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ABSTRACT

The creep behaviour of a rotating disc having variable thickness and made of isotropic
aluminium-silicon carbide particulate composite has been investigated. The stress and strain
rates in the disc have been obtained by using threshold stress based creep law. A computer
code based on the mathematical analysis is developed to obtain creep response of rotating
composite disc. Different thickness profiles have been considered to investigate their effect on
stresses and strains are compared. The effects of changing the particle size of reinforcement

have also been investigated.
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CHAPTER 1

INTRODUCTION

1.1 Composite Material

A composite is a structural material that considtsvo or more combined constituents that
are combined at microscopic level and are not $elubeach other. One constituent is called
reinforcement phase and one in which it is embedsledlled the matrix. The reinforcement
phase may be in the form of fibres, particles, lakds. The matrix phase materials are
generally continuous.

A composite material can provide superior and umiquechanical and physical properties
because it combines the most desirable propertids oonstituents while suppressing their
least desirable properties. The composite matepadsess characteristic properties, such as
high stiffness, great strength, low weight, higimperature performance, good corrosion
resistance, great hardness and conductivity thetat possible in any of its constituents

alone. Examination of these properties revealsttieggt depend on the following [31]

* Properties of the individual constituents.

* Relative amounts of the constituents.

* Size and shape of the constituents (i.e. Morghglo
» Degree of bonding between constituents.

* Orientation of the various constituents.

Traditional engineering materials (steel, aluminietn.) contain impurities that can represent
different phases of the same material and the bdeditition of a composite, but are not

taken as a composite because the elastic modulstsemgth of the impurity phase is nearly
identical to that of the pure material. The mearohg composite material is flexible and can

be improved to fit specific requirements.
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1.2 History of Composites

One of the earliest known composite materials igbadbrick in which straw (a fibrous
material) is mixed with mud or clay (an adhesivehwstrong compressive strength). The
straw allows the water in the clay to evaporate distfibute cracks in the clay uniformly,
greatly improving the power of this early constroot material. Alternative form of a
composite material is the ubiquitous constructicataral called plywood. Plywood (Figl.1)
uses natural materials (thin slabs of wood) hef@getiver by a tough adhesive, creating the
structure solider than just the wood. In naturesker is also a example of a wood composite
structure, combining a cellulose fiber and ligrthrough the lignin give the adhesive to hold
the fibers together. [32]

Fig 1.1: Thin slabs in plywood.[31]

Reinforced concrete is a combination of two remlaléanaterials, concrete (a composite by
itself) and steel that takes advantage of the gthsnof each material to overcome their
distinct limitations in each. Steel has very highdile strength, but concrete has very high
compressive strength. In combination, they makeremtgr material for road and bridge
construction.

Today, when we speak of composite materials, dr‘aenposites’, we are referring to the
highly engineered combinations of polymer resind aginforcing materials such as glass
fibers. A fibreglass composite structure is a camabon of glass fibers of various lengths and
resins such as vinyl ester or polyester. The teRP Rs frequently used, sense Fiber
Reinforced Plastic. FRP is a very common term fanyn different combinations of
reinforcement materials and bonding resins. Thus,térm “composites” is used extremely
broadly to describe many materials with many défgrproperties targeted at an even larger
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number of applications. To show how composites heygoved our world, look no more
than under the hood of a modern car and realizenibat of what we can see are components

made of composite materials.

1.3 Mechanical Advantages of Composite Materials

Next two parameters are generally used to meabereelative advantages derived from

composite materials.[29]

(a) Specific modulus

(b) Specific strength

Specific modulusis defined as the ratio of Young’s Modulus (E) atehsity p) of the

materials.
Specific modulus=k/

Specific strengthis defined as ratio between strength and densitysomaterials.

Specific strengths/p

The two ratios are high in composite materials. &ample, the power of a graphite/epoxy
unidirectional composite material is same as thfasteel but specific strength of this
composite is three times that of steel therebyngain cost of material and energy. Fig 1.2
shows how composites and fiber rate with otheriticathl materials in terms of specific
strength. [29]
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Fig 1.2: Specific strength as a function of time afise of materials. [29]
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1.4 Parameters for Selection of Composites

For selecting a composite material for a particalaplication, the following six parameters

are to be considered: [31]

i) Strength

i) Toughness

iii) Formidability

iv) Join ability

v) Corrosion

vi) Wear Resistance
vii) Affordability.

1.5 Factors Affecting Mechanical Performance

The mechanical enactment of composite materialsriigoon number of factors such
as [31]:

|. Fiber Factor
[I. Matrix Factor
[ll. Other Factors (Fiber matrix interface, etc.)
I. Fiber factor: It involves the following four parameters.

a) Length

b) Orientation
c) Shape

d) Material

a) Length : Fiber can be either short or long in the lengtstaswvn in Fig 1.3

Thapar University, Patiala Page 4



Fig 1.3 (a) Short fiber composite (b) Long fiber conposite [31]

Long continuous fibers are easy to orient and ggsowhile short fibers cannot be fully
controlled or oriented properly. More, long fibgnovide several benefits over short fibers
including high impact resistance, little shrinkadwestter surface finish and dimensional
stability. On the other hand, short fibers delilew~ cost, easy to work with and have fast
cycle time fabrication procedures. Short fibersehdaw flaws, therefore leading to higher

strength.

b) Orientation: The distribution of fiber in a matrix can be randomaligned in a specific
direction to achieve very high stiffness and sttkng that path. If fibers are oriented in more
than one way in matrix, the composite will dispfayssess high stiffness and strength along

these directions.

c) Shape: The most common shape of fibers is circular bezafsease of handling and
manufacturing. Hexagonal and square-shaped fiberspwbable but their advantages of

strength and high packing factors do not outwelghdifficulty in handling and processing.

d) Material: The material of fiber directly influences the manital performance of a
composite. Fibers are commonly expected to havl bigstic modulus and strength. This
hope along with the low cost are the key factoet traphite, aramids and glass fibers lead

the fiber market for composites.
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Il. Matrix Factors

Fibers are used as reinforcement to matrix. Theixnfainctions contain binding of the fibers
together, shielding fibers from environment, prateg from damage during handling and
load transfer from matrix to fibers. In generale tmatrix holds sub standard properties

compared fibers.

lll. Other Factors

A part from fiber and matrix there are several ofaetors which can affect the mechanical
performance of composite materials. The fiber-matnterface is a vital factor which
determines how well the matrix transfers the ladad$e fibers.

The fiber-matrix interfacial relationship is of falving three types:

a) Chemical Bonding
b) Mechanical Bonding
¢) Reaction Bonding

a) Chemical Bonding

Chemical bonding is formed between the fibeifaxe and the matrix. Some fibers bond
obviously to the matrix while others do not. Counpliagents are frequently added to form a

chemical bond.

b) Mechanical Bonding

Natural roughness and etching of the fiber surfaeesing interlocking may form a
mechanical bond between the fiber and the matrithd factor of thermal expansion of the
matrix is higher than that of fiber, and the mactdang temperatures are greater than the
operating temperatures, the matrix will shrink axtran the fiber, initiating the compression

of matrix around the fiber.

¢) Reaction Bonding

Reaction bonding occurs when atom or moleculeghef fand matrix diffuse into each other
at interface. This inter diffusion often generatesdistinct interfacial layer, which has
dissimilar properties than that of fiber or mathough, this thin layer aids to form a bond
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but it also forms micro cracks in the fiber. Thesero-cracks decrease the strength of fiber

which ultimately leads to poor strength of compesitaterials.

1.6 Types ofComposites
Composites are divided into mainly two types:
1) Natural Composites (existing in nature)

i) Synthetic Composites (man-made)

Natural Composites:

Wood is an interesting example of natural compssiiée longitudinal hollow cells
of wood are made up of layers of spirally woundutese fibers with varying spiral
angle bounded together with lignin during the gtowt tree.

Fig 1.4: Natural composites

Bone is also a composite material composed prignaril organic fibers, small

inorganic crystals, water and fats.
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Synthetic Composites:

The automotive industry presented large-scale tisgnthetic composites.

