting laminate then has a strength and estahstiffness roughly
50% higher in one direction than the other. The ratio of the extensbffiaésses in
the two directions is approximately 6:4, but the ratio of bendifipestses is unclear
because the order of lamination is not specified in the examplesoVen, if the
laminae are not arranged symmetrically about the middleceudfithe laminate, the

result is stiffnesses that represent coupling between bendohgdension. (Jones,
Robert M; 1998; 15)

&

=

(a) Continuous fiber compasite (b) Woven fiber composite

.

(c) Chopped fiber composite (d) Hybrid composite

Figure 2-4 Types of fiber-reinforced compositesh@in. R.F; 1994; 5)



25

Various composite types that are listed according to fiber displants is explained

as following.

The need for fiber placement in different directions accordingheo particular

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

In the continuous fiber composite laminate Figure 2-4fd)vidual continuous
fiber/matrix laminae are oriented in the required directions and ddodether to form a
laminate. Although the continuous fiber laminate is used extensiveypotential for
delamination, or separation of the laminae, is still a major probdbecause the

interlaminar strength is matrix-dominated.

Woven fiber composites Figure 2-4(8bd not have distinct laminae and are not
susceptible to delamination, but strength and stiffness areisadrifue 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(d¥hopped fiber composites are used extensively in high-
volume applications due to low manufacturing cost, but their mechammaérties are

considerably poorer than those of .continuous fiber composites.

Finally, hybrid composites may consist of mixed chopped and continumers,fias
shown in Figure 2-4(d)r mixed fiber types such as glass/graphite.
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Figure 2-5 Composite sandwich structure (GibsaohR; R994; 6)

Another common composite configuration, the sandwich structure (Fabe
consists of high strength composite facing sheets (which couldytaf #me composites
shown in Figure 2-4) bonded to a lightweight foam or honeycomb corelw&zh
structures have extremely high flexural stiffness-to-weigtibs and are widely used in
aerospace structures. The design flexibility offered byethasd other composite
configurations is obviously quite attractive .to designers, and the bteoiv exists to
design not only the structure, but also the structural mategdfl. i(Sibson. R.F; 1994;
4)

2.3.3. Particulate Composite Materials

Particulate composite materials consist of particles of onenare materials
suspended in a matrix of another material. They are usually isoBimge the particles
are added randomly. Particulate composites have advantages suatprased
strength, increased operating temperature and oxidation resisgttnd&aw, Autar K;
1997; 12). The particles can be either metallic or nonmetallic as can the. matri
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2.3.4. Combinations of Composite Materials

Numerous multiphase composite materiexhibit more than one characteristic of the
various classes, fibrous, laminated, or particulate composite iatgtgust discussed.
For example, reinforced concrete is both particulate (becausenbeete is composed
of gravel in a cement-paste binder) and fibrous (because of theestéarcement).Also
laminated fiber-reinforced composite materials are obviously botiméded and fibrous

composite materials.

Laminated fiber-reinforced composite materials are a hybadscbf composite
materials involving both fibrous composite materials and laminatidmigues. Here,
layers of fiber reinforced material are bonded together thihfiber directions of each
layer typically oriented in different direction to give differettengths and stiffnesses
of the laminate in various directions. Thus, the strengths andessis of the
laminated fiber-reinforced composite material can be tailooethé specific design
requirements of the structural element being built. Exampledaroinated fiber
reinforced composite materials include rocket motor cases, bdaf autraft wing
panels and body sections, tennis rackets, golf club shafts, etcs,(Rmiert M; 1998;
8)

2.4. Major Composite Classes

The major composite classes of structural composite matenialavailable 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 compoaterials in
that they have found widespread application, can be fabricated intq tmgglex
shapes, and have been accepted in a variety of aeroscape and cammerci
applications.They are constructed of componenets such as carbon, boronggraphit
aramid fiibers bound together by an organic polymer matrix suclpasy/,epolyester,
urethane. (Kaw, Autar K; 1997; 16) These reinforced plastics argnargsstic
combination of high-performance fibers and matrices. The fiber prouide high
strenght and modulus, whereas the matrix spreads the load as wH#rang resistance
to weathering and corrosion. For example, graphite/epoxy compostap@oximately
five times stronger than steel on a weight- for weight bagis. réasons of being the
most common composites include their low cost, high strenght and simple
manufacturing principles. The main drawbacks of Polymer-Matamgbsites include
low operating temperatures, high coefficients of thermal nadtumeigxpansion, and

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

Continuous-fiber thermoset composites are produced by quite differethiods.
Cylindirically symmetric structures such as pressure v&sdahks, rocket-motor
casings, centrifuge cylinders, and a variety of pipes, candu® oy winding fibers or
tapes soaked with pre-catalysed resin onto expendable or removalleeinédarris.
B; 1999; 24)

Composite strenght is almost directly proportinal to the balser Strenght and can
be improved at the expense of stiffness. High modulus organic fibeesbegn made
with simple polimers by arranging the molecules during proogsswhich results in
straightened moleculer structure. Optimization of stiffness itwed $trenght remain in a
fundemental objective of fiber manufacture. In addition, because of miiffse in
flexibility between fiber intraand interfibrillar amorphous zondsgas 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 contifivers, whiskers
(a version of short fibers that are in the form of single clig)star particulates( fine
particles, as distinct from fibers). Because of their useetals as matrix materials,
they have a higher temperature resistance than PMCs but irlgareeheavier. They are
not use as widely used as PMCs but are finding increasing ampliga many areas.
Further development of manufacturing and processing tecniques giagsgebringing

down product costs and accelerating the uses of MMCs.

Research continues on particulate and fiber reinforced MMCs bechasbstantial
improvements in their strenght and stiffness as compared todhaseeinforced metal
alloys. The basic attributes of metals reinforced with haranaier particles or fibers are
improved strenght and stiffness, improved creep and fatigudareses and increased
hardness, wear and abrasion resistance, combined with the piyssibilhigher
operating temperatures than for the unreinforced metal ( or competinforced
plastics). (Harris. B; 1999; 27)

Efforts are directed at light alloy composites capable ofinslew to medium
temperature applications for space structures and for high temmgeapplications such

as engines and airframe components.

The extreme low densitiy of graphite used as a reinforcement,ecbwth its very
high modulus, makes it a highly desiarble material. However, ortaadss the poor
interfacial bond between graphite and metals such as aluminum amésnan. The
interfacial bond can be strengthened by using a metal carbibegbdMCs exhibit
high performance as a result of their good strenght to weight ratios.

The development of directionaly solidified alloys has increésedhigh temperature
capability further by aligning grain boundaries away from the patstress direction.
The extreme low densitiy of graphite, coupled with its very high msduhakes it a
highly desirable reinforcement.
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Components of this type are still under development, but few arenmmercial
production apart from one or two limited applications in Japanese autemdblarris.
B; 1999; 27)

2.4.3. Ceramic-Matrix Composites

Monolithic ceramic materials have a natural high temperatwsistaace but also
have fundemental limitations in structural applications owing tor thepensity for
brittle fracture.The incorporation of reinforcement, for exampletarne fiber
reinforcement, into the ceramic matrix can improve the forgiwglof the material by
allowing cracking to be retarded by the fiber matrix inte#&adCMCs are a class of
structural materials with reinforcement such as SiC fiberbedded in a ceramic matrix
such as AIO3;, SEN4 or SIiC. The reinforcements can be continuos fibers, chopped
fibers, small discontinuos whisker platelets, or particulates. ddrisbination of a fiber
and ceramic matrix makes ceramic-matrix composites mitnactive for applications
where both high mechanical proporties and extreme service tatger are desired.
(Kaw, Autar K; 1997; 40)

One of the most common methods to manufacture CMC s is calledtiipeessing
method, which is will be explained in the next parts as detailéassGibers in
continuous tow are passed through a slurry consisting of powdered mmetiexial,
solvent such as alcohol, and organic binder. The tow is then wound ona drumeand dri
to form prepreg tapes. The prepreg tapes can now be stackedmgkéoa required
laminate. Heating at about 500°C burns out the binder. Hot pressing naéthagh
temperatures in excess of 1000 °C snd pressure of 7 to 14 Mpa ftliswgKaw,
Autar K; 1997; 41)

