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Abstract

The expcrimental detcrmination of the resistance to delamination is very imporani,
since composite materials have superor properties only in the fiber direction. The
resistance to delamination is known as (he fracture toughness or fracture resistance.
Fracture toughness of a material has imunense impertance in the determination of the
resistance of the material to crack propagation. The fraciure and damage process can
be influenced by many parameters. In this thesis, an experimental investigation has
been carried out on the fimcture toughness of chopped strand mat glass fibre
reinforced composite aller CXPOSIDG to various adverse chvironments, like, water,
salinc water, acidic water, organic fucl, ice lemperature and hot air of 60°C, for
different durations using single edpe notched (SLN) specimens. The speeimens were
prepared from the fabricated plass fiber reinforced composite plate, The sharp notch
of differcnt length sizes, namely, 2mm, 4 mm, 6mun, were cut in different specimens.
Microscopic examination has been carried out to verify uniform length of the notches,
1he required number of specimens with single edac sharp notch was made in the

SaIme Wiy,

[t has been drawn a number of important inforences from this work. Fracture
toughness is independent of crack size. There is a sizcable effect of environments on
mechanical properties and on fracture toughness. The environmental effocts depend
on the type ol environment, hostility, cormsivity and constituent ingredients, After
exposure t0 various cnviromments, the highest amount of depradation in fracture
toughness has been recorded in acidic water and then in low temperature followed hy

water, saline waler, high temperaiure and organic fucl.

A relationship between fracture toughness and duration of exposure undeir these
adverse environments has heen established. The fracture toughnecss has been found to
decrease continuously with increased duration of environmental exposure, whereas

the fiacture toughness has been found 1o be independent of pre-crack lenglh,

i



Chapter 1

Introduction

1.1 Bavkground

Fracture in all materials, brittle or ductile, homegeneous or composites. is governed
more or less by microscopic discontinuities and imperfections, such as, cracks,
inclusions or dispersed phases. The strength of a material may be corrclated with its
fracture energy, elastic modulus, and the size of the erack initiating the fracturc. In
this domain, the fracture toughness of the material has a major role in the
determination of the fracture behaviour and resisiance of the material (0 crack
propagation under the mfluence of an extemal load. The malersal cannot be used
without analyzing the fracture behaviour or ulirmate strength of structure, In assessing
the strengih of a structural element, fracture mechanics provides a preater insight
when a crack-like defect is explicitly taken into account. Central to the process is the
determination of stress intensity factor, which is a function of the geometry of the
structure and the character of the load. The advent of facture mechanics has
accelerated (he methods for determiination of crack prowth rate and maximum
allowable damage at limit lead conditions [1, 2]. Tn that line, the degradation ef
strength of compositc malerials in presence of micro cracks must be understood
precisely under any situation for their wider application, The glass fibre reinforced
composites are [inding wide applicalions in primary structures of the aircraft, space
crafl, ocean vehicles, automotive industries as well as other cladding siteations. These
applications somctimes {ace 2 wide range ol environmental exposure like watcr,
saline water, Jow temperature, high temperature, organte luel, acidic water, etc. Thus
the understanding of the fracture behaviour and prediction of fracture toughness of
compaosite materials afler different environmental exposure have assumed greater

imponance.

The Imponance of estimating the fracture load ol notched plates has more or less been
established and the influence of related parameters like width and thickncss of

specimen, notch peometry, notch angle, notch root radtus, and notch depth have



widely beep studied [3-5], Thus, the delermination of stress intensity factor has
become mandatory for solving the problems like residual strength amalysis, fatigue
crack growth raie and stress corrosion mechanism. However, the fracture strength of
the composites afrer exposure to adverse environmental condition is yet to be
substantially established. In this context, an cxtensive cxperimental investigation of
fracture toughness aller different environmental exposure has been carricd out in the

present study.

1.2 Goals and Sipnificance

The goal of this research was to study the fracture toughness of fiber glass reinforced
plastic under differcnt environmenta! conditions. A series of model cxperiments has
been conducted. Fracture toughness of a material has immense jmportance in the
determination of the resistance of the material to crack propagation. In this thesis, an
cxperimental investigation has been carried out on the [fracture loughness of 2D
randomly oriented glass fiber chopped straud mat composiic afier exposing to varions
adverse covironments, like, water, saline water, acidic water, organic fuel, ice
temperature and hot air of 60°C, for different durations using single edge notched
(SEN) specimens. A relationship between fracture toughness and duration of exposurc

undcr these adverse environmenls has been investigated.