Fig 1.5: Composites used in automobilgsSynthetic composites)

1.7 Classification of Composite Materials:

Composites are classified by the geometry of thidoement as particulate, flake and fiber
or by the type of matrix as polymer, metal, ceraamd carbon as shown in Fig.1.6

Composite
Reinforcement of Geometry Types of Matrix
Particulate Fiber Polymer Ceramic
Y Y v
Flake Metal Carbon

Fig 1.6: Classification of composite materials [31]

Thapar University, Patiala Page 8



1. Classification Based on Geometry of Reinforcemén

Two broad classes of composites are:

a) Fiber

b) Particulate

Each has distinctive properties and applicatiotemal, and can be subdivided into specific

categories as discussed below.

Fiber:

A fibrous composite consists of either continuoleng) or chopped (whiskers) fibers
suspended in a matrix material. Equally continublbers and whiskers can be identified

from a geometric viewpoint:

a) Continuous Fibers:

A continuous fiber is geometrically characterizedhaging a very high length - to - diameter
ratio. They are normally stronger and stiffer thatk material. Continuous fiber composites
can be either single layer or multilayered. Theglgriayer continuous fiber composites can
be either unidirectional or woven, and multilayesanposites are commonly referred to as
laminates. The material response of continuousr fdmmposite is generally orthotropic.
Schematics of Fiber diameters generally range kaivee00012 and 0.0074 pin (3-200 pum)
depending upon the fiber.

(&) Unidirectional (b) Laminated

Fig 1.7: Continuous fiber composites [32]
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b) Whiskers:

A whisker is generally considered to be a short, stutiber. Composites in which the
reinforcements are discontinuous fibers or whiskeen be produced so that the
reinforcements have random orientation. Materialstayps made of discontinuous
reinforcements are considered single layer comg®sit can be broadly defined as having a
length — to - diameter ratio of 5 < 141000 and beyond. Whisker diameters generally @ang
between 0.787 pin and 3937 pin (0.02 - 100 pm).diveontinuities can produce a material
response that is anisotropic, but in many instatftesandom reinforcements produce nearly

isotropic composites.

e
—_—

\\v/\ ___—"-__
,\/‘4\./1 :
~ X [=

—_—
—
o ——

ll

(a) Random fiber orintation (b) Biased fibeieatation

Fig 1.8: Discontinuous fiber composites [32]

Particulate:

A particulate composite is characterized as beiogposed of particles suspended in a
matrix. Particles can have practically any shajme er configuration. Examples of well -
known particulate composites are concrete andgbarioard. There are two subclasses of

particulates:

a) Flake and
b) Filled/skeletal:

a) Flake.

A flake composite is normally composed of flakeshwlarge ratios of platform area to

thickness, suspended in a matrix material (parbol@rd, for example).
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b) Filled/Skeletal.

A filled/skeletal composite is composed of a contimigkeletal matrix filled by a second

Material. For example, a honeycomb core filled vathinsulating material. The response of
a particulate composite can be either anisotropmrttotropic. Such composites are used for
many applications in which strength is not a sigaiit component of the design. A diagram

of several types of particulate composites is showkigure 1.9

0 %0 %/ </ D& /&8

0 ibv/ -/\\g

0000‘0 %\ \/G,/

(a) General particulate (b) flake (c) filled/skeletal

Fig 1.9: Schematic representation of particulate anposites. [32]

2. Classification Based on Matrix

Based on the type of matrix, Composites are ofdhewing types [31]:

(&) Polymer Matrix Composite (PMC)
(b) Metal Matrix Composite (MMC)
(c) Ceramic Matrix Composite (CMC)
(d) Carbon —Carbon Composite

(a) Polymer Matrix Composite (PMC)

Polymer matrix composites are the most advancegosites. These composites consist of
a polymer (e.g., epoxy, polyester, urethane eto)foeed by thin-diameter fibers (for

example: - graphite, aramids, boron etc). Thesecanemonly employed due to their little

cost, great strength and simple manufacturing giec As an example, graphite/ epoxy
composites are approximately five times strongantbkteel on a weight-for-weight basis.
Main drawback of Polymer Matrix Composites (PMGs)lude low operational temperature,
great coefficient of thermal and moisture expansaowl low elastic properties in certain
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directions. However, the advantages include itsngfth, low cost, high chemical resistance

and good insulating property.

(b) Metal Matrix Composite (MMC)

This class of composite materials consists of rhetalatrix which is usually ductile. The
ductile matrix can be aluminium, copper, magnesititapyium, nickel, super alloy or even an
inter metallic compound. The reinforcing fibers mag graphite, boron carbide, alumina or
silicon carbide. Fine whiskers of cobalt, silicoarlside, silicon nitride, leads of titanium,
tungsten, molybdenum, beryllium and stainless stetd have also been used as
reinforcement.

Compared to conventional engineering materialsatmmposites offer higher stiffness and
strength, specifically at elevated temperaturesalisnoefficient of thermal expansion and
enhanced resistance to fatigue, abrasion and Wedched to organic matrix materials, they
offer great heat resistance and better electrivdlthermal conductivity.

Graphite-reinforced aluminium can be designed teehaear zero thermal expansion in the
fiber direction. Aluminium oxide-reinforced alumum matrix composites have been
extensively used in automotive connecting rods ravige high stiffness with low weight.
Aluminium reinforced with silicon carbide whiskengs been fabricated into aircraft wing
panels, providing 20-40% weight saving .Fiber r@ioéd super alloy has potential future for

applications such as turbine blades.

(c) Ceramic Matrix Composite (CMC)

Ceramic matrix composites possess properties lighe melting points and great corrosion
resistance, stability at elevated temperatureshégial compressive strength. These types of

materials can even be used at very high tempesafuee above 1500°C).

(d) Carbon —Carbon Composite

These composites retain their properties evenamionally very high temperatures in the
range of 3315°C. Their dimensional stability isoalgood and therefore can be used at
elevated temperatures. They are 20 times stronmgkB@% lighter than the Graphite fibers.
Carbon by itself is brittle and flaw sensitive likge ceramics. Reinforcement of the carbon
matrix allows the composite to fail gradually arldoagives advantages such as ability to
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withstand high temperatures, low creep at high tradpres, small density, respectable
tensile and compressive strengths, great fatigestasce, great thermal conductivity and

high coefficient of friction.

3. Aluminium /Aluminium Alloy Based MMCs

MMCs based on aluminium and its alloys are widedgdi in engineering and structural
applications due to their low weight, which is gxmary condition in most of the MMC’s

applications. In addition to this, aluminium/alumim alloy based MMCs are economical
compared to other light metals, like as titaniund anagnesium. The brilliant strength,
ductility and corrosion resistance of MMCs are vesitablished and can be modified to fulfil
the requirement of different applications rangimgni automotive and aircraft industry to
sports and leisure. The development work relatecltmninium/aluminium alloy matrix

composites is currently focused on following twotses [32]:

i) Continuous fiber reinforced composite with greaf@operties for every specific
applications.
i) Mass production technologies of low-cost discordimly reinforced composites with

moderate properties for wider range of applications

1.8 Properties of Aluminium Based MMCs:

The noticeable properties of aluminium based MM(@g3a1]:

a) Specific Stiffness

b) Specific Strength

c) Fatigue Resistance

d) Coefficient of Thermal Expansion

e) Wear Resistance

a) Specific Stiffness

The addition of stiff metallic or ceramic reinfornent materials to the metal matrix results in
an increase in elastic modulus of the compositeteniaés. In event of light weight metals,
like aluminium, titanium and magnesium, the rise t& very important even at moderate

levels of reinforcement addition.
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b) Specific Strength

In addition to high stiffness, aluminium based MM&so possess high strength. The strength
of the composite is powerfully dependent on thecsjgecharacteristics of the reinforcement
material, its morphology and the nature of bondatgreinforcement-matrix interface.
Continuous fiber reinforced composites display hsglecific strength levels in the direction

of the fiber orientation.

c) Fatigue Resistance

The addition of reinforcement in aluminium/alumimualloy matrix significantly affects its
fatigue resistance. The mechanisms of fatigue teegie improvement differ in composites
depending on the morphology of the reinforcemert aharacteristics of reinforcement-

matrix interface.

d) Coefficient of Thermal Expansion (CTE)

The distinctive ceramic reinforcements for MMCs @asignificantly lower values of the
coefficient of thermal expansion (CTE) than the ahematrix into which they are
incorporated. Thus, the addition of ceramic reioéonent to the high expansion metals such
as aluminium, magnesium, copper, and titanium déctein substantial reduction in the
CTE.

e) Wear Resistance

The high hardness of the typical ceramic reinforeeimmaterials can also affect the
tribological properties of the metal matrix compesicompared to pure matrix. Particulate

reinforced MMCs for particular interest for usenear resistance dominated applications.