2.4.4. Carbon- Carbon Composites

CCCs consist of carbon fiber reinforcements embedded in a carbonanatixs
Preliminary processing is very much like that for PMCs, but dhganic matrix
subsequently heated up to the point where it is converted to carbonn&arbon is a
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superior structural material for applications where reststda very high temperatures
and thermal shock is required. Carbon by itself brittle and flevgitve like ceramics.
Reinforcement of a carbon matrix allows the composite tagfadlually, and also gives
advantages such as ability to withstand high temperatures, teep cat high
temperatures, low density, good tensile and compressive strenghits,fatigue
resistance, high thermal conductivity and high coefficient ofidmctDrawbacks include
high cost, low shear strenght and susceptibility to oxidationsight temperatures.
(Kaw, Autar K; 1997; 43) No other material has higher specifiengtit proporties
(strengh to density ratio) at temperatures in excess of 13T¥@ation protection
systems, low cost manufacturing, and scale up of C/C strucueeseeded to effect
more widespread use and subsequent flow down to industrial applicdtiote 30

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

CCC material systems can be generally into two usageg@ads. Nonstructural
composites and structural composites. The maturity of these dategodifferent. The
nonstructural class of the materials is in production for comialeand military usage
and is relatively mature. The structural class of matemdigsh have very high pay off
applications, is not in production and will require considerable developmeatmain
reasons for the considerable difference in development of two £lek82C composites
are the significantly higher requirements involving temperaturejcgelife, and load-

carrying capability of structural applications.
2.4.5. Hybrid Composites

Reference to hybrid composites most frequently relates tokitnés of fiber-
reinforced materials, usually resin-based, in which two typedefdiare incorporated
into a style matrix.. HCM is defined as a composite matsgislem derived from the
integrating of dissimilar materials at least one of which Easic composite material. A
typical example of a hybrid composite material is a rei@rpolymer composite
combined with a conventional unreinforced homogenous metal. The hybrid atampos

material blends the desirable proporties of two or more typesatdrials into a single
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material system which displays the beneficial characteristitteecdeparate constituents.
As such, the definition is much more restrictive than the realityy 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 oaeldbetween the
manufacture of a composite material and its end use. the manefatthe material is
often actually part of the fabrication process for the structela@innt or even the
complete structure. (Jones, R.M; 1998; 18) The selection of a fatmicptocess
obviously depends on the constituent materials in the composite, with atrfex m
material being the key (i.e., The process for polymer matretahmatrix and ceramic

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

Table 2-2. Fabrication proces for polymer matrimposites (Gibson R.F;1994 ;21)

Type of fiber reinforcement

Process Continuous Chopped Woven Hybrid
Open mold
Hand lay-up X X
Spray-up X
Autoclave X X
Compression molding X X X X
Filament winding X
Pultrusion X X
Reinforced reaction injection X

molding (RRIM)
Thermoplastic molding
Resin transfer molding (RTM) X
Structural reaction injection X X X X
molding (SRIM)

X
X
X ¥
X
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2.5.1.Inital Form of Constituent Materials

The fibers and matrix material can be obtained commercialyvariety of forms,
both individually and as laminae. Fibers are available individuallg eowng which is
a continuous, bundled, but not twisted, group fiber. The fibers can be unatiedaii
interwoven. Fibers are often saturated or coated with resinowsiahauch as epoxy
which is subsequently used as a matrix material. The processfeised to as
preimprenation, and such forms of preimpregnated fibers are calgulegs. For
example, unidirectional fibers in an epoxy matrix are availebketape form (prepreg
tape) where the fibers run in the lenghtwise direction of the Epefibers are held in
position not only by the matrix but by a removable backing that @svents the tape
from sticking together in the roll. The tape is very similathte widely used glass-
reinforced, heavy-duty package-strapping tape. Similarly, pregicth or mats are
available in wich teh fibers are interwoven and then preimpregneatedthe resin.
Other variations on these principal forms of fibers and matist.ejdones, 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 thrsd
manufacturing system has been used for producing glass fiberpuligkster resin.
SMC is similar to prepreg tape in that the fibers and the @® “prepackaged” in a
form that is more easily used by fabricators. SMC consisssrefatively thick, chopped
fiber-reinforced resin sheet, whereas prepreg usually has continuous fibénityae.
(Gibson R.F; 1994; 24)

As illustrated in Figure 2-6, the glass fiber is typicallgdign chopped-fiber form
and added to a resin mixture that is carried on plastic céimerAfter partial cure, the
carrier films are removed; the sheet molding materialiisnto lengths and placed into
matched metal dies under heat and pressure. Catalysts andaddliteres such as

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

Continuous roving
i

/— Doctor blade
Resin paste

- Carrier film

O O ()"//— Compaction rolls
—_—

6@ CUeler) o o T
€\ A

Chopper

Chopped rovings ( {5/‘_
Doctor blade \ '

W

Resin paste 7y

Carrier film
SMC

Figure 2-6 Process for producing sheet molding ammgd (SMC) (Swanson S.R; 1997; 10)
2.5.1.2 Filament Winding

This manufacturing process method will be explained in Chapter IV.



35

2.5.1.3 Autoclave Molding

Autoclave molding (Figure 2-7) is the standard aerospace industry anchettod
of manufacturing is used with composites available as prepteaw, @Qutar K; 1997,
28). The autoclave is simply a heated pressure vessel into thiichold (with lay-up)
is placed and subjected to the required temperature and préssaceing. The mold
and lay-up are often covered with a release fabric, a bleldley and a vacuum bag. A
vacuum line is then attached to the mold for evacuation of volatile gases duraugehe
process. Without the vacuum bagging these gases would be trapped andaaseld c
void contents of greater than 5 percent in the cured laminate. Méitratuum bag void
contents on the order of 0.1 percent are attainable. Autoclavesit@veide range of
sizes from bench-top laboratory versions to the room-size units ahechsed to cure
large aircraft structures. The autoclave-style press cumatén used to cure small
samples for research. In this case a vacuum-bagged mold assemisiried between
the heated platens of a hydraulic press, and the press thentgetieeaemperature and
pressure required for curing. A vacuum press is a variation ondhgept involving
the use of a vacuum chamber surrounding the platen-mold assemblysealéddoor

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 blanku(eired laminate
consisting of thermoplastic prepreg tape layers) is passedgthran infrared oven
where it is heated to near the melting point of the thermoplastic. The heated blank
is then quickly placed in a matched metal die mold for final formiRgsin transfer
molding (RTM) and structural reaction injection molding (SRIM) aitracting
considerable attention because of their relatively fast producyidescand the near-
net-shape of resulting parts.RTM is being considered for a numbautofmotive
structural parts. (Swanson S.R; 16) In both the RTM process andRtive [Bocess a
"preform"” consisting of fibers and possibly a foam core is firetluced in the general
shape of the finished part. The preform is then placed in a citost&d mold and the
liquid resin is injected under pressure. The major difference batie two processes
is that with RTM the resin and hardener are premixed beforetiongeinto the mold,
whereas with SRIM the resin and hardener are mixed by impiaigieas they are

injected into the mold. Three dimensionally shaped parts with foaes aan be
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produced with both RTM and SRIM, but SRIM tends to be faster than RGMs¢n
R.F; 1994; 27)

Press

Infrared oven l
o oL LS [
(r‘“ RiSETE [ |
Conveyor belt Mold

Figure 2-8 Thermoplastic molding process (Gibsdr; R994; 29)

2.5.1.5. Pultrusion

Pultrusion is a process in which the fiber and matrix are pullezlghr a die.
Pultrusion is similar in overall function to extrusion in metals palymer materials,
except that the fibers are pulled rather than pushed. The pultrusiomtagparovides
the functions of assembling the fibers, impregnating the resipinghthe product, and
curing the resin. Glass-fiber and polyester or vinyl estsinres widely used in the
pultrusion process, as well as other material systems suchaasda(Kevlar and
Twaron) or carbon fibers with epoxy resin. Pultruded products includeasualithollow
shapes in standard sizes, as well as custom shapes for a ¥agpécific applications.
Pultrusion is the process of pulling a continuous fiber/resin mixtumugh a heated
die to form structural lements such as I-beams and chann@rsedtbibson R.F; 1994,
26)

Fishing rods and electrical insulator rods manufactured by pultrussopapular
examples. (Swanson S.R;1997; 17) This process is relatively fast bestricted to
structures whose shapes do not change along the lentgh. (Gibson R.F; 19Bde 26)
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.R7;199)

2.1.5.6.Tube Rolling

Tubular products such as fishing rods and golf club shafts are oféele by a
wrapping or rolling process, as an alternative to other presessch as filament
winding. Prepreg tape is typically used, and the tube may bereirapped with a
bidirectional cloth (with fibers in the axial and transverse tiwas) or spiral-wrapped.
Tapered tubes can be roll-wrapped, although the orientation ofbies fis then not

totally symmetric. (Swanson S.R; 1997; 17)
2.6. Current Applications

A number of current applications of composites are illustratechenfallowing.
These applications show quite a variety. (Swanson S.R; 1997; 18) Cersaittural
elements are now used in a variety of components for automotiwspaee, marine
and archirectural structures in addition to consumer products suskies, golf clubs
and tennis rackets. (Gibson R.F; 1994; 13) Currently, almost evarspaee company
is developing products made with fiber-reinforced composite matefidle usage of

composite materials has progressed through several stagestlsnd960s. (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 developmepéindtian
of carbon, aramid, and boron fibers. Carbon and aramid fibers haveisegim solid
rocket motor cases because of their high strength-to-weigh¢pies These cases are
manufactured by filament winding. One of the earliest apptinatfor carbon fiber was
in space structures because of its very special thermal-egpamsiperties. Carbon
fiber actually has a small but negative coefficient of thérexpansion in the fiber
direction. It is possible to align the fibers so as to achieweerg low distortion
associated with changes in temperature. Present-day spaterssusuch as illustrated
in Figure 2-10, may use high-modulus carbon fiber and special resiashteve

excellent dimensional stability.

