CHAPTER II
THEORY

2.1 PHYSICAL AGING

Physical aging hase@ own for many years as an intrinsic

property of glassy materials cause of the non-equilibrium

state of the material when roug temperature (Tg) region at

" _-

such a rate that the moleg u111br1um configuration

corresponding to the ten olmg is stopped (T<Ty).

Above Tg, retardation i ble material properties,
4 ‘_I‘

for instance, volume an 1tror h ehq,.nges in temperature, but

below T, the retardation 5eco lflrst approximation, the

structural relaxation pro hanges in many material

properties. This slow approap_l_i}i?igq ilibrium is called physical aging.
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Physi ga
relaxation and changes in viscoela

reflects the the ﬁxal hlsféﬁ yiolymerlmaterlal The aging and weathering,
fi

dtdodr) beh#vjor of b plastic material will be

dependent on many factors. The following fa%)rs may causg a change in the

prope”‘;}wf]"wﬂim NWW’] Qﬂ Elf] a E]

Chemlcal environments, which may include atmospheric oxygen,

* aging shows it: ays, e.g., as volume

properties. ﬂxerefore physical aging

a term used

acidic fumes and water.
(2) Heat.
(3) Ultra-violet light.
(4) High-energy radiation.



In a commercial plastic material, there are regularly a number of
other ingredients that may be affected by the above factors. Moreover, they
may interact with each other and with the polymer so that the effects of the

above factors may be more, or may be less, violent.

A serious present problem for polymeric technologists is to be
able to predict the aging behavior of a polymer over a prolonged period of
time, often 20 years or more. Thus, it is desirable that some reliable
accelerated weathering test should exist. ,.tU fortunately, accelerated tests that
have been used until now attain solely / 1ted success. One reason is
that when more than one deteﬂoratmg-factor is -pfesent the overall effect may
be quite different from ‘tﬁ—y’u—rnf

accelerated light aging te

the individual effects of these factors. In an

nore desirable to expose the specimen to the
daylight” but at greater intensity. However,

rces: th% imitate the energy distribution. For

this reason, exposure to §0 such as’ ayllght carbon arc lamps and xenon

plés*tic mﬁﬁ:ﬁfals
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2.2 COMPOSITES —;"%f‘
T " l.j = - =
ST

Compq_sﬁe materials have a long hls_tégy of usage. In their

widest form, compdsﬁl:es are the result of two or more materials that are
combined on a macrosd)plc scale to form a useful méterial. Distinct materials
can be combined on “a“smicroscopic “scale but the final material is
macroscopically homogenegus. Generallyg the main phase s known as matrix
and the other phase is called the dispersed phase. The, functions and
requirements of a fuatrix are) t0 |keep| the dispersed phase i the structure,
distribute ‘or transfer load, protect the dispersed phase either in the structure

or before fabrication and control chemical and electrical properties.

There are several advantages of composites, as well as some
disadvantages. The advantages include weight reduction, longer life (no
corrosion), lower manufacturing costs due to lower part count. In contrast, the

disadvantages include difficulty in analysis, cost of raw materials and



fabrication, possible weakness of transverse properties and environmental

degradation of matrix.

For classification of composites, there are many types of
composites. Depend on the types of matrix, composites can be categorized as
polymer matrix composites, metal matrix composites, ceramic matrix
composites, carbon-carbon composites, intermetallic composites or hybrid
composites (Schwartz, 1997). Polymeric composites have been widely used
nowadays and are the most developed.f ?‘l s. of composite materials in that
they have widespread applications, caf J‘made into large, complicated

shapes. The most extenswel-y -used matrix for advanced composites has been

the epoxy resins. The1r - s include adhesion to fibers and resin, no by-

products formed durmg o istance to solvents and chemicals, wide range

of curative options. They yo some disadvantages such as change in

physical properties begaus

1 sensitive to ultraviolet light

01stu absorptlon hlgh thermal coefficient’
of expansion, slow ¢ :;;

degradation. ’ b [ ks
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Based on the form—ﬁf the &@"rsed phase, composite materials
can be classified in :f three c“ommonly ibc‘ép't'ed typf,s fibrous composites,

ﬁe;ptlvely (Jones, 1975).
Fibrous composites coil}plst of continuous or dlscontrnuous fibers in a matrix,

laminated composité es, Tes
while laminated composites consist of layers of various materials and

particulate composites @areComposed of particles’dispersed=within a matrix.

