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ABSTRACT



In this research project, flexural creep and tensile creep estimations
were carried out at constant room temperature and at a time range between
(v-1+') seconds to measure the viscoelastic creep properties of polymer and

polymeric material reinforced with short fibers.

The present work is a theoretical macromechanics study, which
concentrates on linear viscoelastic creep behavior of polypropylene and short
E-glass fiber reinforced polypropylene. The loading cases are externally
applied concentrated loads and the deformations have been limited with small

strains.

In this investigation, a three-parameter model is used as a mathematical
viscoelastic model to represent the linear viscoelastic behavior of

polypropylene and will not yet reach to permanent deformation.

Through this analysis, the finite element method as a numerical method
is applied to obtain the mechanical properties. Galerkin finite element
method has been adopted for the derivation of governing equation. Two finite
element computer programs in Quick Basic language have been designed to
obtain the mechanical properties that represented by strain, modulus, and

compliance from flexural creep and tensile creep estimations.

The material systems that have been chosen for this study are:
-Isotropic unreinforced polypropylene.
-Polypropylene reinforced with aligned short E-glass fibers.
-Polypropylene reinforced with random short E-glass fibers.

The principle of time-temperature equivalence has been applied and

observed from the mechanical properties of polymer and PMC.



Halpin-Tsai equation has been shown an improvement the modulus and
decrease in the strain and compliance values for PMC reinforced with short
fibers in both aligned and random reinforcement through flexural creep and

tensile creep estimations.

On the other hand, the modified rule of mixtures has been shown
increasing in strain and compliance values and constancy in modulus according
to tensile creep estimation while the same method has been proved the slight

effect of reinforcement on PMC properties due to flexural creep estimation.
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NOMENCLATURE

Symbol

Description

A Cross sectional area of tensile specimen




Area of «-D rectangular
element

Aspect ratio

Dimensions of rectangle v-D element

Strain-displacement
matrix
Width in tensile and
depth in flexural

Plane-stress matrix
Diameter of fiber
Modulus of elasticity
Number of element
Global force vector
Element force vector

Shear modulus

Global coordinate
Relaxation modulus

Thickness in tensile specimen and width

in flexural specimen
Thickness of ¥-D rectangle element
Moment of inertia

Creep compliance




Bulk modulus

Element stiffness matrix

Time dependent global stiffness matrix
Length of specimen

Critical fiber length

Length of linear .-D

element
Fiber length

Local coordinate
Bending moment
Node number

Shape function

Total number of degree
of freedom

Total number of elements
Total number of nodes
Number of nodes in x-direction
Number of nodes in y-direction
External applied load

Element displacement vector




Global displacement vector

Residual term
Time

Retardation time
Temperature
Volume fraction
Weighting function

Distance from the neutral axis to the
strained fibers

Greek symbols

Description

Normal strain

Normal stress

Mean fiber stress

Natural coordinates

Viscosity of dashpot

Deflection

Poisson’s ratio




Subscript

Description

Bending

Composite
Critical

Elastic

Fiber

Glass transition
Longitudinal
Matrix

Mean fiber stress
Polymer

Random

transverse

Superscript

Description

Element




T Transpose of matrix

Abbreviations

Description
Equation

Figure

Finite element method

Polymer matrix composite

polypropylene
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CHAPTER ONE

Introduction

v.' General

Polymers are not new and some of them have been in existence for over a century but rapid development of

polymers has continued to the present day in order to meet the demands of industry. The interest in polymers
results from their properties: excellent electrical and thermal insulation properties; they are light, resistant to
corrosion, and cheap. Polymers are generally more resistant to chemicals than the metals. As well as they have
lower strength, lower moduli, and lower temperature use limits than metals or ceramics do. The reinforcing of

polymers to obtain a composite material has been enhanced the mechanical properties of them.

The phenomena of viscoelasticity in materials is studied since [ \ \‘]:

- Viscoelastic solids are used to absorb vibration.
- Viscoelastic effects such as molecular mobility in polymers are linked to physical processes as diffusion,
motion of defects such as dislocations, vacancies and other defects, so that viscoelastic measurements are used
as a probe into the physics of these processes.
- Viscoelasticity is also used in the design of materials and devices for a variety of purposes including reduction
of mechanical shock, and instrument mounts.
- Viscoelasticity is relevant in the phenomena such as ball rebound, sag, and droop.

The subject of composite materials has received considerable attention in recent years because of the unique
properties and characteristics displayed by this group of engineering materials. This is especially true in

structural applications requiring high strength and lightweight. These materials have been highly successful in

areas such as aerospace, transportation, military, medicine, and agriculture [ ) 1




A composite material usually has characteristics that are not depicted by any of its components alone.

Generally, the continuous phase is referred to as the matrix, while the distributed phase is called the

reinforcement [Y ,v]. The reinforcement is usually harder and stronger than the matrix. The only exception to

this rule is the class of materials known as rubber-modified polymers consisting of a rigid polymer matrix, filled

with rubber particles [v].

The properties exhibited by a composite material are strongly influenced by the properties of the individual

constituents, shape and size, the bond between the reinforcement and its matrix and any interaction between

these constituents when they are combined in composite form [ ) 1

1.v General View about Polymer

The term polymer is used to indicate to a compound consists of many
repeated structural units. The structure of all polymers consists of long chains;
hundreds of molecules in length. These chains usually consist of carbon atoms

linked together by covalent bonds [¢,°].

Polymers of a high average molecular weight, i.e. relatively long chains,
are the most useful to the engineer and they are used in industry and referred
to as high polymers [¢]. The degree of polymerization of the polymer chain is
the number of sub-units, i.e. mers, used to form the chain. The degree of
polymerization is not being constant. Thus properties are affected by chain

length [¢].

The type of polymerizing reaction that takes place depends upon the

particular polymer being produced [¢]. There are two forms of polymerization.

-Addition polymerization: when the reaction takes place without any by-

product, polymerizing the monomers can form the polymer under the



influence of temperature, pressure, and catalyst. Polypropylene and

polyethylene are familiar additional polymers [¢,1,].

-Condensation polymerization: when a by-product is rejected or condensed out during the reaction. The by-

product is nonpolymerizable molecule as water or other simple molecule such as HCL. Nylon is a familiar

polymer [°,\’]. condensation

The possible forms of molecular chains of polymer are linear chains,

o0 OO0 —O0—0—0—0—0—0-

) Branched
Linear

)

—0—0—0—0

O
( )— )
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O
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C

(

Fig.(1.'):Forms of polymeric chains. Ref [¢]

branched chains, and cross-linked chains as shown in Fig. (1.)).

The term homopolymer is used to describe polymers that are made up

of just one monomer. For instance polypropylene is made up of only the

0 0 0 0 0 0 NS O 000

Alternating Random

229@08.0000

Graft

009 000

Block

Fig. (1.Y): Structures of copolymers made up of two monomers. Ref. []
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monomer propylene. The other type of polymer is copolymer, which can be
produced by combining two or more monomers in a single polymer chain [¢].

Some types of copolymers can be seen in Fig. (1.Y).

Structure of Polymers and its Effect on Mechanical

Properties
Polymers can be classified depending on the arrangement of the
polymer chains into: amorphous polymers, semi crystalline polymers, and

crystalline polymers.

Amorphous polymers: they have completely random arrangement.
Polymers with side branches or bulky molecules show fewer tendencies to
crystallize since the branches or bulky side molecules prevent the molecular
chains from becoming closely packed [¢,°]. When an amorphous polymer is
heated, it shows no definite melting temperature but progressively becomes
less rigid. This is because the arrangement of the chains in the solid is
disorderly, just like a liquid, and so there is no structural change occurring at
melting [¢]. The strength of such polymers is relatively low. The greater spacing
between adjacent molecular chains will increase the toughness of such

structures and so display a measure of flexibility [¢].

Semi crystalline polymers: crystalline synthetic polymers are invariably
partly crystalline and partly amorphous [A]. For a particular polymer the
degree of crystallinity depends on the particular type of polymerizing process
used and the rate of cooling following polymerization or processing. Hence, if
the polymer is cooled under non-equilibrium conditions, the development of
large crystalline regions is restricted. The degree of crystallinity is usually in the

range (e+-4+7%)[°].



Depending on their degree of crystallinity, such polymers can show a
range of densities and melting points [Y]. So the strength and stiffness of semi
crystalline polymer will be affected by the degree of crystallinity. A
semicrystalline polymer will be relatively strong with a reasonable measure of

toughness [°].

Crystalline polymers: The crystalline structure is one in which there are
orderly arrangements of particle [¢]. The term crystalline polymer always
implies partially crystalline [A]. Complete crystallization is not obtained [¢]. The
reason for this difficulty is the long chain structure of polymers [Y]. The typical
properties of a highly crystalline polymer are that the presence of crystallinity
affects the mechanical behavior of polymer ['] and the strength of this

material is high and this polymer will exhibit little flexibility and toughness.

1.v.v Classification of Polymers

Polymers can be classified in terms of the type of linkage both along and between the molecular chains

-Thermoplastics (thermosoftening): The Thermoplastic resins offer the
possibility of being heated until soft and flowable, then they are simply molded
into the desired shape and allowed to cool, so thermoplastic material may be
readily molded or extruded because of the absence of cross-links, for example
polypropylene and polyethylene [¢, °,)]. The mechanical properties of
thermoplastics are sensitive to temperature and to sunlight, and exposure to

temperature may cause thermal degradation, i.e. breakdown of some bonds

[V].



-Thermosetting plastics (thermo-hardening): such as melamine and epoxy
resins; with a thermoset, heat causes the material to char and decompose with
no softening. The atoms in a thermoset form a three-dimensional structure of
chains with frequent cross-links between chains. The bonds linking the chains
are strong and not easily broken. Thus the chains cannot slide over one
another. As a consequence, thermosetting polymers are stronger and stiffer
than thermoplastics and generally can be used at higher temperature [¢]. It
should be noted that the degree of cross-linking varies from one polymer to
another [¢]. In general, thermosets have high thermal stability, high
dimensional stability, high stiffness, and good resistance to creep, low

densities and high electrical and thermal insulating property [¢].

-Elastomers: Elastomers represent a particular group of polymers which
consist of very long molecular chains which are folded, coiled and entangled,
as well as being subject to a small degree of cross-linking. The difference
between thermosets and elastomers is that with thermosets, there are
frequent cross-linking bonds between chains while with elastomers there are
only occasional bonds. Elastomers are polymers that can show very large,

reversible strains when subject to stress [¢].

V.Y Classification of Polymeric Composite Materials

Composites can be classified based on the type of reinforcement into three

categories:
a. Fiber reinforced composites

The fibrous composites have become the most important class of
composite materials, as they are capable of achieving high strength. Fibers

because of their small cross sectional dimensions are not directly usable in



engineering applications. They are, therefore, embedded in matrix materials to
form fibrous composite [¥]. The main functions of the fibers in a composite are
to carry most of the load applied to the composite and provide stiffness. For
this reason, fiber materials have high tensile strength and a high elastic
modulus. Aligning all fibers in the same direction gives the directionality to the
properties of the composite [¢]. Three types of reinforcing fiber dominate the
reinforced plastic scene. These are glass fibers, carbon fibers, and oriented

polymeric fibers (Kevlar fibers) [A].

The function of the matrix in a composite material is usually multifold.
Matrices are designed to protect the reinforcing phase from structural damage
due to handling, corrosive attack, and environmental degradation. The matrix
phase also serves to bind the fibers together, transmit applied stresses to the
reinforcing constituents, and stabilize them against buckling in situations
where compressive stresses are axially applied to long cylindrical fibers [),v].
The matrix also keeps the fibers apart to hinder crack propagation [:].
Furthermore, the matrix may be selected for its physical properties, such as
density, thermal and electrical conductivity (or electrical resistivity), thermal

expansivity, melting or softening temperature, and translucency or opacity ['].

Polymeric matrices: include a number of thermosetting and
thermoplastic resins, The thermosetting resins commonly used as matrix
materials include epoxies, polyesters, phenolics, and melamines. The
thermoplastics commonly used as matrix materials for fiber-reinforced plastics
include polycarbonates, polyamides (nylon 11), polystyrene, polyethylene, and
polypropylene. In general, the polymeric materials display low tensile strength
compared with metals and ceramics; the bulk of fiber-reinforced composite
materials consists of plastics reinforced with continuous fibers ['].

b. particulate composites
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Particulate composites consist of particles of one or more materials
suspended in a matrix of another material. Glass spheres are widely used with
polymers to give a composite, which is stronger and stiffer than the polymer
alone. Incorporating tiny rubber particles in the polymer matrix increases the
toughness of some polymers. Polystyrene is toughened in this way by
polybutadiene particles to give a product referred to as high impact polystyrene
(HIPS)[<].

c. Laminated composites

Laminated composites consist of layers of at least two different materials
that are bonded together. Lamination is used to combine the best aspects of the
constituent layers in order to achieve a more useful material [?]. Laminated
fiber reinforced polymer matrix composites are finding increased use in the
broad range of industrial applications, particularly in the automotive and
aerospace engineering. These materials are attractive for a number of reasons,

especially their mechanical properties [ +].

Literature Review

In Yoo . Resen, A et al [“ 2] modified the finite element solution for elasticity

problems in two-dimensions to linear and nonlinea
r viscoelastic behavior of solid glassy polymers through changing material properties in each time step. They
have been based on creep behavior (constant stress) of two viscoelastic models (three-parameter model and
Schapery model). Material under study is polymethyl methacrylate (PMMA). They studied three practical
cases: uniaxial tensile stress applied on plate with central hole and plate with central crack, and combined

loading "tension-shear" stress.

The results that have been obtained from plate with central hole and

plate with central crack showed that strain distribution is time dependent, and
in the case of plate with central crack, it is clear that the plastic zone

propagates as time passes. In the case of combined loading, it is clear that



shear component gave non linear strain (g > +.e%) while tensile strain is always
lower than shear strain for both cases, tensile strain lies in the linear

viscoelastic range.

In ..y, Gates; et al. [r*] studied creep properties of unidirectional
carbon fiber reinforced thermoplastic polyimide composite designated as
(IMv/KB) by using three accelerated test methods at elevated temperatures

sub-Tg temperature. These tests are: -

Flexural creep tests using the DMA (dynamic mechanical analyzer),

conventional tensile creep test, and conventional compressive creep test.

They performed tests under similar stresses and identical thermal
history condition. They showed that flexural loading mode used in the DMA
specimens introduces difficulties of isolating tensile properties from

compressive properties of the material.

By comparison of the results from three test programs, they indicated
that the DMA flexure creep results were not identical to the tension and
compression creep results. The DMA flexural creep test closely resembled the
tension and compression creep behavior of polymer matrix composites, and
the slight difference between flexure, tension, and compression creep may

reflect a real change in material behavior under these modes of loading.

In Yoo V’ AbdeI-Magid; et al. [Vi] investigated the flexural creep behavior of

two composite systems E-glass/epoxy and E-glass/polyurethane composites. The composite systems were

reinforced with continuous fibers and tested along the fiber direction. They performed two sets of flexural creep

tests for the materials, one at room temperature and the other at O °C. On each set, samples were loaded at



various stress levels ranging from A\gK /. o 4 /. of the ultimate flexural strength of the material with

[ ]
0] /. stress increments.

They have been indicated that the polymer matrix composites exhibit creep behavior when subjected to

three-point flexural loading even when the loading is applied along the fiber direction.