1.9 Advantages of Using Composites over Conventidnidaterials [31]

i)  Very high specific strength. This means very hitgerggth and low weight.
i) Great freedom of shape. Double curved and comets gan be simple  produced.
i) High degree of integration possible. Which meangpk combination of stiffeners,

inserts, cores, and creation of self supportingcstires in one or two production cycles?
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iv) Excellent fatigue endurance concerning number afl loycles(many time higher than
with metals) and residual fatigue strength (arandadd carbon epoxy laminates retain
more than 60% of their residual static strengthictviis advanced than is possible with
metals.)

v) Material can be tailored. This means fit for kb&ds/performance the end product has to
perform during its life time.

vi) Brilliant chemical resistance against acids, cloahetc.

vii) Brilliant weather/water resistance. Material hbsast no corrosion takes no little water
which leads to low maintenance cost especiallyooiy frun.

viii) Composites have excellent RAM features (Radar rabsp material). It's also
possible to make special laminates which are raddrsonar transparent.

ix) Excellent impact habits.

x) Excellent electrical habits, concerning isolatiamt llso conduction, dialectical habits,
EMS shielding etc. Structure can be tailored ontRRsparency but can also be made
RF reflecting.

xi) Countless thermal isolation practises, fire retardhabits, and high temperature

performance.

1.10 Applications of Composites:

i) Automobile

i) Marine

iii) Aerospace

iv) Construction

v) Electrical

vi) Sporting goods
vii) Medical
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Fig 1.10: Application of composites in various seots [29]

1.11Limitation of Composites[32]

Besides having so many advantages composite nidtavia some limitations:

a) High cost of fabrication of composite materials.r Example, a portion made-up of
graphite/epoxy composite may cost up to 10 to i&¢i of materials cost.

b) Mechanical characterization of composite structsin@ore complex than that of a metal
structure. Composite materials remain not isotrdpe& do not possess same properties
in all the direction). For example, a distinct lay# graphite/epoxy composite requires
nine stiffness and strength constants for condgatiechanical analysis while in the case
of steel only four stiffness and strength conséaatrequired.

c) Repair of composite is not a simple process as aomapto metals. Composites do not

have good combination of strength and fracturelioegs as compared to metals.
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1.12 Creep

The progressive deformation of a materialcahstant load is called creep. The degree
of this deformation is a meaning of the materiabgarties, exposure time, experience
temperature and the applied structural load. Degrindn the amount of the applied stress
and its period, the deformation may develop sceldihgit a component can no longer perform
its job, for example creep of a turbine blade willuse the blade to contact the casing,
causing in the failure of the blade. Creep is comimoof concern to engineers and
metallurgists when evaluating components that dpemander high stresses or high
temperatures. Creep is a distortion mechanism i@t or may not constitute a disaster
mode. Moderate creep in concrete is occasionallicomeed because it relieves tensile
stresses that might otherwise lead to cracking. [31

Unlike brittle fracture, creep deformation does notur suddenly upon the presentation of
stress. Instead, strain accrues as a result ofteing stress. Creep is a "time-dependent”
deformation.

The temperature range in which creep deformatiog owxur differs in various materials.
For example, tungsten needs a temperature in tbeséimds of degrees before creep
deformation can occur while ice will creep near@(32 °F). As a rule of thumb, the effects
of creep deformation generally become noticeablgpptoximately 30% of the melting point
(as measured on a thermodynamic temperature seelteas Kelvin or Rankin) for metals
and 40-50% of melting point for ceramics. Effedyveny material will creep upon
approaching its melting temperature. Since thehwdgf temperature is relative to melting
point, creep can be seen at reasonably low tempegafor selected materials. Plastics and
low-melting-temperature metals, containing manyle, creep at room temperature as can
be seen markedly in old lead hot-water pipes. @tdbw is an example of creep practises in

ice.

To determine the engineering creep curve of almeteonstant load is practical to a tensile
specimen maintained at a constant temperatumck the strain (extension) is determined
as a meaning of time. Curve A in the Fig 1.11laxgs the ideal shape of the creep curve.
The gradient of this curve €filt) is referred to as the creep rate. A typicaegr curve

exhibits three stages which are readily imfistishable and depend strongly on the
applied stress and temperature. The first stdgetbe creep, known as primary creep,

represents a region of declining creep rate. Pyintaeep is a period of predominantly
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transient creep in which the resistance &# thaterial increases by virtue of its own
deformation. Primary creep occurs at small tempegeadnd low stress levels.[31]

o Fracture
Creep / Total Elongation ,;,
T . B
Stram Secondary Creep - _]&
Seariatigaibiee]
creep
Stage 111 rate
.
| Initial Load Tertiary Creep

Time — =

Figl.11: Creep curve showing the three stages ofeap. [31]
(Curve A- Constant load curve, Curve B- Constaneiss test).

The second stage of creep, known also a®ndacy creep, is a period of closely
constant creep rate which result from a ladabetween the competing processes of
strain hardening and recovery. For this causegprsdary creep is generally referred to as
Steady State Creep. The middling value of the cratspduring secondary creep is called the
minimum creep rate.

Third stage or tertiary creep primarily happem constant load creep tests at high
stresses and high temperature. Tertiary creepemspwhen there is an actual reduction in
cross-sectional area either because of neckingtemial void formation. Third stage creep is
frequently related with metallurgical changes suashcoarsening of precipitate particles,
recrystalization or diffusion changes in the @sapresent. The dashed line (Curve B) in
Figl.11 shows the shape shows the shape of a obis$tass creep curve. In engineering
situations, it is usually the load, not thieess that is maintained constant, so a constant

load creep test is more important .[31]
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1.13 Rotating Disc

Rotating disc [27] is an early invention during giess of civilization and provides an area of
research and studies intensively pursued due fio thst utilization in rotating machinery
namely turbine rotors, compressors, flywheels, disakes of automobiles and gears,
computer disc drives etc. Optimal and more relial@sign of rotating discs has long been an
important issue in engineering design since vengldy changing suitably the geometrical
parameters and physical properties, the optimalnamie reliable design of a rotating disc for

given operating conditions (i.e. load, speed, dpagdemperature) can be achieved.

(') (.)'I

Fig 1.12: Rotating disc

Discs of gas turbines, jet engines and automotngeagerospace braking systems are usually
operated at relatively higher angular speeds argestied to high temperature/thermal

gradient. Therefore, the estimate of long term dstestate creeps deformations is very

important for these applications. A reduced weighsuch components, resultant from the

use of aluminium / aluminium base alloys, is expdcto save power and fuel due to a

reduction in the payload. However, the enhancedpctd aluminium/aluminium alloys may

not permit their use in such applications. Cerameioforced aluminium/aluminium matrix
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composites have shown superior high temperaturpepties, therefore may be used for

rotating disc applications exposed to elevated &Fatpre.

1.14 Applications of Rotating Disc

i) Turbine rotors

i) Compressors

iii) Flywheels

iv) Disc brakes of automobiles
v) Gears

vi) Computer disc drives
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CHAPTER 2

LITERATURE REVIEW

The review of litrature carried out to accomplististwork is presented in the following

section:

Jang et al. [15] prepared two types of functionally gradient en@ls (FGMs) by changing
the spatial distribution of glass fiber (GF)dacarbon fiber (CF) in polyphenylene
sulphide (PPS) matrix. For measurement of the mmechl properties of FGMs and
GFI/CF/PPS isotropic composites, flexural and imsguoted impact tests were doriéhe
flexural strengths and the flexural module of GFi€&tropic composites improved with the
increment of CF relative volume ratio. On the othand, total absorbed impact energy of
GF/CF isotropic composites reduced with the addité CF relative volume ratio. Matched
with GF/CF isotropic composite, FGM G — to — C vdisplay higher flexural strength and
higher flexural modulus while FGM C-to-G signifistnilar values. From these results it
was decided that the total impact absorption eesrgf the two FGMs were show a little
increment compared with GF/CF isotropic compoaitd FGM fabrication with correct
compositional gradient to achieve various opesior mechanical properties associated

with the isotropic composite.