Carbon fibers, and in some instances aramid fiber are being usatsiezly in
helicopters because of high ratios as well as strength-to-weity$. For example, the
USA Comanche helicopter under development uses carbon-fiber prepremsysth
toughened epoxies or BMI resins for 73% of the airframe, and carberiefpoxy for
the blade spars and glass fiber/epoxy for the blade skins. The \&@2\Otiltrotor
aircraft under production, illustrated in Figure 2.11, uses inteatediodulus, carbon-
fiber IM6/3501-6 for 41% of the primary structure and glass fiberAgpiox an
additional 8%. (Swanson S.R; 1997; 19)

Military aircraft designers were among the first tolimmathe tremendous potential of
composites with high specific strength and high specific siffrsince performance and
maneuverability of those vehicles depend so heavily on weight. Tli@rgnidircraft
industry has mainly led the use of polymer composites. (Kaw, Atat997; 29)
Composite construction also leads to smooth surfaces (no rivets or sharp traasitions
metallic construction) which reduce drag. Applications of advanced caepads
military aircraft have accelerated in early 1960s. Compositetatral elements such as

horizontal and vertical stabilizers, flaps, wing skins and variomsral surfaces have
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been used in fighter aircraft such as F-14, F-15, and F-16 with typaight savings of
about 20 percent. The AV-8B (Figure 1-14) has graphite/epoxy wingkioz, forward
fuselage, horizontal stabilizer, elevators, rudder and other costnddces, and
overwing fairing totaling about 26 percent of the aircraft'sctiral weight. One of the
most demanding applications thus war is the use of graphite/epoxy dtemposy
structures on the experimental forward-swept wing X-29 fighteéhodigh the concept
of a froward-swept wing for improved maneuverability is not newanventional
aluminium structures could not withstand the aerodynamic ford¢eg amn such a wing,
so the implementation of the cncept had to wait for the developofeatlvanced
composite materials. (Gibson R.F; 1994; 13)

Figure 2-10 Optical bench for space applicationgdenftom carbon-fiber/epoxy laminates designed with
a near zero coefficient of thermal expansion. (SwarS.R; 1997; 19)
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Figure 2-11 Composite structures on the AV-8B figldircraft. (Gibson R.F; 1994; 14)

The applications to commercial aircraft have been much slowesn® to market
because of the problems associated with both material and manuafactast. The
Airbus series of airplanes introduced a vertical stabilizer nfrade 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, andcasgasn-fiber
composites for most of the control surfaces, fairings, nacelle$ access doors. The
recently introduced Boeing 777 is also using carbon fiber for thedmbailzand vertical
rear stabilizers. The Boeing 777 horizontal stabilizer and tail hasfgan of 21m and
almost 10 m, respectively, and are made of carbon fiber and tougbporg The
Boeing 777, a 400 passenger aircraft will have about 10% compogitesight.
Although carbon-fiber composites have been used in the primary stroftomidtary
aircraft for some time, this recent use of carbon fiber in ceram aircraft represents a
significant advance. Reducing the problems of design, reliabmignufacturing, and

cost to commercial practice represents a milestone in thefusemposite materials.
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On a smaller scale, the introduction of the Beech Starship corgetateth an all-
carbon-fiber composite airframe represents another milestonéeinuge of fiber

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

Finally, the level of sophistication that has been attained inemurcomposite
construction is strikingly illustrated by the composite helicopttor blade in Figure 2-
12. The construction of such a component obviously requires a multi stegafiaior
procedure involving many materials and some of the fabricatioregges. Due to the
tremendous cost per unit weight to place an object in space, theeofalveight saved
grater for spacecraft than it is for aircraft. Thus, compesre extremely attractive for
space craft applications. The NASA Space Shuttle has a numloemgiosite parts,
including graphite/epoxy cargo bay doors and experimental graphitg/epla rocket
booster motor cases. For large space structures such a®plosqu space station the
key properties of the structural materials are high sti¢itesveight ratio, low thermal
expansion coefficient, and good vibration damping characteristics.

In all three of these areas composites offer significant adyestaver conventional
metallic materials. The proposed National Aerospace Plane wotlderdeasible
without heavy use of advanced high-temperature composites (somechf avie 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 mar@age of components
made from composite materials. Only then will the full advantafjesight savings be
realized because nearly all parts of plane interact with or supiher parts. Hence, the
effect of wright reduction in one part of a plane pyramids oveethiee plane. (Jones,
R.M; 1998; 38)
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Figure 2-12 Composite construction of a helicopt¢or blade. (Gibson R.F; 1994; 16)

2.6.1.1 Aircraft Brakes

Although carbon-carbon brakes cost 440%/Ib (970%/kg), which is severalrtiores
then their metallic counterpart, the high durability (two to fouesirthat of steel), high
specific heat (2.5 times that of steel), low braking distanceseaking times (3/4 of
beryllium), and large weight savings of up to 990Ib (450kg) on a comaheiccraft
are attractive. As mentioned earlier, 1lb (0.453kg) weight savamgs full service
commercial aircraft can translate to fuel savings of about (18&@ar.) (Kaw, Autar K;
1997; 44)

2.6.2 Automotive

Despite early predictions of widespread use of composites iutbmative industry
by this time, actual use of composites has been quite low. Sonmplesaare
components such as leaf springs, drive shafts, and chopped glass beeamolding
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compound used for body. (Swanson S.R; 1997; 24) Structural weight is ex{go v
important in automotive vehicles, and the use of composite automotive congonent
continues to grow. Glass fiber-reinforced polymers continue to dontimautomotive

composites scene, and advanced composites have still not made significalst inroa

Weight savings on specific components such as leaf springs (Fgu63 can
exceed 70 percent compared with steel (composite leaf sprawgsalso proved to be
more fatigue resistant than steel springs). And also, complesitesprings give a
smoother ride than steel leaf springs and give more rapid resjposisesses caused by
road shock. Moreover; composite leaf springs offer less chanagasitophic failure
and excellent corrosion resistance. By weight, about 8% of todaysnabtle parts,
including bumpers, body panels and doors are made of composites. (Kaw,KAuta
1997; 35)

Experimental composite engine blocks have been fabricated frgrhitgraeinforced
thermoplastics, but the ultimate goal is a ceramic composgmesnwvhich would not
require water-cooling. Chopped glass fiber-reinforced polymers haea kbsed
extensively in body panels, where stiffness and appearanciheangrincipal design
criteria. Composite primary structures such as the Ford Tallrub” are only
experimental at this point, but they offer weight reduction, fepaets, and smaller
assembly and manufacturing costs. (Gibson R.F; 1994, 18)

Cost appears to be the principal barrier. There are indicatiorslebslated
requirements for fuel economy may lead to further considerationoofpasites.
Protypes of frame cross-members have been built, and manufadtecimgques are
currently being studied with the goal of decreasing manufacturing. &stanson S.R;
1997; 25)

The corresponding level of demand forces production rates that can met béth
current manufacturing techniques. For example, tape-layering machiage
production rates sufficient to manufacture all the needed aifpeafa year. However,

those same tape-layering machines are woefully inadequatentdanture parts at the
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arets necessary to sustain automobile production that has a catesper day which
far exceeds the number of aircraft made in a decade. Fudtesriautoclave curing
each such part would be a further bottleneck in the manufagtprimblem because
each part would take several h urs to cure. Thus, new manufactachgiques are
essential before widespread use of composite parts in the autonmnolisary occurs.
(Jones, R.M; 1998; 51) The use of resin transfer molding (RTM) with-tuire-rate
polyurethane resin, with stiched cloth or braided glass-fibeopnsf, looks promising

at present.