}.® The Objective of the Present Work

The present work is aimed to investigate numerically the time dependent
mechanical properties of semi-crystalline thermoplastic polypropylene and short
E-glass reinforced polypropylene in the forms of aligned and random
reinforecement. The study is limited by linear viscoelastic behavior with small
strains (< +.++9),

This work is a theoretical macromechanics study, but the approaches used
to obtain stiffness and other mechanical properties of short fiber composite are
micromechanics.

A three-parameter model is applied as a theoretical viscoelastic model to
predict with the time dependent modulus of polypropylene polymer. A tensile
creep with dumbbell specimen and flexural creep with simply supported beam
have been taken into consideration.

Two computer finite element programs have been designed to analyze
flexural creep behavior and tensile creep behavior of polymer and its composite.

Tensile and flexural creep estimations have been carried out at constant
temperature, which is room temperature.

The time dependent mechanical properties understudy (strain, modulus,
and compliance) have been determined for each node in flexural estimation and
for each element in tensile estimation, so the properties are functions of both

time and position.



CHAPTER TWO

The Mechanical Behavior of Polymer and Polymer

Matrix Composite

v.» General

This chapter is primarily concerned with the mechanical properties of
polymeric materials and polymer matrix composites. Polymers are obviously
different from metals and other crystalline solids in their mechanical behavior.
A polymer undergoes a complex combination of elastic deformation and slow

irrecoverable viscous flow, which is generally called viscoelastic behavior.

The addition of fibers to polymeric matrices enhances polymer strength,
stiffness, dimensional stability ,and elevated temperature resistance at the
expense of ductility [V']. Furthermore, the combination of high-strength/high-
stiffness fibers in polymer matrices offers an outstanding example of the
composite principle, that taking the best properties of both materials. The
result is a strong, tough, stiff material, which is depending on the matrix and

reinforcement type ['Y].

This chapter deals with time-domain transient properties: creep and

stress relaxation for polymeric materials and polymer matrix composite.




Y.Y The Nature of Viscoelasticity

Viscoelasticity is a general property of polymeric solids; the solid is

elastic in that it recovers, but is viscous in that it creeps. The major
difference between elastic solids, such as metal alloys, and polymers can be
stated briefly. Polymers, because of the great length of the molecular chain,
cohere as solids even when discrete sections of the chain (or side branches)
are undergoing Brownian motion and moving by diffusional jump
processes from place to place. In the liquid the whole polymer chain
undergoes vigorous Brownian motion; the molecules move as a whole by
‘snake-like’ motions. In the glass it is clear that although the chain is

essentially immobile, limited Brownian motion is possible before the onset
of the liquid-like Brownian motion at the glass transition region [A].

Polymers are viscoelastic at all temperatures, they are never simple

elastic solids so that in considering the strains induced in service it is
always required to take into account not only the stress, but the time for
which it is applied. The viscoelastic properties are also highly temperature-

dependent so that the maximum temperature must be clearly specified, and
taken into consideration [A]. Viscoelastic materials have a relationship

between stress and strain, which depends on time or frequency ['r].

Y.Y.) Glass Transition Temperature (T,)

If polymers are heated, there is a temperature at which they change

from being a stiff, brittle, and a glass-like material to a rubbery material.
This temperature is called the glass transition temperature Ty,.

Below this temperature, segments within the molecular chains are

unable to move and the molecular motion is diminished, the volume of



unoccupied space is reduced. The material is stiff with a high elastic
modulus and generally rather brittle.
Above this temperature, there is sufficient thermal energy for some
motion of segments of the chains to occur and imparts toughness to the
polymer. In these temperatures, segments of the long polymer molecules,
even though entwined and entangled, exhibit vibrational, rotational, and

translational motion that results in a cotinuous rearrangement of the
molecule and the creates of the unoccupied space between molecules [2 0 \ ].

The greater the degree of linking, the higher the glass transition
temperature. Thus linear chain molecules tend to have lower glass

transition temperatures than molecules with bulky side groups or branches
and these, in turn, have lower values than cross-linked polymers [5].

For rubbery materials Tq < Troom
For glassy materials Ty > Toom
The glass transition temperature (T,) is as important to polymers as

the melting (or freezing) temperature is. For example T, of polystyrene is at

approximately \ + 2oC: therefore it is glassy and brittle at room
temperature. In contrast, a rubber whose Ty is at —V ¥oCis flexible even in

the most severe winter temperatures [ \ 2].

The glass transition temperature is sometimes loosely referred to as
the softening point. The simplest way of observing the softening point is by
means of a sharp, cone-shaped penetrometer. The ratio of the glass

transition temperature to the melting point is observed empirically to be

Polymers can be grouped into various classes according to their

behavior relative to their transition temperatures. Elastomers must be used



well above the glass transition temperature (Ty) in order to retain the
.molecular mobility necessary to achieve elasticity

Amorphous polymers such as polymethyl methacrylate are utilized for

their structural rigidity and consequently must be used at temperatures
below T4 while Crystalline polymers are used at temperatures well below
Tm since changes in crystal structure can occur as Tm is approached.
Typically the glass temperature is not important, since it represents only a
minor change in the behavior of these polymers, where the higher the

degree of crystallinity, the smaller the effect of the glass transition on the

mechanical properties of the material[\ ].

Y.¥ Viscoelasticity from Mechanical Point of View

The classical theory of elasticity deals with the properties of elastic
solids for which, in accordance with Hook’s law, stress is always directly

proportional to strain in small deformation but independent of the strain
rate [ ©].

The elastic solid has a definite shape and is deformed by external

new equilibrium shape. On removal of these external forces it forces into a
reverts exactly to its original form. The solid stores all the energy that it
obtains from the work done by the external forces during deformation.

body to its original shape when This energy is then available to restore the
these forces are removed ["].

The classical theory of hydrodynamics deals with properties of
viscous liquid, for which, in accordance with Newton’s law, the stress is

always directly proportional to the strain rate but independent of strain,



itself [\ 1. A viscous liquid, on the other hand, has no definite shape and

flows irreversibly under the action of external forces [1].

If both strain and rate of strain are infinitesimal, system may exhibit
behavior, which combines liquid like and solid like characteristics;

Materials whose behavior exhibits such characteristics are called
viscoelastic [‘ ®1. Polymers are usually described as viscoelastic materials.

It is difficult to classify polymers as particular types of materials such

as a glassy solid or a viscous liquid, since their mechanical properties are so

dependent on the conditions of testing, e.g. the rate of application of load,
temperature, amount of strain.

A polymer can show all the features of a glassy brittle solid or an

elastic rubber or a viscous liquid depending on the temperature and time

scale of measurement. At low temperatures, or high frequencies of

measurement, a polymer may be glass-like with young’s modulus of
(\ VY 'h) N/m ' and will break or flow at strains greater than

(+.07).
At high temperatures or low frequencies, the same polymer may be

1 Y \
rubber-like with a modulus of (\ R ) N/m , withstanding large

extensions (approximately Voo Z) without permanent deformation. At

still higher temperatures, permanent deformation occurs under load, and
the polymer behaves like a highly viscous liquid.
In an intermediate temperature or time range, commonly called the

glass transition range, the polymer is neither glassy nor rubber-like and it

shows an intermediate modulus [‘].




Y. ¢ Viscoelastic Behavior

Y.¢.Y Linear Viscoelastic Behavior

A simple definition of linear viscoelastic behavior is that the ratio of

stress to strain is a function of time only and not a function of the

magnitudes of stress and strain [\ "]. In linear viscoelasticity, effects are

simply additive as in classical elasticity, the difference being that in linear
viscoelasticity matters at which instant an effect is created ["].

Stress-strain curves for all viscoelastic solids (time dependent

materials) are linear for sufficiently small deformations and strains [vv]. To
ensure that the specimen cross section does not change appreciably.

Generally polymers exhibit the properties of linear viscoelastic

behavior at low stresses where strain below (..v-+.2)% ['v]. The end of the
region of linear viscoelasticity correspondsto e = *.* *© [\ /\], so above
this limit the material exhibits nonlinear viscoelastic behavior. Linear

constitutive model is also valid to represent viscoelastic behavior [ \ °].

Y.€.Y.) Transient Properties: Creep and Stress Relaxation

If a polymeric material is subjected to a constant stress, the strain

will not be constant but will increase slowly and continuously with time.
On .the stress The effect is due to a molecular rearrangement induced by

the release of the stress, the molecules slowly recover their former spatial
arrangement and the strain simultaneously returns to zero. This effect is

termed creep and is a manifestation of a general property of polymeric



solids known as viscoelasticity [A]. Creep is one of the simplest

experimental modalities for characterizing viscoelastic behavior [1r].
For metals except that the very soft metals like lead, creep effects are
negligible at ordinary temperatures. For polymers, creep is often quite

significant at ordinary temperatures and even more noticeable at higher
temperatures [i]. All plastics creep to a certain extent. The degree of creep

depends on several factors, such as the type of plastic, temperature, and
stress level.
If the applied load is released before creep rupture occurs, an

immediate elastic recovery will happen, equal to the elastic deformation,

followed by a period of slow recovery as shown in Fig. (*.\), where a

constant load is applied at t, and removed at ty. The material in most cases
does not recover to the original shape and a permanent deformation
remains [‘ *]. On removing the load from a polymer, the material can

recover most, or even all, of the strain through giving it sufficient time.
This is different from metals where the strain produced by creep is not

recoverable. The time taken to recover depends on the initial strain and the

time for which the material was creeping under the load [f].




Fig. (¥.V): Creep curve with recovery. Ref. ['4]

The general form of stress-strain-time relationship can be thought of

a Y-D surface as in Fig. (Y.*) [‘ q]. The ¥-D figure can be transformed

into three additional ways by which creep data can be presented for

polymers [5], these ways are:
B Creep curve: strain-time curve at constant stress.
Y . Isochronous curve: strain-stress curve at constant time.

¥ Isometric (stress relaxation) curve: stress-time curve at constant strain.

constant time section
isochronous section

constant strain section
isometric section

constant stress section
cresp curve

Fig. (¥.Y): v-D plot of material behavior. Ref. [*A]



The counterpart of creep is stress relaxation, which is defined as a

gradual decrease in stress with time under a constant deformation or strain
as shown in Fig. (" ."'). This behavior of a polymer is studied by applying a
constant deformation to the specimen and measuring the time dependent

stress required for maintaining that strain [\ “].

=] o
A c
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te | , f _
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Fig. (v.r): Stress relaxation of plastics. Ref. [*A]

Relaxation in polymers is of great practical significance when the
polymers are used in applications involving seals and gaskets ["]. The
stress relaxation test is more difficult to perform than a creep test and has

limited practical applications [\ q]. The rates of relaxation and creep

depend on the particular material [" ‘.

r.t.).y Creep Compliance and Stress Relaxation Modulus

The creep compliance can be defined as the time dependent strain g(t)
divided by the constant stress o, ['¥]. The creep compliance is denoted by J (t)

where:



J (t) for a tensile/compressive creep experiment, and Js (t) for a torsion creep

Iy =50 (=)
Go
experiment ['v]. In this work, creep compliance is [1]:

If a constant stress o is applied to a viscoelastic specimen, the time

dependent strain is recorded as & (t) (see Fig. v.¢ a). After some period of

time, the load is removed. Suppose the specimen is allowed to recover and a

larger stress oy is applied. The time dependence of the strain gx(t) is shown

in Fig. (Y.fb). If at a particular time t and t. after loading, € and . are

linear with the magnitude of corresponding stresses, o, and o, the strain-

stress relationship that is called isochronous curve can be given by Fig.
(V.20 1) 91,

The data for isochronous curves are taken from creep tests at

different stresses [‘ q]. From creep curve, a vertical line is drawn at some

particular time and the stresses needed for the different strains read from

the graph. Then a graph of strain against stress can be produced for that
time [¢].

Linearity of a material subjected to a series of creep tests at different

IS a stresses can be displayed visually by plotting isochronal curve; it
straight line if the material is linearly viscoelastic [\ "]. There are always
deviations from linearity; a transition from linear to nonlinear

viscoelasticity is shown in Fig. (Y.2)[Y 41.




In the linear viscoelastic ragion, the compliance J (t) is independent

of stress. The value of the stress used to determine J (t) is of no significance;

the compliance that can be observed at time t is exactly the same whether

the stress used in the creep experiment is 61, 6y Or any arbitrary stress ¢

J(ty) = e1(ty) _ &a(t) andJ(t,) = g1(ty) _ &2(tp)
c1(t1) oa(ty) c1(ty)  oa(ty)

[
Thus the simple loading experiment defines creep compliance J (t) only as the

function of time [1]. If the creep compliance curves for several experiments

performed at different stress levels coincide, the viscoelastic material is linear

[YV].

should involve substituting of the creep modulus The design process

for stiffness (or Young’s modulus). The creep modulus (Young's modulus)

Is the apparent stiffness determined by dividing the constant stress over the

E(t) =2 (v-1)

g(t)

‘ total deformation to the time defined as [" "]: H

Fig. (¥.1) below shows the variation of compliance with time at constant
temperature over a very wide time scale for an idealized amorphous polymer.
This diagram shows that for short time experiments the observed compliance
is Y- m"/N for a glassy solid that is time independent. At very long times the
observed compliance is V+° m"/N for a rubbery solid, and it is again time
independent. At intermediate times the compliance lies between these values

and is time dependent; this is the general situation of viscoelastic behavior [1].
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The stress relaxation modulus is the time dependent stress divided by

the constant strain [\ "]. G(t) relaxation modulus in tension/compression,

and Gs (t) relaxation modulus in shear.




The assumption of linear behavior enables to define the stress relaxation

G(t)=o(t)/e

Strain

\ .
linear

~ _ hondinear

Increasing time

Stress

(=)

Fig. (¥.¢) Linear-nonlinear transition of strain-stress relationship with

respect to different time levels (isochronous curve). Ref. [14]
modulus G (t) as a decreasing function of time [ °].
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Fig. (Y .V) Is a schematic graph of the stress relaxation modulus as a

function of time. The same regions of behavior (glassy, viscoelastic,
rubbery, and flow) can be identified. For very short times, the relaxation
modulus approaches a maximum limiting value where the material exhibits
glassy behavior associated with negligible molecule segmental motions.
At longer times, the material experiences a transition to leathery
behavior associated with the onset of short-range molecule segmental
motions. At still longer times, complete molecule movements are

experienced in the rubbery region associated with a further drop in the

relaxation modulus. Beyond this point, liquid flow occurs [\ \ ].
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If the data from several relaxation experiments done at different

constant strains give the same relaxation modulus G (t), the material is



linearly viscoelastic [Y']. The stress relaxation modulus at time t is another
manifestation of linear viscoelasticity [A].

The stress data obtained from a stress relaxation test can be used to
calculate the stress relaxation modulus by dividing the stress at a particular
time by the applied strain ['4]. The material is linear when J (t) is
independent of stress, G (t) is independent of strain, and otherwise it is
nonlinear ['¥]. Relaxation and creep modulus can be plotted against log time

to reveal their strong time dependence [')].

v.¢.).* Mechanical Models

The linear viscoelastic response of polymeric solids described for

many years by a number of mechanical models that have been provided a
useful picture of time dependent deformation processes [ AR ]. It is possible

to analyze the deformation of viscoelastic materials with appropriate

combinations of elastic springs, which obey Hook’s law and viscous

dashpots that obey Newton’s law of viscosity [Y “,‘]; the dashpot is

Imagined as a piston moving in a cylinder of viscous fluid [ \ °, AR ].

spring and dashpot in the Maxwell model consists of Maxwell model:

series as shown in Fig. (Y . A).