Lee et al. [21] applied centrifugal force in order to make a spatjeadient of fibre
distribution in the epoxy/carbon fibre system. Tradient arrangement of the epoxy/carbon
fibre composite was organized by changing the imtatme and the material factors, such as
fibre length, fibre content and matrix viscosityhelspatial gradient dispersal of carbon fibres
in an epoxy matrix was done by the combined mecnarof packing and settling. The
mechanical possessions of the functionally gradegaixy/carbon fibre composite were also
examined and it was found that at the same exfecarbon fibre, the flexural power of the

functionally gradient composite was greater tha tf conventional isotropic composite.

Horgan et al. [7] expressed axisymmetric problem of a solid circdiak rotating around its
central axis with a continuous angular velocity &mdtion-free on its surface. The body was
composed of a linearly elastic inhomogeneous ipatrmaterial with material properties that

fluctuate only in the radial direction. An exactugmn was achieved for a distinctive class of
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inhomogeneous materials, namely those with a cootia Poisson’s ratio and a Young’s
modulus with power-law requirement on the radiardinate. They measured the case where
the Young's modulus rises monotonically with radigdtance from the centre, so that the
power-law exponent n is positive. It was presenthdt the stress response of the
inhomogeneouslisk was considerably different from that of themttmeneous body. The
maximum radial and hoop stresses were not happextitige centre as in the case for the
homogeneous material. It was also exposed thahéogeneral inhomogeneous isotropic case
material inhomogeneity may be desigo that the radial and hoop stress were same
throughout the disk.

Ahmet et al. [1] obtained analytical solutions for the elastic—{tastress distribution in
rotating variable thickness annular disk under @latrtess assumption. The thickness of the
disk was supposed to vary in parabolic form in abdiirection which pointers to hyper
geometric differential equations for the solutidh.was revealed that the plastic core
advanced further by Tresca criterion than von Mis&scordingly, von Mises criterion
expected greater fully plastic limit angular vet@s. It was also initiate that the maximum
discrepancy between the two commonly used criteag not more than 6% for the problems

measured in this work.

Jahed et al. [13] presented a common axis-symmetric method by rantiegformerly
suggested variable material properties (VMP) methad examination of primary and
secondary creep in axis-symmetric problem of motptdiscs and pressure vessels. The
technique used the basic solution for a rotatingstant isotropic disc and produced the
solution for non-uniform inhomogeneous one. Prinerg secondary creep performance was

expected by the suggested method and the resuksoompared to FEM solutions.

Gupta et al. [27] investigated the steady state creep in a rotadisg made of isotropic
aluminium-silicon carbide particulate compositeeTdneep behaviour of the composite was
described by Sherby’s constitutive model. The Haam tangential stresses and steady state
creep rates in the disc were calculated and pregeot various combinations of material
parameters (like particle size and particle contand temperatures. It was found that the
tangential as well as radial strain rates in tlse deéduced significantly with reducing particle
size, with increasing particle content and withrdasing operating temperature. The study
exposed that for given operating conditions, tmaistrates in the disc can be controlled by

selecting optimum particle content and/or partsi# of the reinforcement.
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Gupta et al. [28] analyzed the creep performance of a rotating wiit constant thickness
made of isotropic functionally graded material (FisMhe disc under examination was made
of composite containing silicon carbide particlasai matrix of pure aluminium. The creep
behaviour was given by Sherby’s law. The disc wggpesed to hold thermal gradient in the
radial direction. The study was indicated thattfoe linear particle distribution, the steady-
state strain rates in FGM disc was suggestivelyefomompared that in an isotropic disc with
uniform particle distribution. It was observed tkta¢ strain rates in composite discs operating
under thermal gradient were reduced compared tdasimiscs under a uniform average

temperature.

ERASLAN et al. [2] presented a parametric analysis of rotating vagiatblickness
elastoplastic annular disks with inner boundariegosed to pressure. A computer model
based on von Mises yield criterion and nonlineatrepic hardening was created. Elastic
limit angular velocities, incompletely plastic defmations and plastic limit angular velocities
were examined with emphasis on the purpose offthets of all the geometric, material and
hardening factors involved. The results obtainedwsd that in most cases the stresses,
displacements and plastic strains, elastic andipliasit angular velocities and width of the
plastic region were affected meaningfully by thegpaeters used in the model.

Zenkour [5] presented correct elastic solutions for rotatinguder disks. A new material
possessions and density profile in exponential fbawing four geometric parameters was
suggested. Analytical solutions using that profiere found in terms of Whittaker’s
functions for the elastic deformation of rotatingnalar disks.Special cases of rotating
annular disks were examined, which include anndiaks with constant thickness and
constant density, exponentially variable elastisggssions and density, and exponentially
profile graded disks. For all cases calculatedsexioform solutions were found and numerical
results were presented. The results involved tldgalralisplacement, circumferential and
radial stresses of the four annular disk configaret for combinations of homogeneous and
exponentially graded cases. The patteren of sgessd displacement were attained and

evaluations between different cases were madeaaime angular velocity.

Kordkheili et al. [23] applied a semi-analytical thermo elasticity solatior hollow and
solid rotating axis-symmetric disks made of funcéity graded materials. The radial domain
was divided into some virtual sub-domains in whicl power-law distribution was used for

the thermo mechanical properties of the constitiwamponents. Imposing the necessary
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continuity conditions between adjacent sub-domaiogether with the total boundary
conditions, a set of linear algebraic equationsewabtained. Solution of the linear algebraic
equations yields the thermo elastic responsesafcn sub-domain as exponential functions of
the radial coordinaté=rom the results, it was noted that the gradatibthe constitutive
components plays an important role in determinivggthermo — mechanical response of FG

rotating disk as well as in optimal design of tsliicture.

Bayat et al. [17] discussed that a variable thickness FG disc expmseentrifugal body and
thermal loading. Based on the form of the power-ldistribution for the mechanical
properties of the constituent components and tio&ribss profile function, the effects of the
material grading index and the geometry of the diskhe stresses and displacements were
studied. It was found that a functionally gradethtiog disk with parabolic or hyperbolic
convergent thickness profile has smaller stressesdisplacements compared with that of
uniform thickness. Also for the same grading indexgconcave thickness profile was the
lightest disk than the linear and convex, wheregifoum thickness provided the heaviest

disc.

Deepaket al. [8] explained the effect of the stress exponent onstbady state creep in a

rotating disc made of isotropic aluminium-silicoarlnide particulate (Al-SiCp) composite.

The creep performance of the composite definedhogshold-stress-based creep law by
taking the different values of true stress expon@ntt was detected that the trend of stresses
and strain rates in the disc was not change oringtiie value of the stress exponent but the
values of stresses and strain rates in the dise significantly affected by varying the stress
exponent. It was seen that the stresses as welfas rates in the disc corresponding to n=5

lie between the corresponding values estimatedyus#3 and n=8.

You et al. [16] described linear variations of Young’s modulus &ulsson’s ratio, and
advanced an accurate analytical solution to defefermations and stresses in annular disks
made of functionally graded materials subjectedetternal and internal pressure. Taking
mechanical properties of the materials of circdlisks to be linear variations, the governing
equation was resultant from basic equations ofyaxisetric, plane stress problems in
elasticity. By changing the governing equation iatbyper geometric equation, an accurate
analytical solution of deformations and stressesincular disks was obtained. The obtained
analytical solution was employed to determine tkal displacement and stresses in circular

disks subjected to external pressure and intemeglspre. It was observed that the radius ratio
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was not influence the radial stress. It changedr#agal displacement and circumferential

stress greatly.

Bayat et al. [18] presented a thermo elastic analysis for axis - sgimowrotating disks made
of functionally graded material (FGM) with variabthickness. Material properties were
supposed to be temperature dependent and gradgtk iradial direction according to a
grading index power law distributiokemi-analytical solutions for the displacementdfiel
were given for solid disk and annular disk undeeffree and fixed-free boundary conditions.
It was create that a functionally graded rotatirgk avith concave thickness profile can work
more efficiently than the one with uniform thicksagrespective the material properties were

assumed to be temperature-dependent or temperatiggendent.