Glass fiber has been emphasized in the production and protype app$datidate
in the automotive industry. However, it is still an open question ashtther the
weight savings with glass fiber will be adequate to justiy thange from steel, or
whether eventually carbon-fiber composites will be used becauskeoincreased

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

Figure 2-13 Carbon and glass-fiber truck leaf g@i(Swanson S.R; 1997; 25)
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Figure 2-14 Filament wound composite drive sH&tvanson S.R; 1997; 26)
2.6.3 Other Commercial Applications

Some composite materials found their way into commercial applsatvery
quickly if costs could be controlled or were not an issue. Many other fibergtahscps
became popular; boats, cars to a limitet extent, tennis racketssksees surf boards.
(Jones, R.M; 1998; 52) Composites have become popular in a number of applioations
sporting goods. One of the early popular applications of carbon-fibgnasites was
for the shafts of golf clubs. The light weight and stiffnesdktha higher percentage
of the weight to be concentrated in the head, giving better perform@ntfeshafts are
fabricated by roll wrapping with car-bon/epoxy prepreg or bgnfgnt winding.
Standard-modulus carbon fiber is used, and that more expensive shafisenaigh-
modulus carbon fiber. Glass fiber is universally used ii» poles umedole vaults,
taking advantage of the high strain torailure of that materiatdre energy. A similar
application of glass fiber is in archery bows, and carbon fibeses for the very high-
performance arrow shafts. In another application involving sporting goods,
polyethylene and aramid fibers are used in protective heli@atbon fiber is widely

used in various types of tennis rackets. Here the stiffnessivaratio and vibration
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absorption are key characteristics, properties that are utilizédhing rods as well.
(Swanson S.R; 1997; 22) For example, fiber glass fishing rods wedeqad 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 loweramdels and carbon
fiber in higher-performance models. Although significantly lighitean glass fiber, the
carbon-fiber masts typically require more care in use to ptexecidental damage.
Carbon fiber is now universally used in Formula | race-car frafoeseasons of crash
protection that take advantage of the high strength-to-weight téfrtess-to-weight

ratios of carbon fiber.

Glass fiber dominates the recreational boat industry becausgroion resistance
and cost. Higher-performance kayaks and canoes are availabtamid fiber. Very
high-performance (and expensive) racing power and sailboat hul®aréeing made

with carbon fiber, including the boats for the America's Cup.

Bicycle frames are becoming available from many manufastimevcarbon finber.
The more conventional method of using carbon fibers in bicycle frédmagedeen to
retain the conventional tube and lug construction, with carbon-fiber/efuipgs in
conjuction with secondary bonding to metal lugs, and in some casespmsite lugs.
The tubes may be roll-wrapped, hand layup with preperg materialbramted.
(Swanson S.R; 1997, 22)

2.6.4 Concluding Remarks about Applications of Composites

The composites industry, and particularly the advanced compositesryndgs
currently in a state of flux. Growth rates for carbon-fibex 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 ehd Gfold
War have led to reductions in matéri@quirements 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 griadadbon fiber at
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significantly reduced prices, in the range of $9 to $15 per pound ($20 {we$%8) for
carbon fiber with properties similar to that of AS4, which has beeelyused in
aerospace applications. Carbon fiber with larger tow sizesnsntlyr available at prices
of from $9 to $ 12 per pourtl?0 to $26 per kg) with projections that these prices will
be cut in half in thenext few years. These lowered prices are making other tsarke
feasible that do not require the certification procedures and thet@fgver prices of the
aerospace grades. It is possible that a greatly expanded rdibeorcomposites in
infrastructure may open up, as well as an increased role iautioenotive industry.
However, in addition to the performance and cost issues, the natural resistdrargge c
because of the uncertainties involved will have to be overcome i &oddiber

composite materials to achieve widespread use in these industries.

There are signs that the industry will continue to grow, althdhghrate at which
growth occurs depends on complex interactions between cost andr@eréer gains.
The technical need for design and analysis of composite streicemains in place, as
increased use of composites will require taking full advantageeahtterial properties

and manufacturing techniques available. (Swanson S.R; 1997; 26)



CHAPTER THREE
MACROMECHANICAL BEHAVIOUR OF

A COMPOSITE MATERIAL

3.1 Experimental Determination of Mechanical Properties

The experimentadetermination of the mechanical properties of unidirectional under
static loading conditions has always been a key issue in the research on itempos
materials. With the rise of huge variety of composites, the faedn effcient and
reliable way of measuring these properties has become more amiporhe centia
issue here is that principal stresses and strains arertestlavalues irrespective of
direction or orientation; however, direction of stress or strain hasgdbiition,
absolutely no significance for isotropic materials. Becausertbitropic, the axes of
principal stress do not coincide with the axes of principal strdia.findamental way
in which fiber composites, and in particular continuous-fiber composli#sr from
conventional engineering materials. This directionally affelsés way in which the
materials are used and the way in which the directions of the dodiviplies are
selected (Swanson S.R; 1997; 29). Moreover, because the strengireiisin one
direction than another, the highest stress might not be the stre=sgigg the design. A
rational comparison of the actual stress field with the allosvatsess field is therefore
required, irrespective of any principal values. The experiméntsnducted properly,
generally reveal both strengths and stiffness charactertithe material (Jones, R.M;
1998; 88).

In this section, the stress and strain relationships for an individigalr lamina are
examined. These relationships form the basic building block on veticddubsequent
analysis and design procedures are based. It is assumeddtetieet material under

consideration is orthotropic, that is, it has directional stiffnespeuties, but that

49
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certain symmetries hold. In particular, an orthotropic materislpgh@nes of symmetry
and principal material axes such that loading along these prireoipal in tension or
compression does not induce shear stresses and strains, and théi@pplatashear

stresses does not produce normal strains. The individual layeofposite, whether
it is a layer in a laminate or a layer in a filament-wogtrdcture, closely follow this

assumption, with the principal material axes aligned with aveass to the fibers.
When a composite is considered to be an orthotropic material, theiduradiv
constituents of fiber and matrix are no longer explicitly consatjdvat only average or
smeared properties in the different directions are employethuBe many composite
structures are thin in the through the thickness direction, the theegloded here is

essentially a two dimensional stress theory.

The major focus of this section is to develop the relationshipsebeatwtress and
strain for a thin lamina (layer) of aligned fibers in a nxatiihese relationships are
applicable to all continuous-fiber composites and to aligned slhent-tomposites.
Those short-fiber composites that have more random fiber orientadimhsother
materials such as continuous fibers in what is called a randammayabe considerably
less directional in stiffness; in many cases, they can léyzmd 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 coordiagstéem used to
establish notation. Here directions 1 and 2 refer to the fiber idineghd transverse to
the fibers in the plane of the ply, and direction 3 refers to the thretlge-thickness
direction. The modulus of the ply in the direction of the fibers ikedak;, and the
modulus of the ply is the transverse directionjs Ehe transverse to a uniaxial stress in

the fiber direction is a strain given by
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S1
el —_—

F11 (Equation 3-1)
The response to a uniaxial stress in (transverse) direction 2 is a straifgive

S2
ez__

F22 (Equation 3-2)

Note that the numbers 1 and 2 indicate directions and have nothing tathdo w
principal stresses. Similarly, an im-plane shear modulysc& be defined so that the

response to a shear stress is a shear strain given by

912 =
12 (Equation 3-3)

The poisson ratios also can be defined in a similar manner. hgaia considers a
uniaxial stress in (fiber) directionl, a strain in (transverse) directwil B2sult because
of the poisson effect. The appropriate Poisson ratio can be defined as

€2=°M2°1  (For uniaxial stress in direction 1) (Equation 3-4)

Conversely, if a uniaxial stress is applied in (transversettdire 2, the strain in

(fiber) direction 1 can be defined in terms of the appropriate poisson ratio as

®17""21°2  (For uniaxial stress in direction 2) (Equation 3-5)
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Figure 3-1- Unidirectional plies with a local 1,bbdr coordinate system and a global x,y coordinate

system.