For creep, stress is constant (o = o,), strain will change with time; so
do/dt = :[1]. The application of constant stress causes an instantaneous
stretching of the spring, the dashpot extends linearly with time so long as the
stress is maintained ['1]. The final equation of Maxwell model as reported in

Ref. [1]is

e=o.t/pn (¥-¢)



|

Fig. (v.A): Maxwell model. Ref. [14]

Eqg. (¥-¢) corresponds to the response of only viscous element, which is
not very realistic form of behavior because in this equation strain increases
linearly with time (viscous behavior) [Y°]. This is not generally true for

viscoelastic materials where the creep behavior is more complex [1].

Voigt-Kelvin model: Kelvin or Voigt model consists of a spring and dashpot
in parallel [1] as shown in Fig. (¥.4). When the stress is applied suddenly in the
creep test, the chief resistance is offered by the viscous dashpot, which is

initially very resistant.

The initial strain of the system is zero, after a period of time; Kelvin

model will display a time dependent deformation behavior ['1].



e(t) =°—£(1—e—”tr) (v-¢)

The final equation of Kelvin model is:

Where
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Maxwell and Kelvin models show certain similarities to actual material

response ['1] because the two models couldn’t satisfy the general behavior of
viscoelastic solid (creep and stress relaxation) completely if each of them is

used alone ['°] and they do not provide close agreement with real behavior

[V1].

r-parameters model: The more convenient famous model to represent the

viscoelastic behavior is called Y-parameter model. It is equally valid for creep,
stress relaxation, and dynamic response. Y-parameter model is a modification
of Kelvin model [Y¢], which consists of Kelvin model connected in series with a

spring as shown in Fig. (¥.) *)[°].



The response of this model contains both initial elastic and decreasing

strain rate which represents creep response fully [ ¢].

For this model, total strain = strain due to spring + strain due to Kelvin element [ 2 ]

g(t) =0 4 0 (1) (r-3)
1 2
J(t)=@=i+i(1—e‘”‘r) (¥-v)
Go 1 B
E(t)=— SL (v-)

~J(t) E,+E,—Ee
Where t, = u./E,
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Fig.(¥.V+) ¥ — parameter model. Ref. [14]
In this work, Y-parameter model will be used as a mechanical model to
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predict the linear viscoelastic behavior of PP polymer because:

V. It was used in finite element formulation of viscoelastic behavior [Y ¢].



Y.

It will not yet reach to permanent deformation.

The time dependent modulus of three-parameter model has three constants
(E\, Ex, py). These constants have been determined according to experimental
curve of polypropylene at constant stress A.¥ Mpa and Y :°C by the curve fitting
procedure.

This experimental curve has been taken from Rollason, E. C. [V]. The values of
the constants of three parameter model for polypropylene polymer are as
follows: E\=Y.YGPa, E,=+.Y¥ GPa, and p,=%.4 x ¥+ '"N.sec/ m" (poise).

¢-parameters model: Among the available creep models [Y¢], considerable

improvement can be achieved [Y1] due to the insertion of the Kelvin body
between the spring and dashspot of the Maxwell body to construct the :-

element burger body that can be seen in Fig. (Y.\)) [Ye].
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Fig. (v.1'): ¢-elements model. Ref. [¥A]



(¢) of such a combination is equal to the In this model, the total strain

sums of the strains in each element of the series:

E=E T+E+E:

T

Where t, = uv / Ex

Fig. (Y ) *) represents the general creep behavior of polymers and

the regions can be defined as following:

(1) Instantaneous extension of elastic spring.

() Time dependent deformation of Kelvin model.

(v) Recovery which includes:

(a) Recovery of elastic spring.

(b) Time dependent recovery (slow recovery) of Kelvin model.
(c) Permanent deformation.

Stage (€) is not found in v-parameter model and it is found in ¢-element model.

d

ik S~ b

| > Time (t)\ ~ c

Fig. (¥.V¥): General creep behavior of polymers. Ref. [Y¢]
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v.«.Y Non Linear Viscoelastic Behavior

When the stress-strain ratio of a material varies with time and stress, the
viscoelastic response is nonlinear [\ \]. It is quite usual to observe linear
viscoelastic behavior at short times at given stress levels, but the behavior
can be markedly nonlinear for long times at the same stress levels ["]. The
transition from linear to nonlinear viscoelastic behavior can be noticed in

Fig. (Y. ).

Y.® Factors Affecting the Mechanical Behavior of Composite

Material

The factors stated below might be important in determining the

properties of the composites but it is seldom to be accounted for all these

factors in the development of theoretical descriptions of composite [V]. The
most significant factors in determining mechanical properties are [\ *]:

B Type of fiber: When high modulus fibers are used in large

concentrations, the principal purpose of a matrix is not to be load-carrying
constituent but essentially to bind the fibers together and protect them. The

failure mode of such composites is also generally controlled by the fiber
[“]. For example, high-strength, high-modulus graphitic carbon fibers will,
of course, produce stronger, stiffer composites than those produced from

fiberglass [\ "].




x. Fiber volume fraction: In composites with simple geometric shapes and
uniform fiber cross section, the fraction of the total composite volume
occupied by fibers (reinforcement phase) is often known or determinable.
Thus the volume fraction occupied by matrix material (Vy,) is simply the
total volume fraction minus the fiber volume fraction which represented by
ZEREVANRL]
Concentration of reinforcement is usually measured in terms of
volume or weight fraction while concentration distribution of the

reinforcement refers to their spatial relations to each other ["]. The

composite behaves similarly to the matrix at low fiber volume fractions,
while at high fiber volume fractions, the composite behaves more like the

fiber phase. The tensile properties of fiber reinforced composites generally
begin to decrease when V¢ exceeds about * A This degradation is due to

poor bonding between fibers and matrix, fiber to fiber contact, and voids in

the composite, which result from the high percentage of reinforcing phase
M1
Y. Orientation of fibers: The alignment of fibers in fiber reinforced

composites is also a very important factor. Misalignment of fibers occurs

during fabrication simply because short fibers and slender filaments are

difficult to align [Y]. Orientation of the reinforcement affects the isotropy

of the system [“] where uniaxially aligned fiber composites will have

maximum properties along the alignment axis, it will be highly anisotropic

and will have poor properties in the transverse direction [1v].

3 Aspect ratio: A critical aspect ratio is critical fiber length per fiber



diameter (L /d), it can be defined as a function of interfacial bond strength

and fiber characteristics [* .‘] according to the following relation [*]:

Le _of

=€ _
d 27 (¥-1-)

Where 7 is shear stress acting along the fiber matrix interface at the fiber

end.
To achieve a fiber stress of of at the center of the fiber, the critical

aspect ratio (L/d) must increase with increasing fiber strength and
decreasing shear stress [Y].
The reinforcement is the most effective if it is continuous or at least

has a high aspect ratio [\ 5]. In practice, most short fiber reinforced
material contains fibers whose aspect ratios are of the order of Vel

where it is shown that an aspect ratio of Voeois essentially infinite [" V].

Continuous Fiber Reinforced Composites Y.

The unidirectional composites have higher strength and modulus in
the direction of the fiber axis and are generally very weak in the transverse
direction where the longitudinal properties of unidirectional composites are

controlled by fiber properties, whereas the transverse properties are
matrix-dominated ["].

The two outstanding features of oriented fibrous composites are their

high strength: weight ratio and controlled anisotropy [“]. Mechanical

properties exhibit nonlinearly at higher filler levels of fibers in fiber-



reinforced composite [Y "]. In anisotropic body, the properties are

functions of orientation [4].

When the length of a fiber is much greater than the length over
which the transfer of stress takes place, the end effects can be neglected and
the fiber may be considered to be infinite in length or continuous. The
stress on a continuous fiber can, therefore, be assumed constant over its
entire length [r].

There are two micromechanical approaches to study the
macromechanical behavior of composite materials [+]:
A. The rule of mixtures:

The rule of mixtures indicates that the contributions of the fibers and
the matrix to the average composite properties are proportional to their
volume fractions [r]; it is mechanics of material approach [«]. The stress

and elastic modulus of composite are:

Oc=0;Vi+ 0,V (v-11)
Ec=E:Vi+E,V (v-1v)
Eqg. (v-11) has been neglected the viscoelasticity of the matrix and has been
treated the fibers and matrix as being linearly elastic [+].
The rule of mixtures has several properties [r,»,v1,]:
() The prediction of above Egs. (v-vv), (v-1v) is quite accurate when the
applied load is tensile and agrees very well with experimental results, or in
other words, The rule of mixtures accurately predicts the stress-strain
behavior of a unidirectional composite subjected to longitudinal load [*].
(v) The above two Eqs. are used when both the constituents deform

elastically [*]; the viscoelasticity in the case of polymer matrix has been

neglected [+].




(“) Usually, the rule of mixtures predicts a linear relationship between

strength and fiber volume fraction [* *].
(5) The rule of mixtures applies [7 .‘] to certain properties of the

composite material [\ ] and it is applied best to nondirectional properties of
composite such as specific volume, specific heat, refractive index, and
dielectric constant [Y "].

B. Halpin-Tsai equations:
Halpin-Tsai equations are quite adequate to satisfy the practical
requirements for the predictions of transverse composite modulus Er,

particularly as the variations in composite materials manufacturing

processes always cause a variation in the composite moduli [“], therefore,

one cannot hope to precisely predict composite moduli ["]. Note that the

expressions for Ec. and vc .t are the generally accepted rule of mixture

results [*]. Halpin-Tsai equation for transverse composite modulus can be

written as [*]:

Er 1+C\V;

E, 1-C\%
Where

- (Ef /Em)_:L
(Ef/Em)+C (v-2¢)

(¥-1v)

The predictions of Eq. (" - 'f") agree very well with some of the more

exact solutions. { is a measure of reinforcement and depends on the fiber
geometry, packing geometry, and loading conditions [*]. The values of { are
obtained by comparing Egs. (v+-'r) and (v-1¢) with exact elasticity solutions

through curve-fitting techniques. Halpin and Tsai have suggested that a



value of ( = r) may be used for fibers with circular or square cross section

["]

Halpin-Tsai equations have several properties [‘i /\,*]:

a. Halpin-Tsai equations provide a good approximation due to the fact that
they are semianalytical-empirical function.

b. These equations are simple, so they can readily be used in the design
process.

c. The prediction of these equations is apparently quite accurate if the
fiber volume fraction V; does not approach one.

d. The only difficulty in using Halpin-Tsai equations seems to be in the

determination of a suitable value for C.

Y.V Discontinuous Fiber Reinforced Composites

The short fiber composite may also be referred to as discontinuous
fiber reinforced composite. In short fiber composites, the end effects cannot

be neglected and the composite properties are the function of fiber length
[V]. The fiber ends are weak points in the composite (sites of high stress
concentration in the matrix) [A]; the effect of the stress concentration is to
lower the composite strength [V].
In order to achieve the maximum level of tensile strength, the fiber
length must be at least equal to a critical length L, [f]. Fiber length is

important because the composite having fibers whose length is greater than
the critical length will be strong and stiff, and failure occurs due to fiber

breakage while composite having fiber length less than the critical will be

less stronger and stiffer but tough [" "].




Discontinuous fibers are used only when manufacturing economics

dictates the use of a process where the fibers must be in this form, for
example injection-molding [A]. The orientation of short or discontinuous
fibers cannot be easily controlled in a composite material. Actually it is
extremely difficult to prepare a specimen with uniaxial orientation of short
fibers. However, the properties of discontinuous fiber reinforced
composites are lowered to a greater degree due to the difficulty in
controlling the fiber alignment.
In molded short fiber composites fabricated by compression or
injection molding, the fiber orientation throughout the molding varies
greatly according to the flow within the mold. Thus the molded part
properties will vary from section to section according to the local fiber
orientation which can be quite different.
In most cases the fibers are assumed to be randomly oriented in the
composite. Randomly oriented short fiber composites are of particular

significance because they behave as an isotropic or a quasi-isotropic
material, that is, they have the same properties in all directions["].

However, in other cases short fibers are distributed and aligned by

viscous flow of the surrounding molten polymer due to the molding

Effective fiber
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Fig. (¥.'r): Orientation of effective fibers in short fiber composite. Ref. [*]



operation [/\], so considerable orientation can occur in the flow direction

and hence induce some anisotropy [“]. Even at L >> L, the stress that has
been transmitted to unoriented fibers is much lower than those transmitted
to oriented fibers [" *]. Fig. (".\ ") shows oriented and random short

fiber composite.

Chopped fiber composite as compared with continuous fiber

composite has low stiffness and strength, and it does not obey the rule of
mixtures [V \ ,“ Y]. Some corrections in the value of Vs will be needed to

account for the fiber shortness. The extent of correction depends on the
length of fibers over which the load gets transferred from the matrix. This

adjustment or correction becomes negligible when the fiber length is much
greater than a critical length as will be observed [‘"].

There are two micromechanical approaches to predict the
macromechanical behavior of short fiber composite:
A. Modified rule of mixtures

A modified rule of mixtures can be used, incorporating a length

efficiency parameter Ay to take account of the fibers not being continuous

[5]. Suppose the fibers are parallel, and a line is imagined drawn across

the composite at right angles, as shown in Fig. (Y. ¢), the line intersects

fibers at longitudinal positions chosen at random. It follows that the stress

OcL = Omean Vi + Om Vi, (Y'”)



carried by the composite is no longer given by Eq. (Y-Y V) but instead by

M

1
Omean=-—— JofdX (v-2v)
f-Lf/2

The strength of fiber o; as a function of distance x along the fiber has
been obtained from shear lag theory. Shear lag theory assumes perfect

bonding between fibers and matrix. The prediction of fiber strength can be

stated as follows [A]:

[T 2X ]
cosh(naL)
= Egep{l- U (1Y)
of = =ref cosh(na)
Where
n= 2Gp, (v-1A)
E: In(2R/d)

The substitution of Eg. (*-‘ V) into Eq. ("-\ ") and carrying out the

integration yields:

Omean = EfSCL{l_[M]} (v-14)

na




Where n represents a dimensionless group of constants, gc, is the axial

tensile strain in the composite as a whole, YR is the distance from the fiber

to its nearest neighbour measured from its center [A].

In order to evaluate n, assume that the fibers are arranged in a

square array, the fiber volume fraction is given by:

2
7td /(ZR) (r-11)
Then
2R T
..T= m (Y'”)

For most efficient stress transfer to the fibers, na should be as high as
possible. This confirms the desirability of a high aspect ratio a but also
shows that n should be high, the ratio (G,/Ef) should therefore be as high as

possible (G, refers to shear in matrix while E; refers to tensile in fiber).

Typical values encountered in practicearea= © %, n= * .Y € and hence
na= VY (this satisfies in the case of ¥ 9 v of glass fibers in a nylon
matrix) [A].

Thus, Eq. (Y- ©) will become

tanh (na
OoCcL = EfSCL{l_l:n—a():l}Vf +0mVm (AEARY

Consequently, the axial longitudinal tensile modulus of composite

according to modified rule of mixtures (Ec.) is obtained by dividing oc_ by

gcL that is equal to:
Eq= A\ViE; + V,, E,, (v-¥¥)




Where Ay is a factor corrects the modulus for the shortness of the fibers

and is given hv-
M =1_HLM] (v-v¢)

When na becormes VBfy la#ge, Ay approaches V:as expected since this
limit is the case of continuous fibers, but when na falls below about Y *, Ay
is reduced significantly below \ [/\]. As the length increases, the parameter

Ay approaches V. The tensile modulus of short fiber composite with the
fibers aligned in a longitudinal direction is less than that of the comparable

aligned continuous fiber composite [5].