Bayat et al. [19] attempted to integrate both body and bending fomehe analysis of FG
rotating disks. FG rotating disk with inner radiusuter radius, and thickness are
axisymmetric with respect to z axis and exposeanezhanical loading. The mechanical
loading was attained by pressure load in the zctime and centrifugal load in the radial
direction. The material possessions of the corstiteomponents of the disk were assumed
to be characterized by a power law distributiomglthe radial direction in the disk. The first
order shear deformation theory was used. A semiace solution for displacement field
was given for lesser deflection. Numerical rest@ittis normalized displacement and stress
resultant components along the radius and thickoédshe disk were presented. It was
determined that the transverse shear resultartsnmogeneous disks were smaller than those
in FG disks.

Nie et al. [12] defined an infinitesimal deformations of a rotgtidisk composed of an
isotropic linear thermo elastic FGM. Exact soluidar stresses, the hydrostatic pressure and
radial displacement for a rotating hollow circuthsk with the thickness, the mass density,
the thermal expansion coefficient and the shearulisdyiven by power-law functions of the
radius. The analytical solution was given for thesec of the shear modulus changing
exponentially but constant disk thickness, theremgbansion coefficient. It was originate
from numerical results that by fixing the innerfage of a hollow disk reduced the peak hoop
stress but increased the maximum radial stressaRed—free hollow disk, the maximum
radial stress was greater than the maximum hoagsssti\Wrong gradation of the shear
modulus, the disk thickness and the mass densitybetter the maximum radial and hoop
stresses as compared to their values for a homogsrmsk of constant thickness.
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Bhowmick et al. [24] stated numerical solutions under plane stress tiondifor elasto-
plastic deformation and stress states of rotatiolgd sdisks with variable thickness. The
problem was expressed by a Variation method. THatiso of the governing partial
differential equation was attained by assumingraesesolution .The formulation was based
on von Mises vyield criterion and linear strain hamthg material performance. The
approximate solution was attained by iterative métht was found that for disk type D1 (n
=2.0, k=0.8) the yield front transmits in a manttereached root first and then the periphery,
whereas for diskype D2 (n=2.8, k=1) the yield front reached peeiphfirst.

Bayat et al. [20] presented a thermo elastic analysis for axis - sgimorotating disks made

of functionally graded material (FGM) with variabthickness. Material properties were
expected to be temperature dependent and gradéukeimadial direction according to a
grading index power law distributio®emi-analytical solutions for the displacementdfiel

were assumed for solid disk and annular disk urfdse-free and fixed-free boundary
conditions. It was originate that a functionallyaded rotating disk with concave thickness
profile can work more efficiently than the one withiform thickness irrespective of whether
the material properties were assumed to be temperdependent or temperature-

independent.

Deepaket al. [9] examined the creep behaviour of functionally gdashaterials with linearly
varying thickness. The creep performance of theposite was given by threshold stress
based creep law. The influence of imposing lineantigle gradient on the distribution of
stresses and strain rates in the composite disstudged. It was observed that with increase
in particle gradient in the disc, the radial str@sseases throughout the disc, where the
tangential and effective stresses increased neaintter radius but decreased near the outer
radius. It was also noticed that the steady stat@nsrates in the composite disc, have
gradient in the distribution of reinforcement, veaggestively lower than that was detected in

a disc having uniform distribution of reinforcement

Sharma et al. [25] carried out analysis of a rotating solid disk madie@sotropic material
with exponentially varying thickness. Transitiorediny was used to derive the elastic-plastic
and transitional stresses. Results achieved weseusbed numerically and depicted
graphically. It was detected that for disc with ementially varying thickness (k=2), high
angular speed was required for initial yieldingraernal surface as compared to the flat disc

and exponentially varying thickness for k=4 onwartisus we were decided that flat disc
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(C=0.75) on the safer side of the design requirgs percentage increased in angular speed
to become fully plastic as compared to the flatcdisith the compressible factors
(C=0,0.25,etc.).

Afsar et al. [4] focussed on the finite element analysis of thestastic field in a thin
circular functionally graded material (FGM) disk svaxposed to a thermal load and an
inertia force due to rotation of the disk. Due tonsnetry, the FGM disk was expected to
contained exponential variation of material projgsrin radial direction only. Based on the
two dimensional thermo elastic theories, the awrisyetric problem was expressed in terms
of a second order ordinary differential egomatiwhich was solved by finite element
method. It was originate that the thermo elastfeeld in an FGM disk was meaningfully
influenced by the temperature distribution profiiaglial thickness, angular speed, and inner
and outer surface temperature difference. It wasddd that the thermo elastic field in an

FGM disk can be controlled by controlling thesegpaeters.

Deepaket al. [10] carried out analysis of steady state creep intingfadisc with different
thickness profiles. The disc was to be made of amit@ consisting of silicon carbide
particles embedded in aluminium matrix. The creepfggmance of the composite was
defined by threshold stress based creep law wihress exponent. The creep stresses and
creep rates were expected in different composgesdnaving linearly varying thickness and
hyperbolically varying thickness. The results aghttwere matched with those estimated for
constant thickness disc to examine the impact &t grofile on creep performance of the
composite disc. It was observed that the lineaalgymg disc was displays the lowest values
of stresses and strain rates compared to thosetel@tan hyperbolic or uniform thickness

disc.

Zenkour et al. [6] presented the exact analytical and numerical swistfor rotating variable-
thickness annular disk. The inner and outer edfeleorotating variable-thickness annular
disk were considered with boundary conditions. Tdifterent annular disks for the radially
varying thickness were given. Both exact and nucaémesults for stress function, stresses,
strains and radial displacement was examined fofitht annular disk of variable thickness.
Finally, the distributions of stress function, de&sgment, strains, and stresses were offered.
The appropriate comparisons and discussions wen@leted at the same angular velocity. It
was originate that the radial displacement provideimum value near the inner edge and

maximum value near the outer edge for all caséseoparameters k and n. It was also found

Thapar University, Patiala Page 27



that the maximum value of radial stress happendbeainner surface of the disk, while the

smallest value at outer surface.

Sharmaet al. [26] used transition theory to obtain the elastic pdeatd transitional stresses.
It was observed that the rotating disk made of nmpessible material with inclusion
required higher angular speed to yield at the matlesurface as compared to disk made of
compressible material. It was seen that the radfidlcircumferential stresses were maximum
at the internal surface with and without edge Ig¢but flat disk). With the increase in
thickness parameter (k = 2, 4), the circumferensiaéss was maximum at the external
surface while the radial stress was maximum airttegnal surface. It was concluded that the
disk made of isotropic compressible material washensafer side of the design as compared
to disk made of isotropic incompressible matergltaequired higher percentage increase in

an angular speed to become fully plastic fromnisal yielding.

Daset al. [11] presented a large-amplitude free vibration analg$ia rotating annular disk
of exponentially varying thickness, exposed to amif axial pressure. The entire formulation
was energy-based and used variational principledet@lop the governing equations. The
study was supported out up to the onset of yieldwvigch happened due to the application of
two types of external loadings, namely body forae tb rotation and uniform axial pressure.
The results were matched for three exponentialsdiekving the same mass. The effects of
the individual loadings and their combination om tinee vibration dynamic performance
were presented. It was clear from the study thatdymamic performance of exponential
rotating disks of same mass, and of the same mmeouter radii, fluctuates with change in
the profile of the disks. The most suitable profiiderms of the dynamic behaviour depends
on the design requirements. Therefore, the studyiged an insight into the dynamics of the

rotating annular disk of variable thickness expaseghiform axial pressure.

Ali et al. [3] presented the elastic solutions of the disk mddarationally graded material

(FGM) with variable thickness exposed to rotatimgpd. The material properties were
presented by combination of two sigmoid FGM (S-FGamd disk thickness profile were
expected to be signified by power law distributio®duminium-ceramic-aluminium FG

rotated disk was measured. The results in metakhtermetal FGMs were offered and
compared with the known results in the literatdree effects of the material grading index,
n, and the geometry of the disk on the stress asplatement were examined. It was

originate that a FG disk with concave thicknesdilertias smaller stresses and displacements
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matched with the concave or linear by variablekingss profile. The results proposed that a
rotating FG disk with metal-ceramic-metal can berenefficient than the one with ceramic-
metal or metal-ceramic. It was also found thattfm same grading index, linear thickness
profile was the lightest disk followed by converncave and constant, respectively.