The notation for the poisson ratio is usually defined as given, althsmrgh authors
reverse the order of the subscripts. The stress and strain ihrthgli-the-thickness

direction can be defined in a similar manner as

S3
932 E_

33 (For a uniaxial stress in direction 3) (Equation 3-6)
€17 "M31°3 gng®2~ ""32®3 (Equation 3-7)

Finally, these straight forward notions can be combined by ugirgidea of
superposition. That is, consider that the strain in direction ltsdsoth from a stress
through the poisson effect from stresseand 3 Thus, consider that stressesand »
and sare applied. A strain in direction 1 results from each of thesss&ts, and is the
sum of the strains that would result from these stresses apppadately. The strains in
direction 1 for each load acting separately are given by
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1 loading:
e °1
1= ..
E11
2 loading
_ _ 282
€1="N21%2= "¢
22
3 loading
_ _"N3183
€1="N3183=—¢
33

Combining these loadings and adding the strains in direction 1 by superposition gives

S1 S2 S3
C1= g "M g “Mert g _
11 22 33 (Equation 3-8)
And similarly
Sl S S
€= -NqgoX — + —— - NgX —
2=-M1 32
Bi B Fas (Equation 3-9)

And so forth. It is convenient to arrange these in a matrix, usigngdard matrix

notation and procedures gives
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-Nn -Nn
1 21 31 0 0
Ei11  Epo  Ez3
-Nn -Nn
e; 12 1 2 0 0 s
E17 Bz Ezz
€ [
2 2
-N13 -Np3 1 0 0 0
S S
3 3
- FE11 By Egg x
923 1 t23
0 0 0 — 0 0
931 Go3 t31
1
912 0 0 0 0 —— o t12
31
0 0 0 0 0o =
G1o
(Equation 3-10)
or
{ =[S]{ } (Equation 3-11)

The S matrix is often referred to as the compliance matrixtfe lamina, or the
strain-stress form of material properties with the stramshe dependent variables. It
can be shown that the matrices describing the stress-stratiomships of an elastic

material must be symmetric, so that relationships such as

B1no1= Bopngo

or (Equation 3-12)
Bi1 B2

Hold for the off-diagonal terms, so that only nine material proggedre required to
fully characterize the linear behavior of a lamina in 3-[@sstrand strain states. The

zeros in the compliance matrix reflect the fact that wedaseribing the stress-strain
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behavior of an orthotropic material (rather than a generally anisotropécialpand that

the description is made with respect to the principal material axes.

3.20rthotropic Properties in Plane Stress

Because many engineering structures made of laminateBimra the through-the-
thickness direction, the two-dimensional subset of the precedingjieefidy used. This

can be obtained by setting= 13= 23=0 ( a plane stress assumption) to get

1 "
B By O
-Nn
e2 = = 12 Ei 0 X 32
11 B22
912 . t12
0 0o —
G12 plane stress (Equation 3-13)

The matrix of Equation 4-13 can be inverted to give the stress-stiffiress matrix

as

S1 Q1 Q2 O 21

S2 = Q1 Q2 0 x&

t12 0 0 Q6 912 plane stress (Equation 3-14)

or
{ =[Ql{ } (Equation 3-15)

Where the individual terms of the matrix are given by
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nopE
Eiq Or e 21811
_ i 12=
Q11 5 D
1782 Q _ 2
Q1= 22 75
D
_ D=1- n12>ﬂzj
Q66 C12 (Equation 3-16)
so that
B1 nopEy1 0
1-ngpnp1 1- N0y
Q= nipEy Exo 0
1-ngpnp1 1- N0y
0 0 G12 (Equation 3-17)

Note that it is conventional to identify thedderm from its location in the full 6-by-6
matrix before the plane-stress assumption was made. Althoughaftyezars to be five
independent constants needed to describe the stress-strain respbeskamina, again
the S and Q matrices must be symmetric. As a consequence, ateeronly four

independent properties to be considered, and the reciprocity relation is used.

Eipno1=B2N12 ) (Equation 3-18)

Bi1 Ex

3.3 Experimental Procedures for Lamina Characterization

The stiffness proporties needed for a plane-stress analgsihemodulus in the
fiber direction g3, the modulus transverse to the fiber directiop(in the plane of the



57

lamina), the in plane shear modulug,Gnd one of the plane Poisson ratigsor ;.
These proporties are routinely characterized by laboraty exgetsmThe experiments
commonly utilized are described in what follws along with somesegpiive proporties.

It may also be noted that many of these tests are used for failure ppertiell.
3.3.1H; and 12

The modulus in the direction of the fiberg;Eand the Poisson ratio, can be
characterized by menas of tension tests on unidirectional coupomr@sahastrumented
with electric resistance strain gages. The tsate of sgessaxial in the fiber direction;
the modulus is just the ratio of stress to strain in that @recthe Poisson’s ratio is
just 1,=- o/ 1. It may be noted that some nonlineraity may be observed in these tests.
Fpr examples, carbon-fiber lamina often stiffen somewhat iricienso that precise
measurements of the modulus depend on the procedure used for datamedufttial
secant value for modulus may be 15% higher than a value measured at lo\egélai
It also should be noted that the measurement of stress in theedatdion procedure is
based on the total cross sectional area of the combined fiber amx, @nad the fibers
are contributing to essentially all of the stiffness, for polymenatrix composites.
Thus, for a given combination of fiber and matrix, the modulus obtaineddepa the
relative fraction of the cross-section taken up by the fibers;hwisi also equal to the
volume fraction of the fibers. The fiber volume fraction can vary esanat with
manufacturing procedure, so that adjustments for the actual fibengdraction may

have to be made.
3.3.2. &>

Tensile coupons are also used for measuripg But with the fibers oriented
perpendicular to the direction of the applied load.Care must be takbnthese
specimens, as they are quite fragile in the transverse direcéflecting the extreme
difference in strenght between fiber and matrix. Although théoretically possible to
obtain the Poisson ratiq, from strain gages on this specimen, as a consistency check

on the value obtained from the test described before, it is diffucdbtain accurate
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values in this manner because of the low valuepfwhich is on the order of 0.025 for
polymer matrix composites. It is common practise to obtairfirom the test for kg,

and rely on the reciprocity relationshig = 1, Ex / Exs.
3.3.3. G

The in plane shear modulus can be obtaind in a number of ways. One nsetbod i
use angle ply coupons, made up of alternating layers of pliesaige to the axis of
the specimen. It will be simply stated that the stress aathstsponce in the axial
direction of £45° laminate can be interpreted to give &coding to the following

expression:

% B B H (Equation 3-19)



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 pegpesti the
composite material used in torsion test and manufacturing protessmposite bar.
First, manufacturing process of composite bar will be explainddlizn the theorical
macromechanical bahaviour of the composite material was exgplainthe previous
chapter. After that using these therocial fundamentals, the inuestigand testing of

the composite material will be presented along with gathered experirdatata
4.2 Manufacturing Process of the Composite Bar

There are lots of manufacturing process techniques availablecdimposite
materails. Some more popular manufacturing process techniquesexmegned in
Chapter II. In this part, only filament winding manufacturing proce8wiexplained,

which is the most common manufacturing process used for composite bars.

The selection of a fabrication process obviously depends on the congtiatentls
in the composite, with the matrix material being the key. Tbomposite bar was

manufactured by filament winding process.

As illustrated in Figure 4-1 the process consists of winding continfitoerstow
around a mandrel to form the structure. E-Glass fiber and epakyxmaterial were
used in the manufacturing of the composite material. Typically,nmbadrel itself

rotates while the fiber placement is controlled to move longituginah
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synchronization. The matrix may be added to the fiber by runninfipéretow through
a matrix bath at the time of placement, in a proceldsccevet 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 wetefilawinding
manufacturing process by IZOREEL Company. Carbon, glass, cramd etc.
materials are wound on the mandrel, after epoxy, polyster, etec.ba@i. After placing
the mandrel to winding machine, the caddy moves back and forth watingad speeds
in order to wind fibers at the requested orientations. The filamignling precision is
provided by computer control system at the CNC winding machines: witeling
operation, furnacing operation is starts. The oven heat is 150 CAeantanhdrel holds
approximately 3 hours inside the owen. The mandrel must be ratatdd the oven in
order to prevent unwanted accumulation of resin. And after thesatiopsr the
mandrel is taken out of the oven. A filament angle of the comptestebar is 45°.
Required wall thickness is provided by repeating the winding operation until theddes
wall thickness is achieved. After these operations, the mandia#tes out of with the

press.



Figure 4.1 Wet filament Winding Process (Swansdy $997; 10)

61



Figure 4-2 Filament winding Process- Picture |

Figure 4.3 Filament winding process- Picture Il
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Figure 4.4 Filament winding process- Picture 11l
In part fabrication by this method it is important to satisfy two basic rexeints:

1. Orientation of reinforcing filament in the direction of the basadt on

components.