‘—
Ocl

>
Ocl

v

Fig. (¥.V¢): Model of aligned short fiber composite

B. Halpin-Tsai equation

Halpin-Tsai equations have been used to predict the strength and
modulus of short fiber composite [Y']. The results are available in the form

of curves for specific values of system variables such as fiber aspect ratio
(L¢/d), fiber volume fraction (Vj), and properties of the constituents.

Whenever a change in any of the system variables takes place, a new set of

results has to be obtained ["].




Halpin-Tsai equations for predicting the longitudinal and transverse

moduli of aligned short fiber composites can be written as [“]:

2L ¢
1+ — AV
EL _ L Vf (v-ve)

Em  1-A V%

And
Er  1+2AV (¥-¥3)
En 1-A1V;
Where “
L= (Ef /Em)-1 (1-1Y)
(Ef /Epm)+2(Ls /d)
And
}\‘T=(Ef/Em)_l (Y-YA)
(Ef/E,)+2

It may be pointed out that EQs. ("-\ V), ("-" ®), and ("-" 1) are
only particular cases of a general equation. The form of the general

equation coincides with that of Eq. ("-\ "), in which { is a measure of
reinforcement. Egs. ("-" ©), ("-" ") can be obtained from Eqg. ("-\ f) by

substituting ( = Y L¢+/d) for the case of longitudinal modulus and (C = *) for

the transverse modulus. The transverse modulus of an aligned short fiber
composite that predicted due to Halpin-Tsai equation is not influenced by
the fiber aspect ratio (L¢#d) and its value is the same as that for the

transverse modulus of a continuous fiber composite ["].




The problem of predicting properties of randomly oriented short
fiber composites is more complex. The following empirical equation can be

used to predict the modulus of composites containing fibers that are

randomly oriented in a plane [\‘]

3_ 5
Ec,=~E, +~E v
Cr g L 8 T ( )

Where E, and Er are respectively the longitudinal and transverse moduli of
an aligned short fiber composite having the same fiber aspect ratio and

fiber volume fraction as the composite under consideration. Moduli E, and

Er can either be calculated experimentally or calculated using Egs. (Y-

Y °), (Y-Y ") [¥']. The tensile modulus of composites with non-aligned
short length fibers is less than that given on the alignment direction for the

same short length fibers when aligned [f].

CHAPTER THREE

The Theoretical Prediction of Mechanical

Behavior of Linear Viscoelastic Polymer and PMC

V. \ General

Polymers become an integral part of everyone’s life style with a wide
range of applications. The structure of solid polymers below glass transition

temperature “T,” is non-equilibrium inhomogeneous, so that stress and strain



analysis of these materials is complicated [Y¢]. Most deformational behavior of
thermoplastic under mechanical loads depends to a great extent on time. This
influence of time makes the dimensioning of plastic components considerably
more complicated than with other materials ['v]. The aim is the production of
strong fiber composite materials seeks to approach the theoretical strengths

for ideal materials [¥¢].

In the present work, tensile and flexural creep tests have been performed on
polypropylene, aligned and random short E-glass fiber reinforced PP
composite in the linear viscoelastic region at room temperature. It is limited
to a step function input of the applied load at t = +, which then remains
constant while the strain, is the function of time. Constitutive equations are
derived for the time-dependent response from a thermoplastic polymer and
PMC at isothermal loading with small strain.

The present work has been focussing on creep as a basic principle where
both polymer and polymer matrix composite have been subjected to tensile
creep and flexural creep estimations at Y :°C, the time scale used ranging
between (V-4 +*) second.

under Study .Y Materials

The material systems chosen for this work were homopolymer polypropylene and short E-glass fiber

The properties of fiber reinforced plastics depend in a complex manner on reinforced polypropylene composite.

history [\ ) ]. Both polymer and PMC specimens have been fabricated by injection molding in this processing

work.

¥.Y.\ Polypropylene (PP)

by many companies. There are three Polypropylene was first commercialized in Y4e4 and produced
forms of symmetry (or stereo-regularity) of vinyl polymers such as polypropylene, polyethylene, and

polyvinylchloride. For polypropylene the placement of the CHY groups are seen to take one of three patterns

shown in Fig. (v. ) ).




There is no change in chemical composition, merely in the placement of CHYy groups. The crystals are

form, sometimes formed from the syndiotactic form, and never formed from isotactic always formed from the
the atactic form [/\]. Syndiotactic is the best for forming crystalline regions, atactic is amorphous and rubbery,
and isotactic is crystalline, hard, and stiff material ['1,Y]. The proportions of these types in a commercial plastic

control the properties [v]. Commercial polypropylene is generally predominantly isotactic with small amounts

of the other forms present [2]. PP is used mainly in its crystalline form; this being a linear polymer with side

groups regularly arranged along the chain.

Isotactic PP —C C C C C C C—

|
I—I CI—I;I—I CI—I;I—I CHgH

H HCHgH H H CI—I3
Syndiotactic PP —C C (lj C— C C C—

I |
CH;:H H I—ICH3H H

HHCI—IgHHI—II—I

|
Atactic PP _(|j (|3 (|j (|j (|j (|j (|j_
CH;:H H H CH;H CH;

Fig. (*.V): Forms of polypropylene. Ref. [¢]

Polypropylene has good fatigue resistance and electrical insulation properties [i]. PP is resistant to
cracking (stress corrosion cracking) [¥1] and to most acids and alkalis even at higher environmental stress
The temperatures [\ ]; it can be used in contact detergents but is attacked by strong oxidizing reagents [v].

aliphatic chain structure of PP makes it relatively susceptible to oxidation, especially in sunlight, and adequate



stabilization by antioxidants is therefore important [A]. PP is a low-density, hard, stiff material, with good wear
resistance, low water absorption, and relatively low cost [ ) Y ]
PP has glass transition that is below room temperature so it is rubbery material; it tends not only to

creep under applied stresses, but also to warp in response to molded-in stresses [/\]. Melting temperature of PP

(T = ) V.‘°C) [vv]. PP has more stiffness than HDPE because of its higher melting point [.L].

Polypropylenes are stiffer, mold well, have high yield stresses and melting points than PE, polypropylenes are

more prone to fracture than PE, especially at low temperatures. This is a consequence of the low value of Tg of

PP [/\].
Unreinforced polypropylene is a ductile and semicrystalline polymer [/\]. Polypropylene can be spun
into filaments, converted into weaves; injection molded [\ Y], extruded, blow molded, and its sheet can be
thermoformed [i]. The experimental results emphasize that PP exhibits non-linear viscoelasticity for any

deformation of practical importance [V/\]. In order to improve its performances, PP is frequently added with

fillers and/or reinforcements [Y4].
Because of its characteristics of low density, good processability and environmental resistance,
isotactic polypropylene (PP) can be considered as one of the best thermoplastic material that candidates for
many industrial applications, like components for the automotive market and cables. Polypropylene is used in

air ducting, parcel shelves, air cleaners, many other car applications, and in many domestic appliances (washing

are a good example) [/\]. It is also used in crates, containers, fans, cabinets for radios and TV machine tanks
sets, chair shells [i], hinges, toys, fibers, pipes, sheets, wire covering [3 3], oriented films for packaging

[\ /\], and valves [V]. Synthetic fibers of PP are used in clothing, carpets, ropes, and tyre reinforcement [/\].

PP yarns are used as water filters.

¥.Y.Y Reinforcement: E-Glass Fiber

Glass fibers are manufactured by extruding molten glass at high linear velocity through a large number

a ‘bushing’. The resulting filaments have a round (\ SN I ) of holes in a platinum plate known as



cross section and then wound up on a mandrel at any even faster rate as they cool and solidify. This has the
effect of drawing them down to a much smaller diameter than when they left the bushing. There must be no
crystallinity and to ensure the final amorphous microstructure prior to applying final coatings or sizing, the

fibers have been cooled rapidly during drawing in order to ensure this, because crystals act as stress raisers in
glass, and would greatly weaken the fibers [/\, VY ]
Glass fibers are widely used as fiber reinforcement for plastic. They are of brittle nature, being
eminently covalently bonded materials [2 * ]. Glass fibers are characterized by their low cost, clear to white
color, good mechanical and electrical properties, high chemical resistance, excellent dimensional stability with

©8 voc and relatively low stiffness [\ Y ) ¢) 1.

operational service to
There are several characteristics of glass fibers that make them ideal reinforcement as high tensile

strength to weight ratio: they are perfect elastic materials (typical glass fibers have a maximum elongation of ©

% at break); they are incombustible and also have a low thermal expansion coefficient; they do not absorb

moisture and do not swell, stretch, or undergo chemical change through moisture contact and corrosion resistant
AR

Three further characteristics of glass fiber are advantageous in certain applications:
® Resistance to high temperatures, the softening point is about AO ce.

e Transparency to visible light, a composite therefore takes a colour of its matrix.

e [sotropy, for example thermal expansion is identical in axial and radial directions [/\].

due to a loss of A disadvantage of glass fibers is that they are very susceptible to handling damage

This can be caused by rubbing the (\ ' V * )% of strength during handling and weaving operations [i 'l
.surface or by the action of moisture, which gradually dissolves certain of the oxides present at the fiber surface
As a result, the strength of the fibers in use is always lower than that of a freshly drawn fiber by a factor of Y or

more [/\].

available glass fibers is E-glass [\ Y ]. Its main constituents are  The common type of commercially

SioY (cix), CaO(\ v.oz),AI\‘OV(\ i ' Z), ByOY (/\. ' Z), and MgO(i.OZ)[/\].




Composite r.x.r Short E-Glass Fiber Reinforced PP

Composites, based on thermoplastic resins, are now becoming popular due to their processing
advantages. The short fiber composite has become a very common construction material in the engineering of
today. Thus, great efforts are made to understand the behavior of these materials, not only on the macro level,

but also on the micro level [i Y 1
The mechanical properties of thermoplastics are often inadequate for specific applications [i v]; S0
reinforcing them with glass fibers gives much stronger and stiffer material than the pure polymer [ 2].
Glass fiber reinforced plastics suffer from the low elastic modulus [V] and the high service sensitivity
in response to the relative humidity and cracking [v 1 ]. Short glass fibers increase the stiffness of PP, increase
costs [/\], enhance fracture resistance [Yl q], and greatly reduce ductility. The stiffening effect of the fibers

enables PP to be used at temperatures approaching from its melting point [/\].

Short glass fibers embedded within PP aid to limit the propensity of this material to deform under creep

conditions, and then contribute also to prevent creep failure in load-bearing applications [¥4]. The principle that

applies equally well to semi-crystalline plastics is: without the reinforcement, creep is a major problem in the
temperature range between Tyand Tr,,. Glass fiber reinforced polypropylene is a brittle material [A].

Glass-filled polypropylene is widely used for its enhanced mechanical properties. It is used for food

and chemical containers, domestic appliances, furniture, car parts, toys, tubing, and cable sheath[ VY 1

¥'.Y Concepts and General Assumptions of the Present Study

There are certain relations between the elastic constants must be satisfied. In this work, the shear

modulus of polymer G, is defined in terms of the constant elastic modulus E,, and constant elastic Poisson's

ratio vy, and the constant bulk modulus of polymer kg as [‘\]

P 3(—2v,) (*-7)



Poisson’s ratio for isotropic materials is approximately equal to " v [i\/]_ For composite

materials, Poisson’s ratio have very significant effects and do not have limited boundaries [ ¢ ]

Poisson’s ratio is not a material constant but can depend upon time. Poisson's In viscoelastic materials,

ratio of viscoelastic material can increase or decrease with time. The time dependence of Poisson's ratio in

linearly viscoelastic materials that can be determined as [Y ‘]

(v-r)
It can be assumed that k (t) can be approximated as constant k, so

_1 E(@) (*-¢)
2 6k

v (t) is an increasing function of time for Where E (t) is a monotonically decreasing function,

polymeric materials. Poisson's ratio of the composite structure decreases with time in contrast to the situation in

homogeneous polymer [Y * 1. Glass fibers and polypropylene in the present work are isotropic materials.

Composite materials are heterogeneous, wherein their properties and structure change from point to

point. Because of the inherent heterogeneous nature of composite materials, they are conveniently studied from
two points of view [Cl 1:

a. Micromechanics: In all the micromechanics results, the predicting of the mechanical properties of the
composite material is based on the mechanical properties of its constituent materials.

b. Macromechanics: is the study of composite material behavior wherein the material is presumed
homogeneous and the effects of the constituent materials are detected only as averaged apparent properties of
the composite.

of some of the microstructure work is that macroscopic homogeneity One of the important conclusions
may not exist for composites[\ *]; therefore, the present work assumes macromechanics behavior while

microstructural considerations will be considered. There are two basic approaches to the micromechanics of

composite materials used in this work:

that represented by modified rule of. ) .Mechanics of materials approach

mixtures




Elasticity approach which is represented by Halpin-Tsai equation ["'\ 1. Y .

Polymer and PMC specimens are anisotropic due to injection molding and reinforcing respectively.

The general assumptions of the present work can be stated as follows:

. The anisotropic behavior in polymer and PMC has not been taken into account because of the lack of
theoretical data and the needing of experimental results.

. The injection molded PP specimens have been considered to be isotropic.

. The injection molded short E-glass fiber/PP composite specimens have been considered to be isotropic in

the case of random fiber orientation while oriented fibers will produce directional properties.
. The recovery behavior of viscoelastic material has not been considered.

. The short fibers have been assumed to be of uniform length, diameter, and properties.

Stress concentrations at fiber ends have been ignored.

. The present work has been concerned with the linear viscoelastic behavior in polymer and PMC and does
not reach to failure.

. The bonding between fiber and matrix is perfect.

. The modulus of elasticity (Ep) and Poisson's ratio (v,) for initially elastic matrix are independent of time or
at least weak functions of time.

¥.£ The Mechanical Estimations

Standard estimations for the stiffness of plastics are based on either tensile or flexural measurement

[/\]. Creep estimations of polymers are more useful than tensile estimations from design point of view because

creep estimation has many varying factors such as stress, strain, time, and temperature [Yu 1 ]

The long-term exposure of polymeric composite materials to extreme use environments, such as

pressure, temperature, moisture, and load cycles, results in changes in the original properties of the material.
These changes in material properties are translated to structural changes that can have a potentially catastrophic
effect on load bearing composite structures. Therefore the study and understanding of the long term exposure on

the time dependent viscoelastic properties of polymeric composite structures is important for their proper

design, construction, and safe operation [\‘ v].




The upper limit of time of a creep estimation is limited by the experimenter’s patience. The simplest

method of load application is to use a dead weight. This is appropriate for creep estimations of moderate to long

duration [\ v].

¥.£.) Flexural Creep Estimation of Polymer and PMC

In this work a three-point flexural creep estimation for a simply supported beams was conducted due to

the ASTM D\/ 4 on specimens of PP and short E-glass fiber reinforced PP composite respectively as shown
in Fig. (v. Y).