1.3 Thesis Organization

This report will begin with a review of relevant literaturc to give background and
support to the methods and ideas used in this testing. Following the litcrature review,
matcrials, specimen preparation, and test methodsfequipment will be discussed.
Finally analysis methods, test results, and conclusions will be presented. The chapter

layaut is as follows:

Chapter 1 gives a bricf introduction to the topic of this rescarch as well as background

information.



Chapter 2 reviews literature relevant to the topics of this research including: test
method standardization, general lraciure mechanics, and data analysis methods {or

fracture testing.

Chapter 3 focuses on the maternials and test methods employed to gather the data

presented in this thesis,

Chapter 4 covers the data analysis methods utilzed 1o analyze test data collected

using the methods described in Chapter 3.

Chapler 5 presents the results of this testing as well as relevant insight into trends and
phenomena found during the testing and analysiz process as well as rclevant

Conclusions.

Finally, Appendix A represents the [igurcs that reveal that fracture toughness is

independent of crack size



Chapter 2

Literature Review

2.1 Introduction

Ships, aircraft and rockets are extremely complex engineering systems with many
thousands of compenents In the construclion of such syslems it is impessible to
complete avoid the presence of flaws such as cracks. Understanding the strength of
materials in the presence of cracks is thus key to developing reliable aerospace and
ocean engineering hardware. The fracture toughness can be used to charactenze the
fracture behavior of composite materials under varied conditions. Several methods
were developed by designers. Beam theory can be applied to obtain closed from
equations for the fracture toughness, These cquations can be used only in UD beam
shaped specimens (ENF, SCB, etc.), and generally have to be completed by vanous
factors to approach the experiments. The compliance of specimens with different
shape {CT, SEN, VIC, etc) and different structure (c.p: woven-fabric) can be
determined by the arca methed or by fitting the experimentally measured compliance.
The fracture toughness can be determined wumencally by many ways (MVCCT,
MCCI, cic ¥ The fracture toughness can be alfected by many parameters Tesis can be
conducted by using wide range of specimen types, e.g. specimens with woven fabric
structure, II'Cs, varied particle or fiber-volume {raction, difﬁ.‘:rent fither oricntation,
and different specimen configuration, The composites combined with metal laminates
can be used to improve the fracture toughness. The specimens always contain a crack,
notch or hole, which acts as an anificial staring detect Crack propagation can be
expected in the starting defect. The shape, length and width of the crack can be
different. There are & lot of facilities to vary the extrinsic test conditions, The effect of
displacement rate varies in wide range, and difTerent behavior can be observed for
different matcrials The tests conducied at cryogenic and elevated temperature or
clevated pressure facilitates to investigate the composites under practical conditions,
Dunng the test several type of failure poor to delamination fraclure can occur, These
effects can decrease or increase the fracture toughness. This work is designed to
illustrate how strength in the presence of cracks -termed fracture Toughness - is

characterized and measured alier exposing to different adverse environments.



2.2 Stress aroond a crack

Consider the idealized situation shown in Figure 2.1. This shows a uniform material
of infinite extent that contains a semi-infinite horizontal crack coincident with the
negative x axis. The crack is being pulled apart by a stress acting in the y direction 6,
that far away from the crack is uniform throughout the material. The stress
concentration in the vicinity of the crack may be determined analvtically if the crack
tip 1s assumed to be sharp and the material is allowed to deform only in a linear elastic
fashion, Such an analysis shows that, along the positive x axis, the stress increases 1o
infinity at the crack tip, Note that the overall magnitude of the stress hield around the
crack tip is controlled by the parameter X, called the stress intensity Jactor, Tn this
idealized situation, X is proportional to the uniform lension being applied to the
material, This type of analysis is an example of Linear Elastic Fracture Mechanics,

LEFM.