2. Filament balance on the mandrel surface (i.e. absencéioigsbf filaments),

maintaining the form tension of the wind through interaction with the surface.

These requirements can conflict with each other, since the contilnazlidirection
can differ from the filament orientation, and continuous filaments canhahge
direction abruptly, which would lead to unbalance (Braukhin A.G & Bogolyuh8y;,
1995; 77).

The advantages are that it is a highly automated process, vpitally low
manufacturing costs, fiber orientation is controlled by the tenssvspeed of the fiber
winding head, and the rotational speed of the mandrel and this pracésst iby
controlling the winding tension on the fibers, they can be packed togethetightly
to produce high fiber volume fractions (Gibson R.F; 1994; 25). Obviously, it lends itself
most readily to convex axisymmetric articles, but a numbepe¢€ialized techniques

are being considered for more complicated shapes (Depending desihed properties
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of the product, winding patterns such as hoop, helical and polar candleps (Kaw
A.K; 1197; 28). Filament winding is typically a low-cost method beeafgshe use of
fibers and resins in their lowest-cost form, and because of trent@dtfor high
production rates. Mandrels must be constructed so that they cambeed from the
finished article. The winding tension is typically sufficieatadonsolidate the part, and
shrink tape can be wrapped over the outside to give additional consoligeggsure
during cure. Thus, additional pressure during cure is usually not usethgSn S.R;
1997; 10).

Filament winding is widely used to produce such structures as rouket cases,
pressure vessels, power transmission shafts, piping, and tubingnétnagivariations
on the filament winding process have produced a variety of structuas as leaf
springs for automotive vehicles. A composite leaf spring may be&bd by winding
on an ellipsoidal mandrel, then cutting the cured shell into the eshyreces.
Experimental programs are underway to produce large, complexustsicguch as
aircraft fuselages and automobile body structures by filamending. Filament
winding machines for such structures will require liberal Useomputer 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 matsedl in the test
pieces, three different tensile tests are made by usitgndasd tensile test machine.
These tensile test specimens are cut from a single gfla@mposite in § 9¢, and 458
angles. These tensile test specimens will henceforth be nasn€8l1, TSIl, and TSIII

respectively.

It is necessary to determine of basic proporties of the ecithnal lamina for use as
basic input data for the test samples. Due to huge variety of ciiegy@sfiencient 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 asaBpair of strain gages are
placed on TSI, one of which parallel to the fiber direction, and the other perpentbcula

the fiber direction.

Experimental data gathered from the tensile test for T8bmsposed of load values
and corresponding strain amounts from strain gages. Using Eq.4-20, the sioesgin

the material for each load point is calculated.
The stiffness characteristics of the material are;
E:, E2 : Longitundal and transverse Young Modulus
12 . Poisson’s ratio

G12 : Shear Modulus



Figure 4.5 Test specimen fixed at tensile test nm&ch

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 betateess and strain

yields;

E=— (Equation 4-3)

Poisson’s ratio for a given material can be expressed as;

" \hich can be rearranged as; = - De,

thy = e De

(Equation 4-4)

Substituting the experimental data into the expressions given abdole,4Fa can be

constructed for TS1.



Figure 4.6 Strain gages connected to specimensdtfe tensile test.
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Table 4-1 — Experimental data and calculationsrter

69

P 1 1 1 1 Ex 2 2 12
0 0 1712 1509

150 1.603 1.603 174p 3 47134.238 1496 -12 0,353

600 6.410 4.808 1848 10 47134.238 1460 -36 0353

910 9.722 3.312 191p 6 48705.380 1440 -20 0,294
1220 13.034 3.312 1990 1 44756.295 1415 -25 0{338
1850 19.765 6.731 2130 14 48076.923 1872 -43 0.307
2380 25.427 5.662 2242 11 50557.082 1835 -37 0.330
2700 28.846 3.419 2312 1 48840.049 1310 -25 0{357
2910 31.090 2.244 2364 5 43145.957 1298 -12 0{231
3570 38.141 7.051 2510 14 48296.452 1248 -50 0.342
4100 43.803 5.662 2628 11 47986.383 1210 -38 0.322

AVG: 47463.300 AVG; 0.323
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Figure 4.7 Average value for, Ealculated using data points

By using one strain gage for each of the specimens TSIl and, T&ld and
corresponding strain value data are gathered and using the exsegisien above £
and E are calculated. Tables 4-2 and 4-3, show the experimental datalf@n@d Sl

along with the calculations.



Table 4-2 — Experimental data and calculationsTfen

D

)

)

D

P 2 2 2 2 Ez
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 14581.89(
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 10769.92(
3170 33.868 6.090 3688 520 11711.04%
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 calculationsTrten|

P x X x X Ex
0 0 1294
250 1.410 1.410 1492 198 7121.417
430 2.425 1.015 1634 142 7149.496
650 3.666 1.241 180 171 7256.344
870 4.907 1.241 1956 151 8217.449
1030 5.809 0.902 2100 144 6266.847
1250 7.050 1.241 2298 198 6266.842
1425 8.037 0.987 2420 122 8090.39(
1600 9.024 0.987 2570 150 6580.184
1850 10.434 1.410 2782 212 6651.13¢
AVG: 7066.676
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The following expression is given to calculate the shear modulekasticity of the

composite:
_ 1
Gz (4_ 1 1+%)
E, EE E, E (Equation 4-5)
Substituting;
Ex = 7066 MPa

E1=47463 MPa
E,=11278 MPa and,
12 = 0.323

into Eq. 2-24, Gis calculated as 2128 MPa.

Table 4-4 Mechanical properties of the Epoxy- ESSleomposite materials

E« (Mpa) E (Mpa) E; (Mpa) 12 G2 (Mpa) (g/cr)

7066 47463 11278 2128 2128 1,8




CHAPTER FIVE

EXPERIMENTAL STUDY

5.1. Introduction

This chapter involves the experimental setup used for the torsipral@sg with a
general overwiev of the test specimen used in the test. Tipechmainly consists of
three parts, in the first part the test machine on which thestgserformed, will be
explained in detail. Second part explains the considerations abalgsigm of the test
specimen and introduces the connection method used during the test. tectatizal
drawings are presented in order to show the dimensions of theé¢esinens and the

connection flanges.
5.2. Torsional Test Setup

The experiment is carried out on a torsional test machine, wiohilt specifically
to investigate the static and dynamic characteristics ofah#an shafts produced by a
shaft manufacturer. Figure 5-1 shows a schematic represantation of thad¢hste.
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Figure 5-1-Schematic representation of the teshimac
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 Tihexicylinder driven by
a hydraulic pump applies a linear force to a rotating arm wkiclonmnected to the right
flange through a flange. This linear force is converted into theeabfdrque by the

arm-shaft mechanism.
5.2.2.Hydraulic Pump and Oil Tanks

As indicated above, the torque is provided via a hydraulic cylinderhyteaulic
pump drives the cylinder. The operating power level as well asotorgives on the
pump provides a control over the applied oil pressure, which in turn cotiiebamount
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of torque applied on the test piece. Oil tanks store the oil used lrydinaulic circuit, as
well as providing some means to cool down the circulating oil teatyoer. This system
is capable of providing a maximum torque of 35000Nm, and the pressurel system

allows a firm control over the oil pressure inside the cylinderchvin turn provides the

torque to be applied in 200Nm intervals.
5.2.3.Movable Slab and Fixed Slab

These two pieces provides the means to connect the test pidwe neathine. On
each tower, a grooved flange is placed. The flange on the movablie §bkedd, while
the one on the other one is rotated by means of a shaft, which exregubwy the
hydraulic cylinder. The grooves on the flanges provide a better connection andedcrea
tightening between the mechanical components. Movable slab can moweehdivwo
3100mm distance, and by this means, any shaft with a length fedtmghis category

can be tested on the machine.
5.2.4.Belt & Sensor Arrangement

An angular displacement sensor is used to measure the displa@nt@mtrotating
end of the shaft. The sensor has a rotating disk placed on itiartisk is connected to
the rotating flange by a belt. The angular deflection atraketing 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 outcorntteesd

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 istexvle able
to gather enough data for a good sampling; the test piece shoulcelie alithstand 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 cardars,shatquires a flanged
connection to fix the test piece. This requirement brought some optitins) Wwear
advantages, disadvantages and impossibilities with the given conditiess, dptions

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 conneetween the

composite and metal is obtained.

Advantages&DisadvantageShe obvious advantage of this connection type is, it
provides a very strong connection between the metal and the compasitarequires a
sophisticated manufacturing process as well as specialized emuipm composite

manufacturing.