,dn fiber-reinforced. composites, the dispersed.phase is high-
strength, hiigﬂ stiffne‘:ss, long fibers ifi"a surrounding 'matrix, ‘a resinous binder
for polymeric composites. The fibers used may be in the form of either single
fibers with diameter of about 7 to 15 um, or multiple fibers twisted together
in the form of a yarn or tow. Fibers are embedded in or bonded to a matrix
with individual interfaces between them. In this form, both fibers and matrix
maintain their physical and chemical properties. Nevertheless, they will

produce a combination of properties that can not be received with either of



the constituents acting alone. Generally, the main fibers in commercial use
are various types of glass fiber and carbon fiber, as well as aramid fiber and

boron fiber.
2.3 EPOXY RESINS

Generally, the term epoxy refers to a chemical group comprising

of an oxygen atom bonded with two carbon atoms, called epoxide group,
already united in some other w implest epoxy is a three-membered
ring, to which the -epox = 2-¢p jplied. Ethylene oxide is an

example of this type. T Te oﬂeth@ is shown in Figure 2.1.

Figure 2.1: Ethylene oxide
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There is no umniversal asreemeént on the nomenclature of the

three-membered epoxy ring-.r-".ftﬁ:e‘T%f i%‘, livision even on the term epoxy itself.
They have also ‘been known by other names  for example, epoxides,

. . de polymers.
f
g . : : ;
glass, aramid qu bontfibe rms eme e ufisaturated polyester
resins are primarily used in inddstrial applieations. This issbecause epoxy

resins olbite $o8 echunicaldrapets ith Jehsy] plogsiis that meets

the generqalized requirements of a matrix polymer. They are low viscosity for

ethoxylines, oxirane

fiber impregnation, high reactivity on curing, chemical control of cure
without volatile formation, low shrinkage, and good mechanical and

thermomechanical properties.



2.3.1 Types of epoxy resins

Epoxy resins have been divided by the raw material from which
they were derived. Three major types of commercial epoxy resins are
cycloaliphatic epoxy resins, epoxidized oils and glycidated resins. Their

structures are shown in Figure 2.2.

‘ viscosity. They are
composed of two com oolefi l xidized with peracetic acid
and diglycydyl esters of cyclig dicarboxylie'acids. Curing agents which can
best react with these resins a.m_»’ﬂ';#_’ ﬁ ydride and the phenolic types of curing
agents. Cycloalipha 5l- PO h esistance and high arc-

track resistance. Thefefore, they sed to form parts of

transformers, insulators wire cable, generators and motors.

mqummmwmm
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naturally happen from fatty acids. They are effective plasticizers and
stabilizers for polyvinyl chloride and copolymers when they are cured.

Epoxidized soybean oil is the most widely used epoxidized oil.
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2.3.1.3 Glycidated epoxy resins

Epoxy resins types used in most commercial applications are
glycidated epoxy resins. Examples of this type of epoxy resin are bisphenol

A, novolac epoxy resins and bisphenol F.

Most epoxy resins are made from bisphenol A. Historically, the

first commercial epoxy resin was a reaction product of epichlorohydrin and

bisphenol A, the reaction givin “ 1 ether of bisphenol A, salt and
water. The chemical struc lustrated in Figure 2.3.

The novola i uce ymore tightly crosslinked-cured

systems than other types 0 - ns. As a result, their elevated
y yp };EP >sins.