All the assumptions of simple bending theory (elementary beam theory) are consistent with the flexure
specimen used in this work. In this work, the beam cross section is uniform and symmetrical about the plane of
loading. The (x-y) plane is the plane of symmetry that represents the plane of loading. The load is applied in y-

direction while the beam is stressed and strained in x-direction.
The case is general bending in this work; where the bending moment varies along the length of the

beam. A simplifying assumption will be used that the shear forces that are coming with the varying bending

moment do not contribute significantly to the overall deformation [ ¢) ]. If a loaded beam is viscoelastic, the

deflections will change with time [Y \ ].

Dimensions (mm) P

- \"h .
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h

y o]

\‘Iu

P/x

Fig. (*.Y): Three points flexural test procedure.




In order to determine the time dependent deflection of a linear viscoelastic beam under sustained

loading, one simply multiplies the elastic deflection 8¢ (x) by the constant bending modulus E, and the creep
8(X, 1) =8¢ (X)EpJI(t) (¥-°)
compliance J (t) for the material of the beam. Therefore, the deflection for linearly viscoelastic beams can be

formalized as [Y ) ]
At the middle region of the beam, maximum deflection and bending moment have been occurred. From

elementary beam theory, the following relations can be applied to small deflections of beam [ ¢ o]:

The minus sign indicates that there is shortening above the neutral axis and lengthening below. Eq.

(v--k) shows that for a positive bending moment M and positive y, the normal stresses e, are compressive;

(y:—w (r-+)
— Y ¥-A
g=EEI \( I)

whereas for negative y, the stresses are tensile. The procedure of flexural creep estimation of polymer in this

work is as follows [Y \ ]:

M(x
sp(X,t)=—ﬂJp(t) (r-9)
|
The cree i i i \‘“_O i
p compliance of viscoelastic beam due to Eqg. ( ) is

_6(x,t) ..
J(t) - 8eI (X)Eb ( )

Then

M(X)y d(x,t) (r-11)

gp(X,t)=—

| 8e(X)Ep




v
Where | is moment of inertia and can be defined as | = bh /\ * E, bending modulus which is constant

material property and independent of load.

The positive bending moment in terms of x can be stated as follows:

M(x)=gx (v-1¥)

And leads to obtain concave upward. The distance y = -h/ Y for bottom fibers subjected to tensile strain.
d¢ (X) is the deflection of a linearly elastic beam with the same loading and boundary conditions as
those of the original viscoelastic beam. The elastic deflection in terms of X is [ £ 1:

Where

Px 3
8o (X) = OF I(XZ—ZLZ) (r-17)
b

OSXSE
2

& (X, t) is the viscoelastic deflection of the beam that can be determined from the finite element analysis Finally
as will be seen in chapter four.

The time dependent flexural creep modulus of polymer and the time dependent flexural creep
compliance of polymer can be determined as [Y ¢ ) 1 ]:

€ (x, t) at position x and time t must be checked due to the limits of linear viscoelastic Each strain value

1
Ep(t)=@ (Y"\i)
Jp(t)=8p— (v-1e)
o

L]

behavior where the strain must be less than " « o / ; therefore, linear viscoelastic behavior is consistent with

small deflection.

¥.£.Y Tensile Creep Estimation of Polymer and PMC




The tensile estimations were conducted according to ASTM D.ll Yl A with a specimen shown in Fig.

A

Dimensions (mm) > Wb

L= mm

b='rmm

v

| h

Fig. (*.¥): Tensile test specimen. Ref. [Y1]
(v. V)_ The standard method for measuring the modulus and yield stress of polymers is a tensile test, in which

are attached to the ends of a bar, and pulled apart at constant speed. grips

In this type of experiment, some nonlinearity is to be expected in the stress-strain curve, even within

the region of linear viscoelastic behavior, because the measurements are made over a range of times [/\]. When

the composite is loaded axially, the axial displacements in the fiber and in the matrix are locally different due to
the different elastic moduli of the components [Y 1.

The loading case is point load in tension, and it is uniaxial in plane. The tensile test has the advantages

that the stress is uniform in the gauge length and that the corresponding strains can be measured directly [/\].

Linear viscoelastic behavior is consistent with small strain. In tensile creep test for polymer, stress is constant

and can be determined as:

*
Where A is the area of specimen in the stress free state, so A = b x h mm . The time dependent strain

o=— (v-1+)



g, (t) can be determined by finite element method; and by using Egs. (V\ i) & (V\ o) the of polymer

time dependent tensile creep modulus and compliance can be determined. In general, the time dependent creep

modulus E (t) is a decreasing function of time while the time dependent creep compliance J (t) is an increasing

function [Y * 1, and this coincides with the two loading cases flexural creep and tensile creep of polymer and

PMC[Y].

¥.® Orientations of Short Fiber PMC in This Work

This work is interested in the viscoelastic behavior of short fiber PMC. With the appropriate volume

the mechanical behavior, such as fraction accompanied by control of fiber orientation and fiber dimensions,

strength, toughness, and stiffness, can be optimized, The amount of change depends on both the form the fibers
take and the amount. Two types of orientation will be studied in this theoretical work.

Aligned Short Fiber PMC ¥.°.)

In this work, for tensile creep estimation of aligned short fiber composite, the specimens were loaded
parallel to the fibers to determine the viscoelastic creep properties in the fiber dominated longitudinal direction.

For flexural creep estimation of aligned short fiber composite, the loading direction is y as shown in Fig.
(v . Y ) while the specimen were stressed and strained in the fiber dominated longitudinal direction.

The viscoelastic characteristics of composite materials are usually due to a viscoelastic matrix material

such as epoxy resin [‘1]_ PMC material understudy deforms wherein the fiber elastic while the resin matrix is

viscoelastic. Hence, the effect of time has been admitted to the modulus of polymer E, (t) according to the two

approaches that can be applied to predict the mechanical response of linear viscoelastic behavior for aligned
short fiber PMC:

A. Modified Rule of Mixtures

By assuming perfect alignment, the time dependent longitudinal Young's modulus of unidirectional short

fiber reinforced composites E¢, (t) can be obtained as:

Ep (1) is tEéE(tO)?ﬂve(t@WE?OquWEE}(P))W”WGT obtained from finite element computer (*-1V)

program which will be explained throughout chapter four. Ay is the factor which corrects the modulus of the



shortness of the fibers as can be seen in Eq. (Y Y Y‘) with little modification represented by time dependence

according to the presence of time dependent shear modulus G, (t) as follows; V¢ and V,, are volume fractions of
fiber and matrix respectively; E¢ modulus of elasticity of E-glass fiber which is isotropic material wherein E, =

E+¢ = E¢. The calculations will be carried out in the following manner

A (t)=11- tanh(n(t)a) (*-14)
n(t)a
The fiber aspect ratio is a and equal to I/d
2G, (t
n(t) = o (V) (*-19)
E;Ln(2R/d)

From Eq. (Y’\ q) above, n is dimensionless group of constants (Eq. (Y 3 v)); in this work n (t) is time

dependent due to the time dependent shear modulus of polymer that can be determined for isotropic material

according to:

E,(t)
21+ v, (1)) (v-*+)

E, (1) is the same value obtained from finite element method, while v, (t) for viscoelastic materials mentioned

Gp(t) =

above through Eq. (v— i) is specialized to [Y 'l

Ep (1)
6kp (v-¥v)

v, (t)=0.5-
The bulk modulus of polymer k; is assumed to be constant as mentioned previously due to Eg. (v- ¢ ). For

isotropic material, K, is equal to [‘\]:

K= o
P 3(1-2v,) (=)

Where E, and v, are modulus of elasticity and Poisson's ratio for initially elastic matrix. The time dependent

longitudinal strains for PMC at the same value of applied stress on polymer and the time dependent creep

compliance of composite respectively are as follows:

0)

gcL(t) = £ (v-¥)

JeL()=——= (r-vr)



B. Halpin-Tsai Equations

The time dependent longitudinal modulus of aligned short fiber PMC is:

1+ 2 (v

EcL(t)=Ep(D)

(r-v¢)
1-AL(OVr

Where
()= (Ef /Ep(t)-1

(r-1e)
The time dependent IO(IE'tfugi@l C(rfjs i[r;ILahd longitudinal creep compliance can be determined due
p

R

(VY Y ) & (VY v) respectively.

The time dependent transverse modulus of aligned short fiber PMC can be determined as follows:

_ 1+ 207 () Vs (¥-¥+)
EeT=Ep0 ;T

Where

()= (E /Eq(t) -1 (1)
(E¢ /Ep (1)) +2

In the same manner, the time dependent transverse creep strain and transverse creep compliance can be

determined due to:

I
Jer(t) = 1

(r-v9)
Ecr(t)




¥.2.Y Random Short Fiber Composite

Applying one approach can do the prediction of mechanical response of linear viscoelastic behavior of

random short fiber PMC; this approach is Halpin-Tsai equation. Composite materials made up of randomly

oriented short fibers are isotropic materials [v]. The time dependent modulus of random short fiber PMC can

be determined as follows:
Similarly, the time dependent creep strain and creep compliance of random short fiber PMC will be calculated
as:

Ecr()= 2 Ecy (0% Ecr() (ror
ecr(t) = Eor (1) (*-r1)

‘JCr(t) = (r-vy)

Eer® ICHAPTER FOUR

Finite Element Approach and Computer

Programs

¢y General

The finite element method not only accommodates complex geometry
and boundary conditions, but it also has proven successful in representing
various types of complicated material properties that are difficult to
incorporate into other numerical methods. For example, formulations in solid
mechanics have been devised for anisotropic, nonlinear, time-dependent, or
temperature-dependent material behavior. The systematic generality of the
finite element procedure makes it a powerful and versatile tool for a wide

range of problems [¢V].



The FEM is applicable to time dependent and time independent problems
[¢A] and to both linear and nonlinear problems [£4]. The idea of the FEM is to
solve the continuous problem approximately [¢°]. The basic differential
equation for the deflection of beam will be developed in this chapter and
solution of this equation will be illustrated in detail.

The tensile test in this work represents solid mechanics problem while the
flexural test represents structural analysis problem [£A]. The assumption of a
perfect bond means that the finite element analysis takes no account of the
adhesion properties of the interface [YY].

The reliability of finite element prediction is critically dependent on the
accuracy of the constitutive model representing the viscoelastic behavior [Y¢],
which is represented in this work, by v-parameter model. This work is applying
the numerical FEM to measure the viscoelastic creep properties of polymers
and polymeric composite materials; the finite element equations have been

obtained by using Galerkin formulation.

Galerkin weighted- residual method performs the best out of all the
approximate solution techniques while the other global approximate solution
methods resulted in even larger errors; Galerkin method requires that the

shape functions themselves be used as the weighting function as in Eq. (¢-))
[£2]
Wi (x)=N:; (x) (¢-1)

£.Y General Procedure of Finite Element Method for Flexural

Problem

£.Y.) Finite Element Equation for Flexural Estimation



In this work, the detailed study of flexural test is concentrated on Eq. (-
¥) below. The one-dimensional linear differential equation for deflection of a

simply supported beam subjected to concentrated load is [¢A]:

194 _Px_g (e-7)
dx? 2

This equation is fundamental in elastic beam deflections and it is called

OSXSE
2

moment-curvature relation [¢], it is applicable in the range:

The finite element equations are obtained using Galerkin's formulation [¢A].

The evaluation of the weighted residual integral generates a system of linear

-;W(x)(aj_“’_ﬂ)d (+-)

equations:

A negative one has multiplied the integral so that the results can be
written in a more convenient form. El in Eqg. (¢-Y) is a bending stiffness or
flexural rigidity term composed of the elastic modulus of the beam material E

and the moment of inertia | [¢A].

After defining the weighting function, the next step is to evaluate the residual
integral from Eq. (¢-¥). Using the sequence of nodes r, s, and m that can be seen from
Fig. (¢.Y) below, Eq. (¢-¥) will become

(e) (e+1)

Xg 2 X 2

R, RO +RED __ ;[N (E.H_B} . Im[N (E.ﬂ_ﬁ] X =0
X dx? X dx?

(1)



Because Ws =« for x < X, and x > X,,, the integral splits into two parts because

Ws (x) is defined by two separate equations within the interval

X, <X< X,

W(X)A

»

N. (e) Ns(e"'\ )

S m
[ e

Fig. (¢.Y): The weighting function for an interior node. Ref. [¢A]

The terms R, and R, " represent the contributions of element (e) and
(e +) to the residual equation for node s. The integral of second derivative
term is not defined. This difficulty can be circumvented, however, by changing

the second derivative term into a new term. Consider the first integral in Eq. (¢-

_( d¢)_ d’ , dN, d¢ (¢-0)

x2 dx dx

¢) and note that

d2¢Substituting for integral gives (¢-1)

*dx? dx" gdx’  dx dx o o v



A similar set of operations applied to the first term of the second integral in Eq.

(¢-¢) produces

X Xm
RED =" di(El.ngx—‘I’)(e”)dx j (EI d(;\' OI‘I’)(e+1)o|x+ stgxdx

Xg OX X X
. : N (¢-4)
The first terms in each of Eqgs. (¢-V) & (£-A) can be simplified because they

represent the interelement terms, which are related to the presence of derivative
boundary conditions. The complete residual equation is

X X
R < [ E1MNs d¢)(e)d NG xa)® 4 [ er MNs I0yeet) gy
Xr X 2 X dx dx
X
jr?ngxdx)(e”) (e-4)
Xs

Evaluation of the integrals in Eq. (¢-%) yields the residual equation for an
interior node. The equations for the first and last nodes can be obtained from

these operations [¢A].

¢(e) N(e)(I) +N(e)(I) (¢-1+)

¢(e)=(xi__x}br+(xl__xr)(ps (¢-11)
€ e

Starting with element (e)

And

Substitution of the appropriate terms and evaluating the first integral in Eq. (-

dN® 1
dx —L—e (¢-1Y)

d¢(e) X e)
i%l"’”\"s@‘i%(e)dx ( ) (~®, + D) (¢17)  (e-1¢)



1) yields

The second integral in Eg. (¢-4) can be evaluated as

Xs
[ Ng P xdx = j P X Xrydx (¢-19)
2 L
Xr Xy e
Then

P . Xs

=— j dx—erdx (¢-1%)
2Le x,

Eqg. (¢-)1) after a series of simplification and ordering will become:

P

3 2 3 2 £-1y
~ToL. [zxS —2X X2+ X3 - xrxs] (£-1V)

Then
12|_ 2(Xs—Xp)+ X3 - xxs] (¢-14)
So
L. = X.- X,
And
[2x2 + X3 - xxz] (¢-19)



The final formula of the second term of Eq. (¢-9) is

Xs P P
INSEXdX=E[X32(2Le—Xr)+X?] (¢-v+)
Xr €

The residual equation of element (e) in terms of r, s is:

El El P
RO =1 =@, +| — |@,+—[X2(2L, - X, )+ X° (¢-11)

To evaluate the third term of Eq. (¢-9)

¢+l = Nge+1)¢s + N$ﬁ+1)¢m (¢-¥v)
¢(e+1)=(XnI1—X)(DS+(X—LXSJ(Dm (i-\‘\')
e e
Thus
nge+1) __1 (¢-v¢)
And - |_e
d (e+1) 1 s
=0+, (112
€

The third integral in Eq. (¢-4) yields:

X (e+1) (e+1)
jm(EI ddl\)l(_sgx_d)) dx=(%) (O —Dy) (¢-77)
Xg e



Finally, the evaluation of the fourth integral of Eq. (¢-4) is as follows:

Xm Xm .. —
stExdx= | Xm =X P i (t-1V)
% 2 %, Le 2

Eq. (¢-vV) after a series of modification and ordering will become:

P
P bt X+ XX =
I-e=xme_xs
Am P P 2 3 £-Y4
[Ng—=xdx = —— - X (2L + Xi) + X5, (¢-74)
X, 2 121,

The residual equation of element (e +) in terms of s, m

El El P
R = = o | — |®, +— | X?(2L, + X, )+ X3 (¢-r+)
S Le S Le m 12|—e[ s( e m) m]

The nodal residual eauation of node s in terms of r. m after evaluation is

(e) (e) (e+1) (e+1)
Ro=1E'| o +|[E'| +[E'] |o.-[E'| o,
L. L. L. L. (¢-*)

P
12L,

+ (=X2 (2L + X)) + X3 + X2 (2L, = X, )+ X?)