DiscussionWith this type of connection, it can be possible to achieve a highram
of torque close to that of the permitted amount by the shear trehthe composite.
Due to the restrictions on composite manufacturer’s side, thésdf/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. T

specimen is pressed between two jaws, and torque is applied.



78

Advantages&Disadvantageshe method is easy to use and apply, however it is only

viable to use with lower torque levels, because of the increasirigce wear and

sliding on the connection with the increasing torque.

Discussion:This type of connection is out of consideration, given the torqueslevel

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 seveles ang used to secure

the connection between the flange and the specimen.

Advantages&Disadvantage3his method provides a relatively secure connection

between the composite and the flange, and is easy to apply iygdnitles on the face
of the composite. However, the connection is unable to provide an auoeept
connection to the torque levels limited by the shear strengtheo€omposite, and it
requires a larger cross sectional area to drill the hole$ysaithout 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 edatsghand it's
easy to manufacture and apply aspect makes this type the meptadde connection
type for a single use test.

5.3.3. Manufacturer’s Options

The composite manufacturer is able to provide shafts with a fixedm2ner
diameter and optional outer diameter. Metal embedded composite poodigctiot an
available option, and e-glass composites are available.

shape of the specimen and connection method is shaped. A cylindirifial vatia
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bolted flange connections at each end is used in the experiment. 5gukows the
test specimen connected to the test machine.

Figure 5-2- Torsional test machine with specimemezted
5.4 Schematics and Technical Drawings of the Test Pieces

Photographs, schematics and technical drawings of the test pieces wikbatpd at
the following part.



5.4.1.Photographs and Schematics
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Figure 5-3 — Test piece |

Figure 5-4 — Test Piece exploded assembly




5.5 Technical Drawings
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CHAPTER SIX

NUMERICAL STUDY

The overall objective of this chapter is to analyze a compositéobaransmission
applications. A one-piece bar was designed optimally using E-Glass/Epoppsites.

6.1 Introduction

Many methods are available at present for the design optimizati@tructural
systems and these methods based on mathematical programmingueshiniolving
gradient search and direct search.These methods assume thasigmevdeables are
continuous. But in practical structural engineering optimizatitmpst all the design
variables are discrete. This is due to the availabilityoofifmonents in standart sizes and
constraints due to construction and manufacturing practicses. Tieeagailable some
studies about analysis of composite bars, some of them are as follows;

The potential for composites in structural automotive applicatiar & structural
point of view was explained by Beradmore, (1986). The polymer mairmposites 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 suytadilicomposite
material such as E-Glass/Epoxy for the purpose of automotive transmissiaa i
A one-piece composite bar is optimally analyzed using ANSYS &ddtwor E-
Glass/Epoxy composites with the objcetive of minimization of weafitthe shaft which
Is subjceted to the constraints such as torque transmission, totsumkéihg strenght

capabilities.

86



87

6.2. Analysis Procedure

The commercial FEA software ANASYS 5.4 was used to model thee esft the
composite bar. The ANSYS ‘Pipe Elast Straight’ with capabdivf handling the most
general anisotropic material was used to model the compositd@Hmabar is fixed at
one end in all degree of freedoms and is usbjceted to torsion athdreend. After

performing a static anlysis of the bar, the displacemnets are saved.

The material properties were given to the ANSYS modeler iriditme of a general
anisotropic stiffness/compliance matrix. In the present analystgrial properties of
Epoxy-E-glass composite, which exhibits very strong torsionaltaesis, were used.
The material constants for Epoxy-E-glass are;

E1 = 47463 Mpa

E,=11278 Mpa

Ex =7066 Mpa
12=0.323

Gi2 = 2128 Mpa



Table 6.1 Optimal design value of composite shaits E-Glass/Epoxy
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t(mm)
L(mm n(plies - Optim
do(mm L( h)t tk(mm) (i t I) thi P
eng ota um
oute ply cknes _
) of the ) number f Stacking
diamete thickness _ SO
bar of plies the sequence
bar
Test Piece
75 200 15 17 25 [+45]
(E-Glass/Epoxy)
Test Piece |
75 150 15 17 25 [£45]
(E-Glass/Epoxy)
Test Piece llI
70 200 15 15 22,5 [+45]
(E-Glass/Epoxy)

The composite bar was modeled using twenty-noded staight pipe éléher-EA
mesh had a total 21 nodes. The outside diameter, wall thickness and dértpbt

composite bar was indicated for each specimen. After indicatisg theta, the straight

lines were created. According to test specimen’s length, afetliktraight lines were

created. And then, these simulated straight lines were meghecdhumbers of element

divisions were determinated as 20. The reason of determining numbaerént

divisions is to be able to adapte the results to the chart.

At the moment of the composite bar is fixed in order to simuksdktest procedure

and then moment was applied to at the other end of the composite banlofEhalso

show no lateral displacement for the specimen.



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 Typel.
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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 Setl.

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, setl is defined.
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And then, material properties are defined.
- Orthotropic

Specify material number is indicated as metarial 1.

94
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Properties sfor material number 1 are indicated at the chart.follogving 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 tlegpdints are created in

order to simulate composite bar.

After creating the keypoints, straight line was createddoylining of the keypoints.

Finally, straight line was created.
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And then all lines were defined and asigned attributes to alttedldines. The
following data are indicated at the line attributes chart.

- Material number
- Real constant set number
- Element Type number

- Element Coordinate System



And then meshing operartion starts

Meshing/Size Controls/ Global Element Size

98
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Element edge length is indicated as zero, because only eleudgatlength and
number of element divisions are indicated as 20 in order to adapte sodts te 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 definedtasghtsline,

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 rth@ment 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 —agordi
to the figure above- is constrained in 6 DOFs and moment is applibe toghthand

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 coordinatesdon node in order to

see angular displacement observed in the analysis.

The results obtained from Finite Element analysis show good agn¢ewith
experimental results the ply sequence has an important effatie torsional buckling
of the shatft.

Comparision between finite element and experimental resultshaxen 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 thatléneemts manual

is selected as follows.
Help / Table of Contents/ Elements Manual

Pipel6 Elastic Straight Pipe Menu is selected in Elementsrdédee Table of
Contents.

ST ( Shear Stress) is selected from PIPE16 Element Output Definitions Table

SMISC,14 definition is selected PIPE16 Item and Sequence Numberghd
ETABLE and ESOL Commands Table, according to ST description.

By sequence sum and SMISC,14 are selected at the define addtemehnt 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 specimiinbe showed at the

graphs in Chapter VII.



CHAPTER SEVEN

RESULTS AND DISCUSSION

7.1.Introduction

The results obtained from both experimental and numerical anaysgsesented in
this chapter. First, the data gathered from experimental stilde presented, both
with direct output from the test setup and computerized tables. The failure methanis
well as acceptable data sampling will be discussed and expliairnbis first part of the
chapter. Second part involves the results obtained from numericakianedyried out
by using sophisticated software. The thesis focuses on the torsh@masteristics of the
composite bar, which in turn involves the torsional deflection observegraditted,
but other data such as stresses induced in the composite will Entpdesas a
compilation. Finally by superimposing the results obtained from swrpatal 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 wyingvaross-
sectional area and length are chosen for the test. The dearbehind the selection of
different test pieces was to investigate the changes in thexii@h of the material as

the main parameters affecting angular deflection are changed.

As discussed in Chapter V - Connection Considerations, the bolted-flangection
used in the experiment proven to be inadequate for higher torsion. levell three
specimens, a similar failure pattern is observed in the conneth@will be discussed
after the presentation of the experimental results, howeverciucial to indicate this

failure pattern beforehand, in order to explain the extraordinary results observed.

11C
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The results presented at the following sections are clakg$dieeach specimen, a
direct output taken from the test machine, and a computerizgdh gnaolving the
acceptable test region will be given. The direct output taken fhamtest machine is
obtained as the experiment is carried out, the results arechanta CRT display as a
moving curve, changing with the increasing torque and deflectioariagcin the

specimen.
7.2.1. Test Specimen |

Test piece | has a length of 200mm with an outer diameter om7%md an inner

diameter of 25mm.

Figure 7.1 Experimental results (Direct output)esflPiece |
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Experimental Data - Specimen |
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Figure 7.2 Experimental rresults (Computerized Jdat@est Specimen |
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7.2.2. Test Specimen Il

Test piece Il has a length of 150mm with an outer diameter ofm/%nd an inner

diameter of 25mm.