Pt
temperature performance are 1mprovgg‘

likely to be great

mical resistance are
om bisphenol A. The

re 2@ Novolac resins can be

structure of novolac 9

utilized in adhesives, storage tanks, cofrosion-resistant coatings, structural

and electrica ﬁ%ﬂ? %@Wiﬂ%&ﬂ 1]
AR ﬂg‘i%ﬂ‘lﬂ%‘ﬂ QL

Figure 2.4: The chemical structure of novolac resins.
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Bisphenol F epoxy resins generally have the properties falling
between bisphenol A and novolac resins. They are used in high-solids-high-
build systems such as tank and pipe lining, industrial floors, road and bridge

deck toppings. Figure 2.5 illustrates the chemical structure of bisphenol F.

and control. Hence, t

for the present study.

commercial industries a

.‘-‘.',T-ar
iglyci

synthesized by the reaction of: bis

Bispherm A can be prepare

e BRI
RIAINTUNRINGIAY

2CgHsOH + CH3COCH; —> HO—O)—Cc—O-0H + H0

CH3

rom the&action of two molecules

phenol acetone bisphenol A

Figure 2.6: Formation of bisphenol A.
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Epichlorohydrin is acquired by the chlorination of propylene
under high temperature. Allyl chloride is the main product from the reaction.
Then, the hypochlorus acid is added to the allyl chloride at 30°C to yield
glycerol dichlorohydrin. Finally, dehydrochlorination occurs and produces

epichlorohydrin. The formation of epichlorohydrin is displayed in Figure 2.7.

CH,—CH—CH,CI

Epichlorohydrin (ECH)

and epichlorohydrin is shown in Figure 2.8. From the reaction, DGEBA is
obtained by reacting eplch_lglioﬁglrxfy.WSphenol A in the presence of

sodium hydroxide;r:-yhc reaction takes place steps; they are the

formation of a chl drin intermediat rohalogenation of the

intermediate to the 1g1yc§&y ether, respectivel&j Each molecule of the

diglycydyl ether will reactswith that of the bisphenol A at the epoxide group,

forming even 1 badod b SR DOERA st
R QAR A

bisphemel A epichlsrhydrin

[] CH, fﬂz o
oo of O Lo (Lo
CH, OH n CH,

Figure 2.8: Formation of diglycydyl ether of bisphenol A (DGEBA).
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2.3.3 Basic characteristics of epoxy resins

Many good properties of epoxy resins have led them to fast
growth and their use in a wide range of industries. The epoxy resins possess a

preferably unique combination of properties as following:

2.3.3.1 Low viscosity. The liquid epoxy resins and their curing agents

can produce low viscosity, easy to process (or modify) systems.

2.3.3.2 Easy cure. E&Ey resm/ 1d1y and easily at practically

any temperature from 5 m de*ndm selection of curing agents.

I/ v;)ﬁ;"shrin;ge\ming cure are one of the
%

2.3.3.3 Low shrin
most advantageous
react with very littl

evolved.

mainly the presence of the po‘Taf:kydr'
are excellent adhessies. Tﬁe'y ’cah ;be'
various surface ...,—,-.——.-,—a,-,_,,__u-__-_-.__--.--.; 5D

and the adherents ar¢ . not disturbed duri : . AL hesive strengths without

the need for both open tlme and high pressure are perhaps the best available

e °°“‘e‘“ﬂﬂ‘ﬁ*”3 MENINYINT
RS T

resins. This is due to their low shrinkage and comparatively unstressed

structure after curing.

2.3.3.6 High electrical properties. Cured epoxy systems exhibit good
electrical properties over a range of temperatures and frequencies. They are

excellent electrical insulators.
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2.3.3.7 Good chemical resistance. The chemical resistance of the cured
epoxy resin relies considerably on the curing agent used. Generally, most
epoxy resins possess extremely high resistance to caustics and good to

excellent resistance to acids.