Hassaniet al. [14] providedthe theoretical and numerical analyses of rotating sliakth
non-uniform thickness and material properties. €hmeethods for stress - strain analysis of
rotating disks with non-uniform thickness and mialeproperties was exposed to thermo-
mechanical loadings was carried out by variableenedtproperties (VMP)Ihe material was
expected to be elastic-linear hardening. A poveemf function was used to define the
temperature gradient with the higher temperaturewer surface. It was detected that
generally, there exists an excellent agreementdsivthe results. Moreover, it was decided
that the RK method provides more correct resulis the VMP method for coarser mesh, but
the VMP method was seen to be easier to implemeqtired less CPU time and computer

hardware.

Thakur et al. [22] applied Seth’s transition theory to the problemghotkness variation

parameter in a thin rotating disc by finite defotima. The results found were relevant to
compressible materials. It was seen that the fist df compressible materials required
higher percentage improved in angular speed torhedally plastic as matched to disc made
of incompressible material. The effect of thickneascircumferential stresses was maximum
at the external surface for compressible mateaalg€ompared to incompressible materials
whereas for flats disc circumferential stressesewmaximum at the internal surface for

incompressible material as compared to compressibterials.
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CHAPTER 3

PROBLEM FORMULATION

After going through the literature some gaps wdrgeoved in the research area.
3.1 Gaps in the Literature:

It was observed that the work was done errdtiating disc for constant thickness. There has
been little work on the rotating disc of varialdiéckness which is stated in the literature.

3.2 Purposed Work

Rotating discs[27] have been getting significamération due its wide range of engineering
applications in rotating machinery including turssn pumps, compressors, flywheels,
braking system of automobiles, railway and aerospacomputer disc drives etc. In most of
these applications, the disc is exposed to sevechamical and thermal loadings as it has to
function at elevated temperatures. This makes e rdaterial undergo creep deformations.
The excellent mechanical properties like high dpestrength/stiffness and high temperature
stability presented by aluminium/aluminium alloysbd composites consisting of silicon
carbide particles/whiskers or fibers make them ayppate material for use in rotating disc

applications.

The evaluation tells that studies relating to créepaviour of rotating composite disc of
constant thickness are presented in literature. é¥ew the studies related to creep
performance of a composite disc having variablektiess are rather scant. It is seen that by
changing the disc profile the stresses in the mhiag be reduced significantly. Therefore, it is
decided to carry out a study pertaining to stedatereep behaviour of a rotating composite
disc having variable thickness. The objective @& study will be to investigate the effect of
varying the disc profile for the same volume of ¢thec on the steady state creep behaviour of

the composite disc.
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3.3 Methodology

The work was carried out as per the following steps

i) First of all, constitutive equations for multi-ak@aeep were developed.
i) After that equilibrium equation along with theseuatjons were solved.
iii) Then a code was written in ‘c’ language, to deteamniarious results.

iv) After obtaining the results, analysis has beeneduout to draw important conclusion.
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CHAPTER 4

MATHEMATICAL ANALYSIS OF CREEP

In this chapter a mathematical model is developeatescribe steady state creep behaviour of
a rotating composite disc having variable thickneBse creep performance of the disc
material has been defined by threshold stress baseg law. The model developed has been
used to determine the stress and strain rateldistvsns for composite having different types

of disc profiles.

4.1 Assumptions

A composite disc made of Al-SiGvith inner and outer radii of ‘a’ and ‘b’ respeatly,
having thickness ‘h’ and rotating at an angulaoggy of ‘x’ (radian/sec). For the purpose of

investigation the following assumptions are made:

(i) The disc material is incompressible, isotropic podsesses uniform distribution of $iC
in aluminium matrix.

(i) Stresses at any point in the disc remain constahttune i. e. steady state condition of
stress is expected.

(i) Elastic deformations in the disc are small andlewgd as compared to creep
deformations.

(iv) The thickness of disc is very small compareddaliameter, therefore the axial stress
(c2) throughout the disc may be assumed zero.

(v) The material of the rotating disc is expected tdargo steady state creep according to

the well documented creep law given by:

€= [M(@ - op)]" (4.1)
Where M = %(A’exp ;—g)l/n

where the symbols, 7, g,,A’,n, Q, E, R, and T denote respectively the effecsitrain rate,

effective stress, threshold stress, structure dbg@nparameter, true stress exponent, true
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activation energy, temperature-dependent, Young&lulus, gas constant and operating
temperature.

(vi) Material of the disc yield according to the Tre¥geld Criterion.

4.2 Maximum Shear Stress Criterion (Tresca Yield Citerion)

The criterion assumes that yielding occurs whemthgimum shear stress reaches the value
of the shear stress in the uniaxial tension tdst. Maximum shear stress [30] is given by,

— 0103
Tmax— 2

Where,o; is the algebraically largest aod is the algebraically smallest principal stress. Fo
uniaxial tensiong: = oy, 6= 63= 0 and the shearing yield stragss equal tas,/2.

gl—03

Therefore, the above equation becomezs,—

_01—03_ _ _0Y
iy

Tmax

Therefore, the maximum shear stress criterionvsrgby
01-03= Oy

For a state of pure shean= -03=k, 5,=0, the maximum shear stress criterion predicts tha

yielding will occur when,
(51-03:2k:($y

This equation can be rewritten as,

K

N IS

Hence, the maximum shear stress criterion mayriigeew as,

01-(53:2k
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4.3 Analysis of Creep

Consider a thin isotropic composite disc of 606854%, of densityp and rotating at a
constant angular speead’. The disc thickness is expected to be ‘h’ anddad ‘b’ be the

inner and outer radii of the disc, respectively.

Let A and A denote the areas of transverse section of theetigsoent with outer radii ‘r’
and ‘b’ respectively but having the same inneruada’. The A and A may be written as,
[10]

AF hdr (D2

Ao= [ hdr (4.3)

The polar moment of area | ang df these disc elements having outer radii ‘r dhd
respectively but with inner radius ‘a’ may be stbaes,[10]

=hr?dr (4.4)
b= [ hr¥dr (4.5)
The average tangential stress in the digg,may be defined as,[10]
Soa=1/A0 [ hoydr (4.6)

The generalized constitutive equations for creepninsotropic composite under biaxial state
of stress (i.ec,=0) takes the following form when reference frarmealong the principal

directions r9 and z

& :% (20, — 0p) (4.7)
&g = % (209 —0y) (4.8)
= : 4.9
& == (-0, — 0p) (4.9)
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whereé,, &g, €, ando;, 6y 6, are the respective strain rates and the str@ssles directions r,

8 and z, as indicated by the subscripts.
According to Tresca yield criterion the effectiveess:

E:O'g

Putting the values of from equation (4.1) andly in equation (4.7)

di,  [M@ - )"

= 2 —_
Er dr 20, ( Oy 09)

Multiplying and dividing byoy

i, oy (2 (2)- (g)) %

&= D ME- o))" 4.10)

Similar lily putting the values o andayin equation (4.8)

u, . [M (o — 0o)]"

. _ U 2 —
&g r 20, (209 — 0,)
and
éz == (éG +ér)
ozg= B2 MEG- o) (4.11)

From Eqg. (4.10) and Eq. (4.11),

du, r B (2x—1)

dr u,  (2-x)
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Lo Mgy (4.12)

(2x-1)
(2-x)

Where @(r) =

Integrating Eq. (4,12) from limits ‘a’ to ‘ r’,

T
r
llog vy [q = 20 4
a T
-
r
(logu, —logu,) = j m dr
a T
H r
r
logﬁ = j w dr
U, a T
Now taking antilog on both sides
Ur [ f "o l
— =exp —dr
U, a T
" o(r
U, = u'aexpl f m drl (4.13)
a T

Substituting the value af, in Eq. (4.11)

%.exp[ J-T@.drl = (22—x) [M(T — 0,)]"

Q

U, 2
r (2—x)

.expl ']-T @ drl =[M(c — gy)]"
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U M)V = MG — o)

Wherg(r)/" =22~ exp| [T 22 ar| (4.14)

r(2-x)°

y 1/n %
[uall)(;[) I G o)

UMY "

M = (0 —gp)

7= ual/n¢(r)1/n_ + 0
M 0

But according to Tresca yield theory,= gy

c1/n 1/n
L (4.15)

So the above expression becomesagy = " + o0,

4.4 Equilibrium Equation for Rotating Disc

Let us consider an element of the disc, as showng. 4.2, between radius r and (r+dr) and
subtending an angleddat the centre of the disc ‘O’. Say the thicknekshe disc at radial

distance r and (r+dr) be h and (h+dh) respectively.

pw?3rdr

Fig 4.1: Free body diagram of an element of the dis
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Resolving the forces acting on the disc elemenigtbe vertical direction, i.Ev =0
implies,

[0+ - dr]-[r+dr]: [d6]- [h+dh]- o, - 7 -dO-h[2.0 -‘12—"]- [2h+ dH- T4p-ro’[2h+dH-[r +

dar dr _
<1 [51- do=0
Neglecting the smaller term from above equationsnplifying, we get

= [0y - 71~ 0g.h- pP0>h=0 (4.16)

The above equation is the equation of equilibriomtiie rotating disc of variable thickness.