¢.v.v Finite Element Modeling for Flexural Specimen



Solving of beam deflection problems, in addition to the differential
equations, requires boundary conditions prescribing. There are several types of
homogeneous boundary conditions. For roller or pinned support at the end,
neither deflection 6 nor moment M can exist [Y']. The boundary conditions
must also not change with time. For a simply supported beam, boundary

conditions at supportsare 6 =+, M=-.
For a simply supported beam understudy, the boundary conditions are:

Atx=+,8=",6(x,t)=-, M=".
. Atx=L/v ,8el (x) = maximum, 8(x, t) = maximum, M = maximum.
At x =L 6el(x)=", 8(x,t)=+, M=,

For flexural creep estimation, the simply supported beam is descretized by
using one-dimensional linear elements. Each element has two nodes and there
is one degree of freedom for each node, which represents transverse
deflection, the total number of nodes is equal to the total number of equations
to be solved for the assemblage. Because of symmetry about y-axis, only half
of beam length was analyzed and studied. Its length is 1 mm. The finite

element mesh for simply supported beam is shown in Fig. (£.).

LOLLOLLLOLLLO

) \Y \Y
< —p
Le=emm

Fig. (¢.Y): Finite element mesh for flexural specimen.



¢.* General Procedure of Finite Element Method for Tensile

Estimation

¢.*.) Finite Element Equation for Tensile Estimation

The Galerkin approach according to the principle of virtual work will be
considered. This procedure was mentioned with several derivations through
Ref. [¢°]. For two-dimensional tensile estimation, the following relations will be

applied whereas element stiffness matrix is:

k®=A°h®B'DB (¢-vv)

Ae=a\.av (i-?’?’)

A‘ is area of element and can be determined as follows:

Whereas a, and ar are length and width of rectangular element
respectively and can be seen clearly in Fig. (¢.¥) where a,=emm & a.=*.Yemm, h®
is the thickness of element. [B] is strain-displacement matrix for all elements as

a constant equation; [B]" is the transpose of matrix [B]; [D] is the plane-stress

(X1:¥1) (Xg:¥ )
a3
(X2:¥2) (X3:¥3)
a)
- >

Fig.(4.3): Cartesian coordinates of rectangle element

matrix.



The finite element solution for elasticity problems is modified through
changing material properties in each time step. The key is to replace the elastic
constitutive law by another viscoelastic, i.e. Young’s modulus will become time
dependent quantity and its value will change with time according to the three-

parameter model used. Plane stress matrix [D] for linear viscoelastic behavior

is as follows:
1 wvp() 0
[D(t)]:fp—(zt()t) vp(t) 1 0 (¢-v¢)
Vp 0 1- Z;p(t)

In the current algorithm, at each time step a new stiffness matrix has
been calculated according to the change in material properties with time

represented in [D] (t) matrix.

The reduction of a *-D problem to a Y-D problem occurs in two ways:
plane stress and plane strain. Plane stress exists when the elastic body is very
thin and there are no loads applied in the coordinate direction parallel to the
thickness [¢A]. The assembly rules for the global stiffness matrix and global load

vector are [¢V]:
K]='S [k] (c-r+)
e=1

F-1 §) (r)
e=1



Where NET is the total number of elements. For assembly procedure,
the element connectivity is useful in adding element stiffness values in [k°] into
corresponding global locations in global stiffness matrix [K] [¢V]. The global
force {F} consists from the contribution of body forces, traction forces, and
point loads. In this study, there are no body forces and traction forces and
hence, the externally applied load P is added directly to corresponding location
of global force vector {F}. The nodal point displacements are unknown. The
displacement can be used then to calculate strains, and other quantities of

interest.

The process of assembling the elements is unaffected by the linearity or
nonlinearly of the material behavior or by the specific character of the problem
[¢v]. The assembly process is direct stiffness method. Field variables are
displacements in tensile test and deflections in flexural test which represent
the principle unknowns of the problem. It can be extracted the q vector from
the global Q vector, an operation performed frequently in a finite element

program. The general Finite element equation is:

[KI{Q} = {F} (£-rv)
¢.*.y Shape Function and Its Derivatives

In this work, the two dimensional finite element formulations of shape
function will be used. For two dimensional element used in this work, the
element shape functions are written in terms of natural coordinates (¢,n) to get
a continuity between elements and because they are more convenient for

analytical and numerical integration [¢A].

The shape function information is general information, which can be used

in solving solid mechanics problems as well as differential equations [¢A]. The



derivatives of shape functions with respect to global coordinate system are
included in the integral together with Jacobean of coordinate transformation
between the normalized (or natural) coordinate and global coordinate
systems. One usually needs a conversion of the derivative of shape function
since the shape functions are defined in terms of the normalized or natural

coordinate [¢-].

In order to evaluating the strains, partial derivatives of u and v are to be

taken with respect to x and y, the strain-displacement relations [¢°] are:

u

OX
oV

< -

oy

ou ov

_—

a . A, . . .
- )The shape functions in terms of the natural coordinates { and n are [¢A,0+]:

Ny =, (=)L)

N, =5 (1-8)L-n)

¢ (¢-vA)

1 (¢-v9)
Ny =7 (1+E)(1-1)

NI 1/4  eN/1 0 LN
The shape function can be simplified

Ny =, (1-&+n-En)

N2=%ﬂ—§—ﬂ+@ﬂ

1 £-t
N3=Zﬂ+§—n—&v =)

N4=%ﬂ+§+n+%m



The displacements inside the element are now written using the shape

functions and the nodal values of the unknown displacement field [¢¢]

u=N;q; + N,g3 + N3q5 + N,q;

¢=¢
or N0+ N0, +N30g + N,Qg (:-1)

u=Nq (¢-¢Y)

For the linear rectangular element, the coordinates x, y can also be

represented in terms of nodal coordinates using the same shape functions.

x= SN (&)X
=1 (¢-¢%)
4

y= _%Ni(i,n)yi

This is isoparametric representation [¢¢]. The general relation is [¢+]:

From Eq. (¢-¢+) and Eq. (¢-¢¥):
And

1
y=z(Y1+Y2 +Y3+Y4)+%(—Y1—Y2+Y3+Y4)+2(Y1—Y2—YS +Y,)

(£-¢2)
+%(—Y1+Y2 y3+y4)§ n
= (x1+x2+x3+x4) (x1 x2+x3+x4)+z(xl—x2—x3+x4)

nf( —Xq + Xy — X3+ X4 (¢-¢¢)

Eqgs. (¢-¢¢) & (¢-t°) express x and y as functions of natural coordinates

ox_1
62’; Z( X1 =Xy +Xg+X4)+— (x1+x2 X3+ Xy4)
ox _1 13
=—(X — X3 +X4)+ = (=X + Xy, =Xz +X
511 4(1 3+Xy) 4( 1+ X2 =X3+X4) (¢-%)
oy 1

ot =2 V™ Y2+Y3+Y4)+%(—Y1+Y2—Y3+Y4)

%=—(Y1—Y2—YS+Y4)+§(—Y1+Y2—Y3+Y4)
n 4 4



(§,n). By using the notation x; = X; - X; and y;; = y; - y; Whereas in the present

work, the corresponding values are shown in Fig. (¢.¥) which are represented

by a,= x.-X,=x.-Xx\ while a\ =

the following derivatives:

Y:-¥r = Y,-Yr. These relations can be used to simplify

By ordering Eq. (¢-¢1) and with simplification:

a

1
_=Z(a1 —31)+%(—al +a,)=0

—(a2 a2)+ ( az-Faz) 0

ay TI1e artial \@tives of shape functi at are defined in terms of
(p %Féﬂ%?ﬁé’t atcgordﬁlrést?e%l[" ‘] are:

ox _1
ag 4
OX
on
oy
o 4
on
aNi ON; ax oN; oy
0¢  OX ag oy O&
ON; _ oN; ox aN oy
on OX an oy oOn
(ONi) [ax  ay(oN;
195 _|og og || ox
N [T|ox oy flang
 on ) L[On on]l oy

And in matrix notation

OX

o€
OX

on

(¢-¢A)

(¢-¢49)

The Jacobean matrix of the transformation is [£¢]:

(o)

(¢-¢V)



By substituting the derivatives of x and y will be:

(-2)
(-27)

Where J"' is the inverse of the Jacobean J that is [¢°]:

gr=2dd (¢-o7)
detJ
Where
detJ =(2.5)(1.625) = 4.0625 (¢-0¢)
So
PET 1.625 0 (t-00)
40625 0 25

Therefore, Eq. (¢-°Y) will become:



ON; (0N ]

ox | [o4 0 7| e (t-0%)
= 195

oN; [ | o o0615]]aN;

oy [ on

The ordering of nodes can be shown in Fig. (¢.¢); the respective derivative

quantities due to Egs. (£-¢+) are:

ot 4

N, 1 (t-ova)
—1="(1-8)=05

on 4

At node (V):n=),§=-

a%:%(—un):—%

6I\? 1 (t-+vb)
9% _Z(C148)=-05

on 4

At node (Y):n=-), &=~

At node (¥) :n=-),§="



%:E(l_n)zOS
o 4
oN; 1 (tevel
—3=—(—1—§)=—0.5
on 4
oN, 1
—2="(1+m)=05
3t 4( n)
(+-evd)
%=1(1+§)=0.5
on 4

At node (¢):n=),§="
According to Egs. (¢-¢Y), (¢-°1), and (¢-°V); the strain displacement matrix

[B] will be derived as follows whereas:

Strain in x-direction is:

ou ON
== £§=0A
ST T ax (t-24)
KQ1‘
ON, ON ON oN
sz[ 1 2 3 4}‘13> (1-04)
OX OX O0X OX ||(s
Lq7J

And in the same manner, strain in y-direction

ov ON

== — [ S

gy oy ayq (¢-1+)
rqzﬂ

aNl aNz 6N3 5N4 q4 LR

gy = L (¢-)
oy oy oy 0y |G
(ds )




And the shear

=a_u+@=a_Nq+a_Nq (i-"H’)
Ty oy ox 8y = X

O[]
d;
ds
. =[6N1 oN, &N, &N, ON; ON; ON, am}q“ (-37)
Y loy ox oy ox oy ox oy ox ||gs

Js
d;
(U

The matrix [B] is a (¥ x A) strain-displacement matrix relating the three

strains to the eight nodal displacements of the element and is given by:

e=Bq (¢-7¢)
It must be noted that the matrix [B] is constant for all elements.

¢.».r Finite Element Modeling for Tensile Specimen



For tensile specimen, the two-dimensional linear rectangle element is used.
Specifically, rectangle element has four nodes at the corners and each node
has two degrees of freedom or (two field variables) represent the vertical and
horizontal displacements. So, each element has eight degrees of freedom.
According to the tensile specimen that is clearly specified through Fig. (.¢).
The analysis due to FEM has been limited by the middle region that
represented by gauge dimensions (¢+ mm by ¥ mm) where the elongation and
failure usually occurred. Because of symmetry, half of tensile specimen was
discretized where length is Yo mm and width is ¥ mm. Each element has the
following dimensions: a, = emm, a: = ¥*.Yemm. The nodal numbering is counter

clockwise as can also be shown in Fig. (%.°).

The displacement components of local node j are taken as qy;. in the x-

direction and q; in the y-direction respectively. The global displacement vector

Qz[Qlin’ ----- lQNDOF] (¢-1e)

denoted as:
Where NDOF is the total number of degrees of freedom.

Most standard finite element codes use the convention of going around
the element in a counterclockwise direction to avoid calculating a negative

area [¢°].



The present study uses the natural coordinates (€,n) in the finite element

analysis of rectangular element as shown in Fig. (¢.¢). These coordinates are

~1<g<land-1<n<1

F Y
Y
6 11 16 21 26
1 - 2 - ' &
5 J (12 17 22 {97
@ | & ) | ()
3 -B 13 ‘13 *23 218 P
H || @ | @ ®
9 14 19
4 . . 24 s 29
@ @ @ 2[] av=‘~.Y°mm
h.4
& - - P ] -
5 10 15 20 25 30
+—>
a,=*mm

Fig. (¢.¢): Finite element mesh for tensile specimen

located at the center of the element, where:



(-%,%)

Y v
(), -) (0,))

Fig. (¢.¢): A natural coordinate system for the rectangle element. Ref. [¢A]

¢.¢ Computer Programming

This work concentrates on the theoretical determinations of the
mechanical properties of linear viscoelastic polymer and linear viscoelastic
polymer reinforced with short fibers. These properties have been investigated
numerically by using finite element method and computer programs have been

written in quick basic language.

In this study, there are two main computer programs, which are
specially designed and each program has several subroutines. The main parts
of the computer programs control the reading of the input data, call different
subroutines to perform the calculation and print the output. The details of

these programs and their subroutines will be discussed in the next section.

¢.¢.) "QSFEFPC" Program

The "QSFEFPC" program is a quasi-static finite element computer

program has been designed to solve flexural beam problem of polymer and its



composite reinforced with short fibers through the linear viscoelastic region.

The procedure of this program can be seen as a flowchart in Fig. (¢.1).

The function of each subroutine in the computer program "QSFEFPC"

will be described as follows:

V."GENF": this subroutine is used for generating of local coordinate, global
coordinate, element connectivity, and nodal numbering system for the half of
flexural specimen, which is simply supported beam. Fig. (:¢.v) denotes the

flowchart of this subroutine.

v."STRESS": this subroutine is used to calculate the flexural stress of a simply
supported beam subjected to concentrated load, which varies with position x.

The procedure of this subroutine can be shown through Fig. (¢.A).

v."STRAIN": the purpose of this subroutine is to determine flexural strain
based on the deflection of elastic beam which varies with position x and on the
time dependent nodal deflection values that have been obtained from finite
element method. At each time step a new set of results will be obtained. For

this subroutine, Fig. (¢.4) can be shown.

¢."COMPR": this subroutine uses the modified rule of mixtures to obtain the
time dependent longitudinal modulus of aligned short fiber composite. Fig.

(¢.)+) shows the schematic flowchart of this subroutine.

o "COMPHT": the function of this subroutine is to compute the time
dependent behavior of the longitudinal, transverse, and random modulus of
aligned and random short fiber composite respectively due to Halpin-Tsai

equation. The procedure of the subroutine can be shown as a flowchart in Fig.

(£.0Y).



¢.¢,y "QSFETPC" Program

The "QSFETPC" program is a quasi-static finite element computer
program has been designed to solve tensile problem of polymer and its
composite reinforced with short fibers. The procedure of this program is

shown through flowchart in Fig. (¢.)Y).

The role of each subroutine in the computer program "QSFETPC" will be

described as follows:

. "GENT'": the purpose of this subroutine is to generate global and local
coordinate, total number of nodes in x and y direction. Fig. (¢.)¥) refers to
the flowchart of this subroutine.