2.3.3.8 Versatility. The epoxy resins are likely the most versatile of the
modern plastics. The basic properties may be modified in many ways such as

by blending of resin types, by selection of appropriate curing agents, and by

application of modifiers and ﬁlla{\s\\ ' / //

2.3.4 Applications for ep:x—'y.itsms-l

Due to thei i

industrial applicatio

s are applied in several
e range of applications.

ébi\ye% for aircraft honeycomb

structures, for the pai T cb)\erete topping compounds
They also utilized as bo ulking ;mpounds for the repair of
plastic and metal boats , ¢ \For caulking and sealant
compounds, epoxy resins ’ﬁ:alsn%: in building and highway
construction apphca&nons and“ffr-a’pph vhe igh chemical resistance
is required. As pottis '__,::.:_::.:.:-:,.:..-.:"-:-:_-.:,.::.:-:- ids and impregnating resins
for electric and ele‘ onic equipment. st "‘provides an interesting
extension to the use of plastlcs materlals as msgators Moreover, epoxy-

Ziiii:f’ii;‘:m&ﬂes Z?'l‘ﬁmﬂ,ﬁ 1=
f°‘°°W”TNm” MANa Y

2.4 CURING AGENTS

The most valuable property of the epoxy resins is their ability to
reform easily from the liquid state to tough, hard thermoset solids. The
conversion is achieved by an addition of a chemically active curing agent or

hardener.



15

Curing may occur at room temperature with heat produced by
exothermic reaction, or it may require external heat to cure. Therefore, the
properties of epoxy resins resulted from the cure tend to vary depending on
the type of the curing agent. Nowadays, curing agents are categorized into
four general types: aliphatic amines, aromatic amines, anhydrides and amides,
respectively. Selection of the curing agents depends on many factors. In
consideration of the convenient processing, aliphatic amine is preferable in
concrete structure applications because curing can take place at ambient
temperature. Examples of ahphq\t Wf are diethylenetriamine (DETA),
triethylenetetramine (TETAK*‘A,;m.S j curing agents is selected for
the present study.

2.4.1 Modified amin ri

upon the ratio of the

reaction with amme the presence

i
reactants and the react1on conditions, the endproduct will comprise

predominantly lynT atives. With bis
(hydroxyethyl@mﬁemmﬂmﬁdﬂﬂ ﬂ condary amine is
formed. ondar s re&t snmllarlym rimary amiisies and provide
ciacio et O Sk o o o bk e o

active hydrogens exceeds two.
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2.5 CARBON FIBER

Carbon fibers are fine filament composed largely of carbon with
structures and properties varying from those of amorphous carbon to those of
well-developed crystalline graphite. They are characterized by their
flexibility, electrical conductivity, and in their high performance varieties.
Their Young’s moduli range from 5 million p.s.i., which is half of that of
glass fiber, to 120 million p.s.i., Wthh is four times of that of steel. The ratio
of stiffness to density is very high for {96); carbon fiber because the density
of carbon is low. For this reason, they ﬁ:’:'fhe most widely used and are

-

notably effective as reinforcing eleménts in advanced composite materials.

2.5.1 Carbon fiber ty

The strict
the raw material used, rally .a.':'pol‘yi;t}er‘ fiber. With current manufacturing
technology, just three rgbf:'s::havé; been used for commercial products:
rayon, acrylic or PAN (p yacfyifi.onitrag%'g;bers and fibers spun from pitch.