Where, p = density of the composite
w? = Angular velocity

r = radius of the disc such that (a <r < b)

Multiplying the above equation (4.16) dy
d(r.o,.h) — ogdr.h + pw?r?. h.dr =0

Integrating it from limits a to b,

b b b
j d(r.o,. h) —f 0g. hdr + j pw?*r?. h.dr =0
a a a

Ih. 1.0,15 = [ 6p. hdr+ pw?.16=0
Where b=/ r2. h.dr

Dividing Eqn. (4.17) by 4, and rearranging the terms we can get the aveéaagential

stress, defined in Eqn. (4.6), as,

(hp .Tp-Orp) _ (hq .1q -O'ra)Jl_ p.w?lo
Ag Ag Ag

1 b
Soavg™ 5 J, 0. h.dr=
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(hp Tp.Orp— hg Tq .Org+ p.w?.1p)
Ao

1 b
Goavg— A_Ofa Og. h.dr =

b
e 3= [, Op- h. dr (4.18)

_(hp TpOrp=hg T Org+ p-w?lp)
Goavg— A
0

(4.19)

where, i and ki denote the thickness of the disc respectivelhatriner and the outer radii,
andor, andoy, are the radial stresses at the inner and outérresgpectively. substitutey

from equation (4.15) into equation (4.18)

c1/n 1/n
=7 [ O i golh.dr

Geavg:A_O M
The above equation can be simplified as,

b
c1/n
U, / _ Ao.Gean — fa Uo.h. dr

M [ @)V hdr

- 1/n
Put the value ofgavgfrom equation (4.19) int%‘?w—

b
U™ (hp.Tp.0pp = hy.Ta.0ra + p.w?1p) — [, 00 hodr (4.20)

M [P @) dr

It is important to mention that the radial stressgsandoy, at the inner and the outer radii,
respectively are zero due the imposed boundaryittonst

or=0atr=a
o,=0atr=»
- 1/n
Put the value o?“M— in equation (4.15) we get,

b
Ao.Cgavg—J, Oo-h.dr
[P p(rytmnar

g =

To (4.21)

In the first iteration, it is assumed that, =cg over the entire disc radii. Thg.y
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can be obtained from Eqn. (4.19) given above.

Now again multiplying the equilibrium equation oftating disc bydr both sides,

d(r.o,.h) — ogdr.h + pw?r?. h.dr =0

Integrating it from limits a to r,

r

T T
j d(r.o,. h) —f ag.hdr+f pw?r?. hdr =0
a a a
[r.o.. h|} = far 0. hdr + pw? farrz.hdr

T T
[r.o..h—a.o,.h] = f 0g. hdr + pa)zf r2. hdr

a a

By applying the boundary conditions to the aboveaagign,

T r
[r.o..h—0] =f ag.hdr+pa)2f r2. hdr
a

a

1 r T
o, :m[fa ag.hdr+pw2f rz.hdrl

a
_ 1 2
o, = ﬁ[fa 0g. hdr + pw?I|
Where the term | has been already defined in E4B).(

| = [ hrdr

(4.22)

Knowing oy and o, , the stress ratio,x7cy can be calculated and hence second

approximation foky , may be calculated from Eqgn. (4.15) which camagain used to in Eqgn.

(4.22) to obtain the second approximation o@f The process is carried out till the

convergence in achieved. Once the distributionadifal and tangential stress are known, the

strain rates in the disc may be calculated from E§3) and (4.8).
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4.5 Disc Profile

The creep response of rotating disc is determiryaghbiation in thickness profile of the disc.
For this study profile of disc which can be usedlinear and non-linear varying thickness
by setting the different value of geometric pararefor different profiles of the disc used in

the equation. The profile function [17] consideeséhis given by the equation:

h(r=h{1-n ()"] (4)23

where ‘n” and ‘k’ are the geometric paramet@sn<1,k>0) h, is the thickness at the axis of
disc, and ‘b’ is the radius of disc.The variabilidy the thickness is in the radial direction
thickness of the disc is very small compared toditaneter. With the help of this type of

profile function we can create different types mfcdprofiles: [17]

(i) Disc with uniform thickness: For uniform thickness0.
(i) Disc with linear varying thickness: For this typé l;mear decreasing thickness is

obtained by setting k=1ang@ in the above equation:

h(r=h{1-n ()]

The thickness of the disc at the axis i®gilty h=43.217mm and thickness of the disc at

the outer radiusgx13.97mm. The value of geometric parameter taker=as4.

(i) Disc with non-linear varying thickness: For nonelar variable thickness, we obtained
two types of thickness profiles:
a) Concave

b) Convex

For concave profile geometric parameter is givek<did/and for convex profile k>1.

For concave we take the value of k=0.55 and value=0.4.

For convex we take the value of k=2 and value d¢f.4=

Taking the thickness of the disc at the inner redna, and at the outer radius, hb, as 43.217
mm and 13.97 mm respectively, it is important tontiaa here that the thickness of both the
discs at the inner and the outer radii are selanotedch a manner that both the disc has same
volume. The inner and the outer radii of all thecdiare taken as 31.75 mm and 152.4 mm

respectively.
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4.6 Calculation of Area and Inertia of Discs

Using Eq. (4.23) in Eqns. (4.2), (4.3), (4.4), j4tbe values of A, 4 | and b may be
calculated. The values obtained are given as below,

oAhe#[(b-a)-n *(b**1-a™)/((k+1)* b)]

o7l he(b>-a’)/3-n*(b*>-a %)/ ((b) *(k+3))]
AZE(r-a)-n*(r' 1) (k+1)*(0)")]
1240 )/ 3-n (-l %) ((b) * (k+3)]

The values of A, 4 | and b obtained above for the discs having different ipraiay be
used in the analysis described in section 4.4 ltutzde the stress and strain rate distributions

in the different discs.

4.7 Solution Procedure

The stress distribution is evaluated from the alemaysis by iterative numerical scheme of

computation. To begin with, we calculate the aver@ggential stress in the disc, given by

ooa=1/Ao [ hoydr

To find the first approximation of x, to be useddqg. (4.14), we assume that =cga, in EQ.
(4.22) to obtain the first approximation of i.e [o,]1. Dividing [o,]1 bY coav, We get [X],
which is substituted in Eq. (4.14) for x to ¢@t, using[¥]1 in eq. (4.21)0g]1 1S Obtained.

On substituting[og]1,for [ay], In EqQ. (4.22), the second approximationopfi. e.[a,]2 IS
found, which is used to find the second approxioratof X, i. e., [x}. The iteration is
continued till the process converges yielding thugs of stresses at different points of the
radius grid. For rapid convergence 75% of the valfie, obtained in the current iteration
have been mixed with 25% of the value of rh obtdine the previous iteration and this
modified value is used in the next iteration. Tladéter, the radial and tangential strain rates in
the disc are calculated respectively from Eqs.Q@ahd (4.11).
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Fig 4.2: Numerical scheme of computation.
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CHAPTER 5

RESULTS AND DISCUSSIONS

Numerical calculations, based on the analysis ptedein the previous chapter have been
carried out to obtain steady state creep respointtee @womposite disc for different thickness
profiles. A computer program based on the mathealatormulation has been developed to
achieve the distribution of stresses and steady st@&ep rates in the rotating discs with
different profiles. The different thickness prosilare achieved from the profile function give.
The thicknesses profiles obtained from the equaaom for constant thickness, linear
variable, concave thickness profile and for contregkness profile. The material of the disc
is Al-SiC, which undergoes steady state creep. The effedisofprofile has been examined
on the creep behaviour of the isotropic (Al-9iCThe effects of using different disc profiles

on the creep behaviour of the discs are discussealately.