. "GENTY": this subroutine generates the descritization of tensile specimen
(finite element mesh) and nodal numbering. This subroutine is called at
each time step. Fig. (¢.)¢) shows the flowchart of this subroutine.

¥. "COMPR" and "COMPHT" are mentioned previously as flowcharts in Figs.

(¢.)+) and (¢£.0)) respectively.

In order to RUN the "QSFEFPC" and "QSFETPC" programs, the following

data must be specified:

. Externally applied load.

. Volume fractions of fiber and matrix.

. Aspect ratio and diameter of fiber.
. Elastic Poisson’s ratio and elastic modulus of polymer.

o, Elastic modulus of fiber.

1. Constants of three-parameter model.



v. Total number of degrees of freedom.

A. Dimensions of specimens.

1. Total number of elements.

The outputs of the " QSFEFPC" and "QSFETPC" at each time step are:

a- Strain for each node and element.

b- Modulus for each node and element.

v v

Input data Call SUB STRESS

ﬁ
v Fort=+to\:

Call SUB GENF

A\ 4

v Compute E (t) of polymer

Y-v
Calculate element from Eaq. (¥-V)
handwidth

\ 4

v Multiply E (t) by [A] to obtain

Initialize [K] and {F} with zero time dependent global
valiles s e eeem
\ 4 A 4

l Calculate the moment of l Modify the system of
inertia (1) equations [K[{Q}={F} due to

the specified boundary

\ 4

Evaluate element force

wvartAve Adiia $A Ene (6 Y .\ 06 _ L 4
Normalize[K] and {F} and eliminate
v [K] into upper triangular matrix by
Evaluate element stiffness - - S -

matrices due to Egs. (¢-

PR RN

A 4
l Solve system of equations [K]{Q}={F}
for unknown nodal value< bv






Output all mechanical

All values of {Q} and {€} at node properties in each time
step equal to zero

one at all time steps are already

equal to zero due to support of

e m lhamaa v

Open data file to save the
results for each time step

Check if the time
dependent strain is

[ [N S a

Calculate the E; (t) and Jp, (t)
due to Egs. (¥-1 £) &(¥-1°) Fig. (¢.1): Schematic Flow Chart for

Main Program "QSFEFPC”

A

Call SUB

v

Compute g¢ (t) and J¢ (t) from
Eas. (Y-YY) &(¥-Y¥)

\ 4

Call SUB COMPHT

A 4

Determine gc_(t), Jeo (t), ect(t),and Jcr(t)

Forrrnrt TANne W WWYN /W W /Iw AN\ O/w wvwa)







\ 4

Output Gc (i)

Loc\=Gc (e)
Loc.=Gc (e+))







\ 4

Calculate M (x)
from Eq. (¥-VY)

Fori=\to

\

\ 4

Compute o(x) due to the
division of Eq. (¥-'') by

Ca ¥ A\

Calculate M (x) and & (x)

according to Egs. (¥-'¥) &
(v_\v\

\ 4

a(i) = o(x)

Calculate g, (x,t) due to
the Ea.(Y-4)

\ 4

(i) =€(x,t)

A 4
Output (i)







Evaluate R and kj, due to
Egs. (Y-Y+)&("-Y)

v

Calculate v, (t) from
Eq. (*-Y))

Determine A, (t) and

A+(t) due to Egs.(*-Y°)
.Av_¥Y V)

A\ 4

v

Calculate E¢, (t) and Ecr (t)
from Eas. (¥-Y£) &(Y-¥1)

Calculate Gp (t) due to
Eq_ (‘.-Y ~)

l

Calculate n (t) and A\ (t)

due to relations (*-14)
RAv¥_\ A

A\ 4

Calculate Ec, (t) due
to Eq. (¥-¥+)

\ 4

Out put A (t), A¢(t),Eci(t) ,Ecr(t),
and E-~.(t)

|







Input data

A\ 4

Add externally applied
concentrated load directly

dn ~lalhal favan viaa +aw EY

Call SUB GENT

\ 4

Input NET

\ 4

Determine [B] matrix

\ 4

Evaluate the transpose
of [B] matrix

For e=Y to NET

\ 4

Combute constant tensile






Modify [K] and {F} due to the
specified boundary condition
discussed in chapter four to
incorporate the known nodal

Evaluate element strain
value due to Eq. (£¢-1¢)

\ 4

|

Compute the average

P N I S [P T










0

Call SUB COMPR

\ 4

Compute g¢(t) and J¢ (t)from
Eas.(Y¥-YY) &(Y-YY¥)

\ 4

Call SUB COMPHT

\ 4

Determine gc. (t), JeL (t),SCT (t), and JCT(t)
from Eqs.(¥-YY),(¥-Y¥),(¥-YA),&(¥-¥4)

v

Output all mechanical
properties in each time
step equal to zero

\ 4

Open data file to save the

results for each time step

Fig. (¢.1¥): Schematic Flow Chart for Main Program “QSFETPC”







NEX=¢: NEY=¢

\ 4

NNX=NEX+

nn: =

A

Output e, nn,,

nns, Nny, NN
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y

End

Fig. (¢.1¢): GENTY SUB






























































































































































































CHAPTER FIVE

Results and Discussion

.y General

This chapter presents and discusses the results that have been obtained by
using the special designed two computer programs. Firstly: "QSFEFPC"
represents the quasi-static finite element program of flexural estimation on
polymer and its composite reinforced with short fiber. Secondly: "QSFETPC"
represents quasi-static finite element program for tensile estimation on

polymer and its composite.

Materials that have been chosen as a case study are polypropylene
polymer, polypropylene reinforced with aligned short E-glass fibers, and

polypropylene reinforced with random short E-glass fibers.

The modified rule of mixtures as a mechanics of materials approach has
been applied on aligned composite material while Halpin-Tsai equation as an
elasticity approach has been applied on aligned and random composite

materials.

The principle of time-temperature equivalence has been applied on the
mechanical properties (strain, modulus, and compliance) for both polymer and

PMC.

The following data have been considered in the present analysis:



- Volume fraction, V= -.Y.

- Aspect ratio,a= ¢+ [°].

- Fiber diameter, d = v¢ um [v4].

- Elastic modulus of E-glass fiber, Es = v+ GPa [¢Y].

- Tensile modulus of polypropylene, E, = 1.Y GPa [*¥].
- Flexural modulus of polypropylene, E, = V.t GPa [°%].
- Poisson's ratio of polypropylene, v, = +.¥ [YA].

Externally applied load in tensile test, P = ¢+ KN.

Concentrated load applied for flexural test, P = Yo« N.

The values of externally applied loads have been chosen where there
are excess over the linear viscoelastic limits to show the estimations that have been carried out in the present
work.

o.v Flexural Creep Estimation

In this test, a concentrated load of Y¢: N, an aspect ratio of ¢+, a volume
fraction of ..¥, and a period of time between ('-':') seconds have been
considered. In general the results show the typical curves for polymer and PMC
of strain and compliance as increasing functions of time as can be seen from
Figs. (¥.Y) & (¥.1) respectively and the curves of modulus as decreasing

functions of time as can be seen from Fig. (¥.v).

o.v.) Flexural Creep of Polypropylene

- Flexural Creep Strain



Fig. (O . ) ) shows the time dependent flexural strain of polypropylene polymer specimen from node

Y to node V¢ according to Eq. (Y‘\ ) ). The closer nodes to the applied load have larger strains whereas

strain increases with time starting from node Y to node ) i Node )¢ is the location of applied load and
r
maximum deflection in the beam. Maximum strain of node \ v is i o ax\ v

- Flexural Creep Modulus

Fig. (e.Y) refers to the effect of time on flexural modulus of
polypropylene polymer due to Eq. (v-'¢). Flexural modulus have been
decreased with time beginning from node Y to node ‘¢. Minimum modulus for

node ‘Y is Yo GPa.

The flexural modulus of polypropylene is low due to the basic

characteristic of polymers that represented with low stiffness.
- Flexural Creep Compliance

Fig. (°.v) represents the time dependent flexural compliance of
polypropylene that is obtained from Eq. (*-)¢). The flexural compliance values
along the specimen are very close to each other. The maximum compliance is

observed at node ‘v and equal to ¢.Yx)+ " GPa™.

The increase in strain and compliance curves and the decrease in
modulus curves against time have been corresponded to the typical curves
whereas the principal of time-temperature equivalence is applicable for

polymer and its composites.

s.v.v Longitudinal Flexural Creep of Aligned Short E-Glass/PP

Composite (Halpin-Tsai Equation).

- Flexural Creep Strain



Fig. (°.¢) is denoting the time dependence of longitudinal flexural strain
for aligned short E-glass fiber reinforced polypropylene due to Halpin-Tsai
equation (Eq. (v-¥Y)). Strain will increase with the closing to the mid-point of

the specimen where the concentrated load has been applied.
- Flexural Creep Modulus

Fig. (c.°) denotes the effect of time on longitudinal flexural modulus of
aligned short E-glass fiber reinforcing polypropylene according to Halpin-Tsai
equation (Eq. (¥-v¢)). For all nodes (¥-'¢), flexural modulus curves are

decreasing with time.

- Flexural Creep Compliance

Fig. (O . -L) shows the effect of time on longitudinal flexural compliance for short E-glass fibers

reinforcing polypropylene according to Halpin-Tsai equation (Eq. (VY v)).

Maximum values of longitudinal flexural properties have been obtained
at node Y¥. Maximum strain is equal to .Y X'+, minimum modulus is - -
GPa, and maximum compliance is equal to «.Y8AxY ™,

These values have been shown an improvement in PMC properties and
this has been reflected by the clarity of reinforcement effect. This improvement
in PMC properties proves the accuracy and success of Halpin-Tsai equation.

.Y.Y Transverse Flexural Creep of Aligned Short E-Glass/PP Composite (Halpin-Tsali
Equation).

- Flexural Creep Strain

Fig. (°.v) refers to the time dependent flexural strain of aligned short E-
glass reinforcing polypropylene in transverse direction according to Halpin-Tsai

equation (Eq. (v-YA)).

- Flexural Creep Modulus



Fig. (¢.A) represents the time dependence of transverse flexural modulus
of aligned short E-glass fibers reinforcing polypropylene that obtained from

Halpin-Tsai equation through Eq. (*-Y1).
- Flexural Creep Compliance

Fig. (c.1) shows the effect of time on transverse flexural compliance of
aligned composite material that consists of short E-glass fiber in polypropylene
matrix. The method used is Halpin-Tsai equation that has been represented by

Eq. (v-Y4).

Maximum transverse mechanical properties at node ‘v are: Y.ex\.™ for
strain, ¢+ GPa for modulus, and Y.¢x\:" GPa" for compliance. Polypropylene
polymer results are: ¢.ex\:™ for strain, Y¢ GPa for modulus, and ¢.Yx):" GPa"

for compliance.

The comparison between these properties shows that there is a good
improvement in lateral stiffness values and decrease in strain and compliance

values.

In general, the lateral mechanical properties are very close to the results
of PP polymer alone because the lateral properties of aligned composite are

matrix dominated.

.¥.¢ Longitudinal Flexural Creep of Aligned Short E-Glass/PP Composite (Modified
Rule of Mixtures)

- Flexural Creep Strain

Fig. (.1 +) gives the time dependent longitudinal flexural strain of aligned
short E-glass fiber reinforcing polypropylene by applying modified rule of

mixtures (Eq. (*-YY)).



- Flexural Creep Modulus

Fig. (°.V)) shows the effect of time on longitudinal flexural modulus of
aligned short E-glass fiber reinforced polypropylene by using the modified rule

of mixtures (Eq. (¥-'Y)).
- Flexural Creep Compliance

Fig. (e.'Y) refers to the effect of time on longitudinal flexural compliance
of aligned composite material consists of short E-glass fiber reinforced

polypropylene polymer due to Eq. (¥-Y¥).

Maximum longitudinal properties of (strain, modulus, and compliance)
respectively are *.Yex):", ¥A\GPa, *.'x\:" GPa". PP polymer properties (strain,

modulus, compliance) are ¢.ex): 7, YeGPa, ¢.Yx\ " GPa".

It is clear that the deformation of aligned composite is less than the
deformation of polymer but very near to it. On the other hand, there is little

improvement in stiffness and decrease in strain and compliance.

The rule of mixtures gives accurate results of composite reinforced with
aligned continuous fibers. According to the present study, the modified rule of
mixtures is less accurate in predicting of the mechanical properties of

composite reinforced with aligned short fibers.

This behavior has been attributed to the slight effect of reinforcement
where the aligned composite properties are very near to the polymer

properties.



s.v.s Flexural Creep of Random Short E-Glass/PP Composite (Halpin-

Tsai Equation)
- Flexural Creep Strain

Fig. (e.'¥) represents the flexural creep strain versus time for random
short E-glass reinforced polypropylene by applying Halpin-Tsai equation (Eq. (Y-
™)).

- Flexural Creep Modulus

Fig. (.1 ¢) shows the effect of time on flexural creep modulus of random

short E-glass reinforced polypropylene obtained from Halpin-Tsai equation (Eq.

(v-r+)).
- Flexural Creep Compliance

Fig. (°.'e) shows the time dependent flexural creep compliance of
random short E-glass reinforced polypropylene by the using of Halpin-Tsai

equation (Eq. (v-¥v)).

The random short E-Glass/PP composite properties are: :.¢3x\:" for
strain, Y¢ GPa for modulus, and -.¢vx)+"" GPa™ for compliance. The properties
of PP polymer have been stated as ¢.ex\: ™ for strain, Y¢ GPa for modulus, and

¢.Yx)+ " for compliance.

By comparing these results it can be concluded that the effect of
reinforcement in random case is small with respect to polymer alone. The
stiffness values are the same without improvement while strain and
compliance values are lesser than PP polymer. Random composite material is

isotropic and its mechanical properties are equal in all directions.



Maximum values of strain and compliance and minimum values of
modulus have been obtained at t = ‘.' seconds. The values of all the
mechanical properties understudy have been found out of the linear

viscoelastic limits at node ‘¢.

There is a checking has been made through the computer programs. This
checking states that if there is excess over the linear viscoelastic limits (g >
+.27), the mechanical property will decrease to zero due to the present study

that is limited with linear viscoelastic behavior.

There is constancy in flexural curves for (strain, modulus, and
compliance) during the periods (V-)+%, -1+, v-V.") seconds. These regions have
been represented the regions of glassy behavior of PP polymer and PP

reinforced with short E-glass fibers in its two forms aligned and random.
o.» Tensile Creep Estimation

In this test, an external applied point load of ¢+ KN, an aspect ratio of ¢-,
and a volume fraction of -.¥ are considered. The period of time is between (\-
V') seconds. The typical curves of polymer and PMC for strain and compliance
are increasing with time as in Figs. (¥.Y) & (¥.1) while the typical curves of
modulus are decreasing functions of time as can be seen from Fig. (V.v). So, the

present results are identical to the typical curves.

o.r.» Tensile Creep of Polypropylene

- Tensile Creep Strain



Fig. (2.0 1) denotes the effect of time on tensile strain of polypropylene
for half of tensile specimen which descretized into Y+ elements using Eq. (¢-
%),

Att> ) seconds, the tensile strain increases in a positive direction for
some elements with a maximum value of ¥.Ax" + ™" at node number . Tensile
strain increases in a negative direction for the other elements with a maximum
value of —Y.9ex" +™" at node number YA,

- Tensile Creep Modulus
Fig. (°.Y) concentrates on the time dependent tensile modulus of

polypropylene that obtained from Eq. (¥-¢).