These products are dlscussed separately-q; 1he next subsection.
L II-u--

| 4
L - 0
The wanufacturing of carbon fiber opérations involve the heat

treatment of a carborgcontaining raw material. Carp_on fibers are produced by
appropriately orientating and aligning the molecular chains of a polymer fiber

and then carb@hizing them.
2.5/1:1 Raynonsbased-carbon)fibeis

The first high-stiffness carbon fibers were produced from rayon.
However, rayon-based Carbon fiber did not compete with the PAN-based
carbon fiber that became commercially available by the late sixties. The
production process for rayon-based carbon fiber has three steps: preparation
and heat treating, carbonization, and optional high temperature heat

treatment. The products are usually used in the form of cloth for aerospace
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application. Several major rayon manufacturers had discontinued production
of rayon-based Carbon fiber because its manufacturing process is quite

expensive.

Many applications for rayon-based carbon fibers depend on their
stability at very high temperatures and the high carbon content of over 99%.
In these issues, they are not easily replaceable by the standard PAN-based

fibers that have a lower carbon content. Mesophase pitch-based fibers can be

manufactured with properties ve o those of rayon-based fibers and

may be expected to be a su ations.

treatment. The principal differe
.F'-rr‘a- w

the orientation 1s performed' 1]

tension, and it is es

illustrates the manufacturing.

AUEINENINYINT
ARIAININNNINY IR
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Surface

Continuous

treatment

e fibre tow
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Figure 2.9: Carbon fiber manufacturing process from polyacrylonitrile

Z

Until 1972, Pan-baffd "cﬁf;& fibers were used almost

exclusively in epoxy ),'?s where structures for the aerospace industry

were fabricated. The li st was remedied by its advantages of weight

savings and perform e ts. By 1976, fiber price reduction and

-4 * - 5 \

important advances 1i te‘f@'r‘icatlon technology had made carbon

fiber composites costs ¢ etit‘i;veASWith many metal parts in aircraft
5 5 ;a. .".f' 1

construction. During the same ppir‘xod?xhlsgcond major market for PAN-based

carbon fibers was developed in the sﬁ@g_t_ing goods industry. Applications in

textiles and computer ma hid&y;--auto@ies and general transportation also
grew rapidly. ik =..,_.__
\.‘:-_ | )

2.5.1.3 Mes'l*(vﬁhase pitch-based fibers :—J

U |

T

Ll

Pitch, a widely available byjproduct of the coal gasification and
petrochemical industriesg has| long been considered jan; attractive, low cost
precursor for the production of garbon fibers. However, all such fiber yields
compogites with Cormparatively low strengths. At/present; the high modulus of
pitch is offset by a reduction in strength. Moreover, pitch-based carbon fibers
have very poor compressive strengths. Hence their use under tensile
applications is limited. Pitch-based fibers are commonly favored when

stiffness is the desired material property and secondary to strength.
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2.5.2 Applications of carbon fiber

Large weight savings are possible when carbon fiber composites
are used to replace more conventional materials, so they are frequently
applied in areas where weight reductions are valuable. For instance, they are
used in a variety of aerospace components. Carbon fibers and their
composites exhibit many useful characteristics apart from their basic

mechanical properties and weight saving potential. For example, their
electrical conductivity is coupleg\i \K*f/e cellent mechanical properties in
thermoplastic molding comgb‘inds % es in electronic equipment.
Their corrosion resistance. is useful ﬁgr m@es reactors or containers
for chemical plants or m'm--—, nv1 onmen \nwe of sports equipments

that contain carbon fi e ﬁ%clude skl d ski poles, golf clubs,

tennis racquets, fishi pycles. “Additionally, the fatigue

resistance and low ine e/ bom, fiber rendered them to be employed

¢ric material known for
their lightness in welg}lt good t y 'anq‘.}xcellent toughness. The
name ‘aramid’ is a United.States Federal ade Commission denomination for

a manmade ﬂyu Bh'g %ﬂ%@%ﬁﬁcﬂéﬁof aromatic rings

alternating withamide linkages garomatlc polyamzde ﬁbers) In the United
States, q W"} ﬂa@ﬂ ﬁ m ﬁj Ww pﬂT nown as the
Kevlar family, or a bent-chain structure, known aﬂ\lohﬁ ﬂepéndmg on
whether the aromatic rings are para- or meta-distributed, respectively. Both
are manufactured by Dupont. In the Netherlands, Akzo produces ‘Twaron’,