Figure 7-3 — Experimental results (Direct outpuf)est Specimen Il
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Experimental Data - Specimen Il

—o— Experimental

Torque (Nm)

0 3

6 9
Deflection (Degrees)

Figure 7-4 — Experimental results (Computerizeé)datTest Specimen I
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7.2.3.Test Specimen Il

Test piece Il has a length of 200mm with an outer diamet@&0wifm, and an inner

diameter of 25mm.

Figure 7-5 — Experimental results (Direct outpuf)est Specimen Ill



116

Experimental Data - Specimen Ill
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Figure 7-6 — Experimental results (ComputerizeddatTest Specimen I

The failure pattern was same for every specimen; the torquedyplithe machine
is first transferred to the flanges, then to the specimen thréleg bolts. With the
increasing torque, the force exerted on the walls of the hoilksddon the specimen
increases, after a certain point, both due to the small clearance presesibeslts and
hole walls and increased bearing stress on the walls, the begjis to deform. At a
certain torque peak, the bolts shift and bend inside the walls, tafgerpoint the
resistance to torque is no longer from the composite materifdoouthe bending bolts.
The stress state on the bolts change into a complex pattern armbltiecannot
withstand this resultant stress and are sheared. The failueenpafter a certain peak
torque is complex and differs for every specimen, the reason befens the failure
pattern of the bolts and the composite material, after the beltshaared and the hole

walls are deformed, the resistance to the torque is causeddgydbformed pieces with
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friction, adhesion and mechanical stiffness. Deformed shape h#eexperiment 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 experimdatal is viable to use
in the comparison of theoritical and experimental results. Thuseano&r75% between
starting and the peak torque point is used in the comparison of expafinaent
numerical results, and the data points falling into this areavieny specimen is used to

form the computerized graphics presented above..
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7.3.Numerical Results

As explained in Chapter VI — Numerical Analysis, three diffenerddels were
created for each tested specimen. The mechanical propertiesedbli@m tensile test
are keyed in as the mechanical properties of the material, amtityoconditions are

applied. The data obatined for every load step are datavised, and presented as follows;

ANSYS Results - Specimen |
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2800

2400 - ’/

2000 »

i
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800 A

400 1 @

0 \
0 3 6 9

Deflection (Degrees)

Figure 7-8 — ANSYS output — Test Specimen |
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ANSYS Results - Specimen Il
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Figure 7-9 — ANSYS output — Test Specimen |l

ANSYS Results - Specimen |1
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Figure 7-10 — ANSYS output — Test Specimen llI
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The results are showing a linear increase in deflection withnitreasing torque.
This is an expected output and it confirms with the theoritical \behaf a bar
subjected to torsional loading. Parameters like increasing torsstiffaess, failed
fibers, cracks in matrix material, play an important role in ¢beplex defromation
mechanics of a real specimen, but they are omitted in the tbalostudy, thus
theoritically speaking, there exists a complete lineatieiship 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 semses and permit
calculation of shear stresses at a section. The basic corceptsed for detemining
both stresses and angles of twist of circular shafts. Howeweitarsto the case for
axially loaded bars, large local stresses arise at poirteapplication of concentrated
torques or changes in cross section. According to Saint- Venamitsppe the stresses
and strains are accurately described by the developed theory gwigdba distance
about equal to the diameter of a shaft from these locations. (Popoy, 1899, 178)
Typically local stresses are determined by using streseitraton factor. The stress
deformation does not depend on material properties, is also applioahtesbtropic
materials. For example, wood exhibits drastically different ptmse of strenght in
different directions. The shearing strenght of wood on planes paxaltee grain is
much less than on planes perpendicular to the grain. Hence, althougimtansilies of
shear stress exist mutually perpendicular planes, wooden shafisdefjuate size fail
longitudianally along axial planes. Such shafts are occasionalty iaséhe process

industries.

When the output for shear stress is requested, an expected outptdined. The

shear stress for a material can be obtained by using the expression;
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t=— (Equation 7-1)

J= (d-d*)/32

T: Applied torque

c: The radious

j: the polar moment of inertia of a circular area
d,: outside diameter

d; : inside diameter

This equation is the well known torsion formula for circular shatis$ ¢xpresses the
maximum shear stress in terms of the resisting torque ardintfemsions of a member.
In applying this formula, the internal torque T can be expressed in Newtaranstm,

or inch. pounds, ¢ in meters.

In a thin-walled tube, all of the material works at approximatedysame stress level.
Therefore, thin-walled tubes are more efficient in trangmgittorque than solid shafts.
Such tubes are also useful for creating an essentially unifieddi 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 @idaonof geometric
parameters and the applied torque. Thus the stress state obhsespedmens | & Il are

identical where larger stresses observed in specimen lll, for the ppiredldorques.

The shear stress of the bar is calculated both numericalyhaaddally. Numerical
calculated shear stress values and the therocial caltukdelts 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 angulae a
deflection observed in the specimen. However, with a torsional load épthlexe are
two more important quantitites which should be considered, shearatssax strain.
The models constructed to analyze angular deflection, are asewestigate these
quantities as well. Figures 7-11 and 7-12 show a comparison ofghasgties for the
three specimens.

Shear Stress Analysis
3500
3000
2500 /
/ —e—1200d75

£ 2000
@ / —+— 1150d75
S 1500 L200d70
|_

1000 -

500 |
0 T T T T
0 10 20 30 40 50

Stress (MPa)

Figure 7-11 — Shear stress induced in test spesimen
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Max Strain Analysis
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00 03 03 03 03 02 02

Strain

Figure 7-12 — Max strain in test specimens

The max strain graph is very similar to the stress analysis as estp&he max strain
values for specimen | & Il are identical whereas, those obsénvggecimen Il differ

and come in larger quantities.
7.4. Comparison of Experimental Results with Computer Models

Inspection of the static behaviour of the composite shaft undeortatdoading is
made by both experimental and theoritical analysis. The comparidotieese two
analyses are obtained by superimposing the graphics provided aevimuprsections.
Figures 7-13 through 7-15 provides this data for each test specimen.



124

3600

3200

2800

2400

2000 —o— ANSYS

—o— Experimental

1600

Torque (Nm)

1200

800

400

o

3 6
Deflection (Degrees)

©

Figure 7-13 — Comparison of analyses for Test $peil
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Figure 7-14 — Comparison of analyses for Test Speaill
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Figure 7-15 — Comparison of analyses for Test Speailll

Comparison tables provided for the three specimens have important indications; these

can be summarized as follows;

FEM analysis show linear increase in angular deflection wighiricreasing torque,
this is expected since the relation between the angular defieatid the torque is
expressed as,

qg= ;—T (Equation 7-2)
Where, = Angular Deflection

T = Torque

¢ = Radius

j = Polar Moment of Inertia
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The linear dependency between angular deflection and torsion dnleEaseen
from Eq. 7-2.



CHAPTER EIGHT
CONCLUSION

Composite bars made up E-Glass/ Epoxy in torsion is investigapedimentally
and numerically. The composite bar is manufactured by using€iiarwinding
process. Material properties of the composite bar are obtainedinegptily.
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 tothiee end.
The experiment is carried out on a torsional test machine. Thenairsleflections
are obtained from the test machine as outputs.

In numerical study, the test specimens are modeled in accerttaegperimental
specimens. After applying boundry conditions and torque, the torsional aeftect
are obtained for each torque value. List of the results are graphedeen that the
results are very close to the each other. All the experimemat@merical results are

presented in graphs.

Torque and shear stress values of the test specimens arequtesegriaphs. List of
the shear stress values are graphed. Therocially calculatedisnerically obtained
shear stress values are presented in graphs. Theoritical and numeaultabressame.

The experimental results are close to the expected thebmésalts for all test
specimens. There is an exception in Test Specimen |, which occurred due toileagly fa
in the connection, but this can be disregarded when 75% of the viabls aceaerned.

The other small variations in the experimental results may occur due tol seasoms,
o] Discontinuities in the test specimen material.

0 Differences between the test specimen and tensile specimen raaterial
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o] Torque transmission efficiency due to connections between composite-

flange and flange-flange.
0 Uncertainities in the experimental setup (Line noise, human error, etc.)

The angular deflection observed in all test specimens are @pecte®d with the
diameter and length variations of the test specimens. Thedkffesttion is observed in
Test Specimen Il, due to smallest length with biggest diamsteere Test Specimen |
proved to be stiffer than Test Specimen lll, due to larger diamtiée both having the

same length.

In conclusion, when the experimental results are compared witlth#weitical
results, the observations and study carried on the topic is suiceesf yield little

variations from the expected results.
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