The tensile moduli of a number of elements have been decreased in the
positive part and a minimum value is equal to ¢+ GPa at elements (),¥,1,A).
Other number of elements has tensile modulus curves in the negative part

with a minimum value of =\ ..+ GPa at element (£,)A).

Because of the connection between strain and modulus, negative values
of modulus have been denoted the lateral contraction which relates with the

longitudinal extension.

For element ():), the tensile modulus is a decreasing function in the
negative part. At t = V.' seconds, the greatest modulus of element ‘. for
unreinforced polypropylene is equal to v+ .+« GPa. The reason is that element
v+ has been located in the middle region of tensile specimen; therefore, its
deformation will be less than the deformation of elements that have been
located around it, so element ‘. is undergoing small deformation. The
dependence of modulus calculations on strain is the reason behind the high

values of stiffness of this element in all cases understudy.
- Tensile Creep Compliance

Fig. (°.)A) gives the effect of time on tensile compliance of
polypropylene polymer according to Eq. (Y-)°).



Some of the tensile compliances have been increased in the positive part
while the other increased in the negative part. The maximum positive
compliance of element Y7 equals to +.*¥x) +** GPa and the maximum
negative compliance of element YA is equal to —+.Y X"+ GPa™".

The negative compliances have been related with negative moduli that are
attributed to the happening of lateral contraction coincident with the
longitudinal extension according to tensile creep estimation.

The principle of time-temperature equivalence has been applied through
the present work. The strain and compliance curves have been increased against
time while the modulus curves have been decreased versus time according to
the typical case.

o.*.v Longitudinal Tensile Creep of Aligned Short E-Glass/PP

Composite (Halpin-Tsai Equation).
- Tensile Creep Strain

Fig. (°.'%) denotes the time dependent longitudinal tensile strain of
aligned short E-glass fiber reinforcing polypropylene matrix by applying Halpin-

Tsai equation according to Eq. (*-YY).

The tensile strain curves of several elements have been located in the
positive part with a largest value of +.\vex):™ at element V3. The tensile strain
curves of the other elements have been located in the negative part with a

smallest value of —+..3x+ ™" at element A,

It must be noted that the strains of aligned composite in longitudinal
direction are less than the polymer alone whereas the reinforcement with
fibers has been restricted the mobility and consequently the deformation of

polymer.
- Tensile Creep Modulus

Fig. (c.Y+) determines the time dependent longitudinal tensile modulus

of alighed composite consists of short E-glass fiber reinforced polypropylene by



using Halpin-Tsai equation according to Eq. (¥-Y¢). The smallest positive
modulus of elements (),¥) is equal to V:+++ GPa while the smallest negative

modulus of elements (¢,'A) is =Y+« .+ GPa.

The tensile modulus of element Y+, which is located in the middle region
of tensile specimen, is the largest modulus in longitudinal direction, which is
equal to Y¢A.+«+ GPa and its value has been attributed to the very small strain

corresponded to the same element.
- Tensile Creep Compliance

Fig. (e.YY) represents the effect of time on longitudinal tensile
compliance of aligned short E-glass fiber reinforced polypropylene. The

method used is Halpin-Tsai equation by applying Eq. (*-Y¥).

Maximum positive compliance of +.-Yex)+™ GPa™" has been obtained at
element Y1 and maximum negative compliance of — +...vix\.™" GPa™ has been

obtained at element A.

The previous results have been proven an improvement in stiffness and
decrease in strain and compliance for PMC as compared with the polymer

results.

So, Halpin-Tsai equation is accurate method in predicting of the
longitudinal properties of composite material reinforced with short fibers

whereas the reinforcement is effective in the resulting properties.

The elements (11,Y4) have the greatest positive values for both strains
and compliances because of their location that is very near to the applied load.

The moduli of these elements are constants and very near to zero.



The elements ('¥,’A) have the greatest negative values of strains and

compliances because of their location that is very near to the applied load.

s.*.* Transverse Tensile Creep of Aligned Short E-Glass/PP

Composite (Halpin-Tsai Equation).
- Tensile Creep Strain

Fig. (c.YY) shows the time dependent transverse tensile strain of aligned
composite using Eqg. (¥-YA). The constituents are aligned short E-glass fiber

reinforced polypropylene matrix.

Maximum positive transverse strain at element V1 is equal to Y.Yex\.™
while maximum negative transverse strain at element YA is equal to =Y. ex) ™.
For comparison, PP polymer results have been represented by maximum
positive transverse strain at element )7 that is equal to *.Ax':™ and maximum

negative transverse strain at element YA is equal to —=Y.3ex) ™,
- Tensile Creep Modulus

Fig. (°.YY) represents the effect of limited period of time on the
transverse tensile modulus of elements ()-Y +) according to (Eq. (¥-Y1)).

The tensile modulus curves in the positive part have a minimum value is
equal to Y« + + GPa at elements (V,¥,7,A). On the other hand, the tensile modulus
curves in the negative part have a minimum value is equal to —Y + » + GPa at
element YA,

The stiffness has inverse relation with strain. So, element )+ gives the
highest tensile stiffness that is equal to YY®+ + + GPa.

For PP polymer, minimum positive transverse modulus is equal to @ « «
GPa at the elements (V,¥,7,A) while minimum negative transverse modulus is
equal to -+ « + GPa at element A,

On the other hand, PP polymer has a tensile modulus of element Y « that
isequalto V«+++ GPa.



- Tensile Creep Compliance

Fig. (e.Y¢) concentrates on the time dependent transverse tensile

compliance by applying Halpin-Tsai equation (Eq. (*-¥4)).

The tensile compliances of several elements have been located in the
positive part and maximum compliance of element 1% equals to +.VAxY:" GPa™
while the tensile compliances of other elements have been located in the
negative part and maximum compliance of element 1A is equal to = +.+3ox)."™

GPa™.

For PP polymer, maximum positive compliance is equal to -.¥Yx)-™" at

element Y1 while maximum negative compliance is equal to = +.vix) ™,

From Halpin-Tsai equation, it is clear that there is slight improvement in
the mechanical properties of PMC in transverse direction. The transverse
properties of PMC are very near to the properties of unreinforced polymer.
The deformation of polymer in transverse direction with respect to the aligned

fibers dominates the overall deformation of composite.

..t Longitudinal Tensile Creep of Aligned Short E-Glass/PP

Composite (Modified Rule of Mixtures)

- Tensile Creep Strain

Fig. (e.v°) refers to the effect of time on longitudinal tensile strain of

aligned short E-glass fiber reinforcing polypropylene matrix throughout Eq. (*-

YY).



The maximum positive strain has been obtained from element )1 that is

equal to £.6x" +" and maximum negative strain is equal to —¥.ex"+ ™" at element
YA,

For PP polymer, maximum positive tensile strain at element Y1 is

¥.Ax) + " while maximum negative tensile strain at element YA is equal to —
Vaexy e,

- Tensile Creep Modulus

Fig. (O . Y .1) concentrates on studying the longitudinal tensile modulus of aligned composite against

time due to Eq. (V_ ) \/)_

The smallest positive modulus is © v * Gpaand has been located at elements (\ ,Y‘,‘ ,/\) while

the smallest negative modulus has been obtained at elements ( ¢ ’ ° ) ) /\) and is equal to — Yoo GPa.
The greatest modulus that can be obtained from modified rule of mixtures is equal to OV e
GPa at element Yo .
For PP polymer, minimum positive modulus is equal to v GPa at the elements (\ ,Yl,‘ ,/\)

while minimum negative modulus is equal to N GPa at elements (i,\ /\). On the other hand,

maximum modulus at element ) is equal to Voo GPa.

- Tensile Creep Compliance

Fig. (e.Yv) represents the effect of time on longitudinal tensile
compliance curves of aligned short E-glass fiber reinforced polypropylene by
applying modified rule of mixtures due to Eq. (¥-YY). The largest

Y

compliance is equal to :.*Ax):" GPa' for element ‘1 and the greatest
compliance is equal to —:.Yx\ " GPa" for element YA, For unreinforced PP
polymer, maximum positive compliance has been obtained at element 1 is

Y

equal to ..rvx':" GPa’' while maximum negative compliance has been

obtained at element YA is equal to —+.v"x)+ " GPa™.

The comparison between the mechanical properties of polymer and

PMC according to modified rule of mixtures shows a decrease in stiffness



values that must be increased and constancy in compliance values while the

strain values of PMC is greater than the unreinforced polymer.

This behavior is wrong and means that there is no effect of
reinforcement and consequently the modified rule of mixtures is inaccurate in

predicting of the longitudinal properties of alighed short fiber composite.

The inaccuracy of modified rule of mixtures to predict the mechanical
properties that have been obtained from Y¥-D tensile test is very clear as
comparing with the mechanical properties that have been obtained from ‘-D

flexural test.

s.v.c Tensile Creep of Random Short E-Glass/PP Composite (Halpin-

Tsai Equation)
- Tensile Creep Strain

Fig. (°.YA) denotes the effect of time on tensile strain curves of all
elements for a specimen of a random short E-glass reinforced polypropylene.

The method used is Halpin-Tsai equation through Eq. (*-™).

The greatest positive strain is equal to +.e°x':™ at element ' while the
maximum negative strain is equal to — -.1vex\ " has been obtained at element

YA,

The properties of PP polymer have been stated as maximum positive

v

strain at element )1 is equal to *.Ax):" while maximum negative strain at

element YA is equal to —V.4ex) 7,

- Tensile Creep Modulus



Fig. (°.Y4) shows the effect of time on tensile modulus of random short E-
glass reinforced polypropylene for all elements according to Halpin-Tsai

equation (Eq. (v-v+)).

From tensile test, the smallest positive modulus of elements (V,v,1,A) is
equal to ¢.++ GPa while the smallest negative modulus of elements (¢,'4) is
equal to -V++++ GPa. The greatest modulus of random short fiber composite

equals to 1Ye... GPa can be obtained at element ).

PP polymer results are the smallest positive modulus is equal to ¢+ GPa
at elements (V,v,1,A) while the smallest negative modulus is equal to =+ .+ GPa
at element YA. On the other hand, maximum positive modulus for polymer has

been obtained at element '+ and equalto v+ .+ GPa.
- Tensile Creep Compliance

Fig. (.v+) shows the time dependent tensile compliance of random short
E-glass fibers reinforced polypropylene for all elements determined according

to Halpin-Tsai equation (Eq. (*-vY)).

The maximum positive compliance is :.-*exV:" GPa” for element '
while the maximum negative compliance equals to —:.:\vex)y.™ GPa’ at

element YA

For PP polymer, maximum positive compliance has been obtained at
element V1 is equal to -.¥Yx)- " GPa" while the negative compliance is equal to

— YT GPaT at element YA,

The above results have been shown good effectiveness of the
reinforcing fibers in random case where the material is isotropic and the

mechanical properties are equal in all directions.



It can be noted that an improvement in stiffness values of random short
fiber PMC and decrease in deformation that has been reflected through strain
and compliance values of PMC where the presence of reinforcement will

restrict the deformation of polymer.

The sided elements (AYYV1,Y:) and (¢,9)7,'Y) have horizontal
displacements in x direction while vertical displacements are equal to zero;

their deformation is high against low stiffness.

The other sided elements (,Y,v,¢) have vertical displacements in y
direction while horizontal displacements are equal to zero; these elements

have high deformation versus low modulus.

The elements in the middle region of tensile specimen around element
'+ have displacements in x and y directions. They have amount of deformation
less than the sided elements and greater than element '+ at the expense of
stiffness where element '+ has the greatest modulus in tensile specimen.

These elements are (3,v,)),V¢,19),

The maximum and minimum values of the parameters understudy have
been obtained at t=':" seconds. In element 4 for all materials understudy, the
mechanical properties (strain, modulus, and compliance) have been found out

of the linear viscoelastic limits at a period of time between (:"-V+*) seconds.

The tensile strain and compliance curves are constants during the time
periods (V-Y+') and (Y+-1+") seconds while the tensile modulus curves are time
independent through the periods (V:-V+°) and (Y:-):") seconds. These regions
have been represented the regions of glassy behavior of PP polymer and PP

reinforced with short E-glass fibers in its two forms aligned and random.



The results that have been obtained from tensile test for all the
mechanical properties (strain, modulus, and compliance) are with positive and
negative signs. Positive values of several elements are denoting to the
happening of extension in the applied load direction while negative values of
other elements are referring to contraction in the lateral direction with respect

to the direction of applied load.

The present strain results that have been obtained from flexural creep
and tensile creep estimations for polypropylene polymer are coincident with
the strain results that have been obtained by Rollason, E. C. [¥], Resen, A. S.; et
al. [¥A], and Resen, A. S.; et al. [¥¢]. This reflects the real and accurate results
of strain as well as modulus and compliance results that are depending on the

strains; this behavior can be observed from Fig. (c.7).
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CHAPTER SIX

Fig. (°.Y)): Tensile creep of homopolymer PP at Y :2C. Ref [V]

Conclusions and Suggestions

*.y» Conclusions

According to the mechanical properties of unreinforced polypropylene and
short E-glass/PP composite in both aligned and random reinforcement, the
following conclusions can be stated:

. The region of glassy behavior of polypropylene polymer alone and

polypropylene reinforced with short E-glass fibers in the forms of aligned and
random reinforcement is limited by the time period ('-'+') seconds with slight

differences through this range.

Y. It can be observed that using a wider range of time either in minutes or
hours may give three regions in the curves of mechanical properties (strain,
modulus, and compliance) versus time, these regions are glassy, viscoelastic,

and rubbery.

¥. All the mechanical properties that have been obtained from tensile and
flexural creep estimations are identical to the time dependent typical behavior
of polymer and PMC, where strains and compliances are increasing functions
with time and the modulus curves are decreasing with time. This behavior
reflects the success of the theoretical analysis that has been applied with its

assumptions in the present work.



¢. Polypropylene polymer results are accurate and reasonable whereas the
values of strain and compliance are the greatest and the values of modulus are
the smallest; the low stiffness of polymers is the main objective of reinforcing

them with fibers.

o, The main objective of reinforcement is satisfied through this work, whereas
the deformation of reinforced polymer is lowered as a result to fiber presence
because the fibers bear the major portion of the load while the polymer matrix

bears a minor portion of the load due to its low modulus.

1. The reinforcement of polypropylene polymer by short E-glass fiber in its two
forms, aligned and random, gives low values of strain and compliance and

improves modulus according to Halpin-Tsai equation.

v. Element Y4 from tensile specimen and node ‘¢ from flexural specimen are
excess over the limits of linear viscoelastic behavior because these locations
are the nearest to the externally applied loads, and hence the regions of fast

deformation, weakness, and consequently failure.

A. Halpin-Tsai equation is more accurate than modified rule of mixtures in the
theoretical prediction of the mechanical properties of the understudy

composite material reinforced with short fibers.

1. The longitudinal properties of aligned short fiber composite that were
calculated from modified rule of mixtures are inaccurate and the effect of
reinforcement is weak where the deformations of alighed composite are very

close to the results of unreinforced polymer and the moduli are lesser.

1.v Suggestions for Future Work



V. Experimental work should be investigated and compare it with the present

theoretical study.

Y. Studying the creep behavior in tensile and flexural tests as a function of

temperature.

¥. Extending the time period into minutes and hours to obtain the full
dependence on time that represented by (glassy, viscoelastic, and rubbery)

behavior.
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