which has a para-substituted structure.
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Aramid fiber has outstanding heat resistance. It is used
extensively in electrical insulation, protective apparel applications, and in
honeycomb cores for composite sandwich structures. Nowadays, it widely
used in reinforced plastics, tires, belts and hoses, cables, brakes, gaskets, and

coated fabrics.
2.6.1 Methods of preparation
The usual methods for th? reparation of aliphatic polyamides

are unfitted to the preparation of hig /@_ﬂpular weight, totally aromatic
polyamides. Nevertheless, two general synth,e.xlc methods are currently

available for the prep@ﬁr
They are a low tempeérat

in solution using pho:

“medium to high“molecular weight polymer.

olycondensation and a direct polycondensation

e;npéraéré' polycondensation approach, the

methods Jame nnterfacml polycondensation and

principal low temperat
solution polycondensation: The' most J@ortant polymerisation process for
aromatic polymers is the ‘fgm tempel:a;ﬁre polycondensation of diacid
chlorides and dlammles in amitde solvents. Jﬁlls type of polymerisation is often

more convenlentlyr; "“,l,mﬂycondensatlon It also

has the advantage of-prov1d1ng a solution of the péiymer amenable to direct
Ly
fabrication of fibers. Both Nomex and Kevlar aré produced from the low

temperature polycondensationmethody with:different diamine source.

Direct polycondensation_ of arématic dicarboxylic acids and
aromatic/diaminesin ‘amide(solvénts.using aryl phosphitesiin the presence of
pyridine has later been demonstrated. Addition metal salts, e.g., LiCl, to the
amide solvents has made it practicable to keep the polymer in solution formed
during the reaction and thereby allow for the build-up of moderately high

molecular weight polymer.
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2.6.2 Applications of aramid fiber

Aramid composites were primary adopted in applications where
weight savings had high value. Examples of which include components of
commercial and general aviation aircraft, helicopters, space vehicles, and
missiles. Aramid also is used in sail, kayaks and power boats where light
weight, stiffness and damage tolerance are of value. The same quality has led
to aramid’s application in composites for sports equipment. Moreover, aramid
fibers are utilized as elastomcw Ji yement for tires, drive belts and

conveyor belts. In elastomers arami 1gh strength, stiffness, light

weight, corrosion remstaﬂ?.nﬂ thﬁmal:mm;;ce. Composite applications
nt ofh@x systems that capitalize

continue to grow wit

on aramid’s unique p

2.7 TIME-TEMP

2.7.1 Time-Temperatu

One of the most m:nporta coelastic behaviors of polymeric
B2 et
materials is that modulus-time cuer when tem_gtgf‘e is set at constant and
o —

modulus-temperaturé& curve when time is set onstant have an identical

shape. This can be aﬁumed that there :

S rela}j_i)nship between time and
temperature and the Eel'g(ation or re&ljdation times involved vary with

temperature 1@%8 @%ril}qﬂd% W% G}ﬁﬁdata to characterize

the viscoelasti¢ibehavior of an amorphous polymer it is requ1red to collect

data ona ﬁ @Wﬁwwdw a)pﬂxlmately In
practice, sthis is extreme ous and may not b€ possible” It has been

suggested earlier by various investigators that for amorphous polymer,
mechanical relaxation data obtained at various temperatures whether creep,
stress relaxation, or dynamic experiments can be superimposed by a proper
shift of time scale. This general phenomenon is known as time-temperature

superposition.
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Time-temperature superposition is an empirical method for
combining data taken at several different temperatures into one curve for the
polymer sample. By applying the appropriate shift factor, ar, a so-called
master curve proper to some arbitrary reference temperature is obtained from
either mechanical or dielectric relaxation data. Application is made of the fact
that a deformation for a short period of time at one temperature is equivalent
to a longer period at a lower temperature. Therefore, it becomes possible to

build up a master curve of relaxation modulus against time at a single

tﬁ of data gained at a variety of
% Flgure 2.10.

arbitrary temperature by suitab

temperatures. A typical mﬁf '

—

.'i\\\

! ‘SJ o
. Time Isec

i‘li e ""

eIy -‘}r &+
Figure 2.10: Stress relaxa onnlp’te Cl) at a given temperature.