5.1 VALIDATION

Before discussing the result it is necessary ta@khlee results and the software developed.
For this purpose radial stress are calculated footating composite disc. The operating

conditions, dimensions and creep parameters afdhmosite disc are stated in Table: 5.1.
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Table: 5.1 Parameters and operating conditions focomposite disc.

Parameters for Composite Disc

Density of the Materialp( p =2750.01 kg ni

Disc radius:Inner(a)and Outer Radius(x31.75mm,b=152.4mm

Thickness at Inner@nand Outer h=43.217, B=13.97
Radius(h)

Creep Parameter,M M=0.00432 §"°/MPa
Stress Exponent,n n=s

Threshold Stresss() 60=19.46Mpa
Particle Size(P) P=1.7um

Volume Content(V) V=10 %

Operating Conditions

: 15000
Disc rpm

Operating Temperature, T 623.00 K

These parameters are used in computer code tdatalche stress, strains in composite disc.
The results achieved are compared with the puldisbsults [10]. Fig 5.1 shows the good
agreement between the results obtained by the guoeeoutlined in this study and the

published results [10] for a rotating compositecdis
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Fig 5.1. Comparison of present study and the publised results for radial stress.

5.2 Effect of Disc Profile on Creep Behaviour of Bic

Figs. 5.2-5.6 show the effect of varying the disickness on the creep performance of the
composite disc made of isotropic material (6061Z)% vol SiG). The disc is estimated to

operate at 623 K.

We compare four types thickness profile. Theseuaigorm thickness disc, linear varying
thickness, concave and convex thickness profiles.uRiform thickness profile the value of
n=0 for eqn.(4.23).where ‘n’ and ‘k’ are the geonweparameters. It is to be noted that the
parameten determines the thickness at the outer edge ofrthelar disk relative todwhile
the parametek determine the shape of the profiléne value ok equal to unity represents a
linearly variable thickness for the disk. For conegrofile disc the value of is k<1 and for

convex the value of is k>1.
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Fig 5.2: Effects of disc thickness on radial stress

The radial stress as shown in Fig. 5.2, increas@® fzero at the inner radius, touches
maximum before dropping to zero again at the otddius under the imposed boundary
conditions of radial stress vanishing at both tiveer radius and the outer radius. The radial
stress in the disc with linearly varying thicknésseduced everywhere compared to disc of
uniform thicknessConcave thickness profile has smaller stressesrrparison to disks with

linear or convex thickness profiles.
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Fig 5.3: Effects of disc thickness on tangential I&ss.

The tangential stress as shown in Fig 5.3 decreas@s move from the inner radius to the
outer radius of the disc. The tangential stresthéndisc having linearly varying thickness
decreases over the entire disc radii when compswedomposite disc having uniform
thickness. The disc having concave and convex ngrthickness displays the lowest values
of tangential stress over the entire radius contpareuniform thickness disc. Therefore, it is
obvious that by increasing and decreasing the tlis&ness respectively near the inner and
the outer radii, compared to uniform thickness, tdwegential stress in the disc could be
reduced to a significant extent.
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Fig 5.4: Effects of disc thickness on tangential istin rate.

Fig 5.4 shows the effect of disc profile on tangdrdtrain rate. The tangential strain rate is
maximum at inner radius and goes on decreasing@&sntowards the outer radius. The
tangential strain rates in the linearly varyingcdisoncave and convex profile varying discs
are reduced in magnitude compared to those obsedrvathiform thickness disc. The
distribution of strain rate is relatively more wnii in disc having variable thickness, which
may be lead to the reduction in distortion of tised
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Fig 5.5: Effects of disc thickness on radial straimate.

The radial strain rate shown in Fig 5.5 is meanitigfaffected by varying the disc profile.
The radial strain rates is maximum at inner radiod goes on decreasing with radial distance
up to certain distance, followed by a slight inae&owards the outer radius. As estimated,
over the entire radius the radial strain rate gpoading to uniform thickness disc is the
highest and is lower for linearly varying thicknessncave and convex profile disc. It is

minimum near the middle region of the disc for éingarying thickness disc.
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Fig 5.6: Effects of disc thickness on axial strairate.

Fig 5.6 shows the axial strain rate performancedffierent disc profiles. It is clear that the
axial strain rate is decreasing continuously fromer to outer radius of the disc. For constant
profile axial strain rate is higher than linearncave and convex profiles. Concave profile
has less axial strain rate than the other profiles.

From above conversation it appears that the staies in the disc can be significantly
reduced by using disc with variable thickness hgwimore thickness at the inner radius and

lesser thickness at the outer radius as compargidddaving uniform thickness.
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5.3 Effect of Varying Particle Size on Creep Behawour of Composite Disc

1 Radial Stress(MPa) P=17
401 P=14.5
P=45.9.
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Fig 5.7: Effects of varying particle size ofispersoids (SiG) on radial stress.

Fig 5.7 shows the effect of particle size on thdialastress for linear varying thickness disc
profile. Here we take three types of the size &f plarticles [27] i.e. 1.7 um, 14.5 pym and
45.9 um. Radial stresses are increasing from itmeuter radius and high at the middle of
the disc and remain zero at inner and outer radliigsto imposed boundry conditions. From

the above results, it seems that the effect ofgb@idize on the radial stress is very small.
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Fig 5.8: Effects of varying particle size of dispesoids (SiG) on tangential stress.

Fig 5.8 shows the creep response of the composte fdr varying particle size of the
reinforcement for tangentail stress. The values tloé tangential stress decreasing
continuously from inner to outer radius. Like rdditresses, tangential stresses also not too
much affected by the particle size of reinforcemdrite maximum variation observed in

tangential as well as radial stress is approxinjéités.
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Fig 5.9: Effects of varying particle size of dispesoids (SiG) on tangential strain rate.

Fig. 5.9 shows the variation of tangential stramterwith radial distance. The change in
particle size of the reinforcement affects the @antigl strain rate quite significantly. It is
estimated that the smaller size particles will berenin number for the any given volume
fraction and are able to restrain creep flow mdfecavely. It is clear from the figure as the
creep rate at any radius is reduced when the [easiwe decreases from 4ufh to 1.7um to

a great extent.
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Fig 5.10: Effects of varying particle size adispersoids (SiG) on radial strain rate:

Fig 5.10 shows the effect of particle size on risliain rate.The radial strain rates decreases
with radius up to a certain radius where it becom@gmum, beyond this value it increases
slightly moving towards outer radius. Like the tangal strain rate, the radial strain rate is
also significantly affected by the particle sizetloé reinforcement. The radial strain rate is

also reduced when the patrticle size decreases4B8um to 1.7um.
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Fig 5.11: Effects of varying particle size of dispsoids (SiG,) on axial

strain rate.

Fig 5.11 shows the effect of particle size on astedin rate.The axial strain rates decreases

from inner to outer radius of the disc. Like thegantial strain rate and the radial strain rate,

axial strain rate is also significantly affected tme particle size of the reinforcement. The

axial strain rate is also reduced when the parside decreases from 4ufn to 1.7um.

It can be clearly said that although creep stredsesot vary significantly with change in

particle size but it has significant effect on stnate.
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CHAPTER 6

CONCLUSIONS

Based on the obtained results and discussion gezsanthe previous chapter, the following

conclusions are drawn:

1. The radial and tangential stresses in the discdcbal significantly reduced by varying
the disc profile. For the same disc volume and atpey conditions, the tangential and
radial stress in the disc having concave varyingkttess are significantly lower than
that observed in disc with either convex varyingkhess or constant thickness.

2. The radial as well as tangential strain rates endisc could be significantly reduced by
employing disc with either concave or linear p®itiompared to uniform thickness disc.
The disc having concave thickness profile has ¢tleest and more uniform distribution
of strain rates.

3. The tangential as well as radial strain rate indise reduces significantly with reducing
particle size but the radial and tangential stiegst too much affected by varying the

particle size of reinforcement.

Thapar University, Patiala Page 57



FUTURE SCOPE OF WORK

The study carried out in this thesis may be furthéended in the following directions:

1. The study carried out in this thesis may be extdrfde disc operating under thermal
gradients.

2. The effect of varying the disc profile may also imwestigated for disc made of
functionally graded material.
Analysis may be carried for disc having differentibdary conditions.
Disc can also be considered which is subjectednternal pressure and/or external

pressure.
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