-\.\

different temperature. Tt sombi ‘ Swill produce the overall

master curve. In ordér to convert data obtamedr t a given experimental

enperure hﬁﬁﬁ‘w bt 1} i I
GIW’I Mﬂﬁm umnwma ¢l

To

(2.1)

where #; is the relaxation time at temperature T, and tTo is the relaxation

time at the reference temperature, To.
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2.7.2 The WLF equations

In spite of the marked dependence on molecular structure of the
relation between ar and absolute temperature, nearly general empirical
relations have been derived by expressing the temperature for each material in
terms of its T, or some closely equivalent reference temperature. Among the
most successful of these relations is the Williams-Landel-Ferry (WLF)
equation (Williams 1955):

Here T, is a reference ' nd C, are the constants related to
o the more widely used

\*;olymers have similar

viscoelastic properties it speci tures above Ty, such as

holes or free volume wi

empirical WLF eq

£ ﬁﬁﬁﬁf IA [} Va W
between T, an sljl ;]j:l en used to predict

the long time behav1or of material§ from shorttime measurements.

ARIANNIUARTINE IR Y

2.8 FRACTURE OF POLYMER

A systematic study of the mechanical behaviors including
fracture was firstly developed for metals, and the concepts were later applied
to polymers. The rapid growth in the use of polymers has led to an increase in
the number of failures observed in polymers. Some could be tracked to poor

design, others were due to deficiencies in the polymer themselves. The
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presence of pre-existing crack-like flaws such as cavities or impurities in the

polymer or defects on the surface could lead to the beginning of fracture.

A crack within a polymer can be deformed in more than one
way. However, the crack deformation can basically be categorized into three
modes as shown in Figure 2.11. Cracks that are loaded in the opening or
tensile mode are referred to as Mode I. Shear within the plane of the material
gives the Mode 1I or sliding mode. Out-of-plane shear gives Mode III or the
tearing mode. Of the three modes, Md(}e ] is the normal mode that most
frequently occurs. / {éﬁ,

ic}

Figure 2.11: The three modes of crackiéiiﬂflrsnon (a) Mode I, opening or
tensile mode; (b) M i 1 Jr'vjmode, and (c) Mode

II1, antiplane shear or| tearmg mode. =
L :

2.8.1 Fracture /toughmess

To. cause. failure of ‘a_material, #he forces applied have to be
enough to overcothe the bonding forces! between atoms o molecules. The
definition of fracture toughness or stress concentration factor is the ratio of
the maximum stress that happens at the tip or the point of sharpest curvature
to the average stress away from the flaw. It is based upon stress at failure that
will occur when the stress intensity factor reaches a critical value, K¢, due to

the failure at a defect of critical length ac.
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The stress intensity factor or fracture toughness for Mode I can

be estimated as shown in Equation 2.4.

K: =cla¥"* (2.4)

where Kjc is the fracture toughness and oc is the stress at failure . Y is a
constant depending on geometry, it is equal to m for a large plate with a

central flaw or a polynomial in fl for more complex shape of material.

A material with low fracture t« | :ly to fail in brittle manner while

The strai lease T2 : ymous with the fracture
energy. The fractu g8s and the fracture energy for Mode I are
interrelated through t depend on the strain rate as

indicated in Equation 2.

where Gyc is the fraomre energy for Mode 1. Both ﬂ: and Gic can be applied
to define the toughness‘ofmaterials.
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