bl

Figure 2.1 Crack in a perfectly elastic material under load

The real situation is of course more comphcated. Consider the cracked specimen in
Figure 2.2, Immediately surrounding the crack tip the large stresses predicted by
LEFM is not realized because the material does not behave in a linear elastic Tashien
here. In & metal, plastic yeilding occurs to relieve and redistribute the stresses. Tn

other materials, such as polymers or ceramics, difTerent iypes of deformation, such as



cracking or micro-cracking, may occur. The above condition is also unrealistic far
fiom the crack tip where the shape of the specimen and the loading conditions
determine the stress field, In between these regions, however, 1s a region where the
crack dominates the stress [ield and the material deforms clastically. This is called the

region of K dominaiice,

Far-field strosees influenced
&y caripile geometry

| Fegron of K Dominarce
folastic daformation around crack)

~Plastic Zone
oregrrater 1

Figure 2.2 Crack in a real specimen under load.

Fortunately, as long as the plastic zone remains small compared to the specimen size,
the region of X dominance controls the behavior of the crack. This means, for
example, that we can use the stress intensity factor K to characterize the strength of

the stress field surrciinding the crack tip [6]
2.3 Fracture and fracture toughness

Suppose the load on the specimen in Figure 2.2 15 increased unil it fractures, ie. the
crack prows, The resistance to fracture may be characierized by the stress intensity at
fracture X ., called the fracture toughness. The fracture toughness and the manner in

which the crack grows are heavily dependent upon the material thickness.
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Figure 2.3 Plane stress fracinre. Plastic zone diameter r,, comparable to or

greater than sample thickness,

Consider a specimen having a thickness ¢ that is small compared to the diameter of
the plastic zone #., as shown in Figure 2.3. As the crack is pulled apan the plastic
zone will undergo Poisson contraction, relieving stresses T, acting through the sample
in the z direction. We call this situation plane stresy because stresses are only acling in
* the x-y plane Witho, large and O, ncar zero the shear stress on the 457 plane between
the y and z axes is at a maximum The crack therefore tends to onent wtself along this
plane as it grows. This type of crack growth is vsually stable and gradual and is

characterized as tearing.
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Figure 2.4 Plane strain fracture. Plastic zone dizmeter r, much less than sample

thickness,

Now consider a specimen having a thickness ¢ that is large compared to 7., as shown
in Figure 2.4. As the crack is pulled apart the material above and below the plastic

zone prevents Poisson contraction from occurting througout mosi of the sample This
sels up large O, stresses in the plastic zone We call this situation plane strain because
material 15 straining only in the x-y plane. With 9, comparable to Gy, the sheer stresses

are small 50 the crack tends to orient itself in a plane perpendicular to Ty 25 1t GTOWS.
This type of growth is usually unstable and is characterized as cleavage. Note that
cven with a thick sample there will be a thin regions close to its surfaces where

Poisson contraction will take place and failure on 45° planes will occur.

Thicknesses between those that result in plane strain or plane stress arc termed niixed,
with plane strain occurring in the interior and plane stress some significanl distance

irom the surface,

Because the Poisson contraction in a thin specimen relieves some of the stress, the
fracture toughness of such a sample is relatively high As the sample thickness
increases and the form of the stress distribution changes the fracture toughness falls,

asymptoting 10 a constant value for plane strain, Becausc of its independence of

Aer Frachure



sample thickness this asymptote, termed the plane strain fraciure ioughness R, is

considered a matenial propeny {6]
2.4 Interlaminar Fracture Toughness

It became a common practice to characterize the resistance to delamination using
fracture mechanics, There is competing terminology in literature, such as fracture
toughness, average fracture encrgy, J integral, WOF and cnitical strain energy releasc
rate. The critical fracture toughness or crtical strain energy release rate is the value at
the onset of crack propagation. Crack propagation under pure mode-1 (opening mode),
pure mode-IT (shearing or sliding mode) loading has been extensively studied in the
literature, but more attention must be paid to mixed-mode 1411 loading because it
relates to most realistic situations. In fact, composite struclures are generally
subjected to combinations of mede 1 and mode IT {7). The contribution of mode III
(tearing) fracture to delamination is small in companson with modes I and 11 8], The
crifical strain energy release rate is also a commen fraclure mechanics terminology for
the work rate with respect to crack growth [9]. Static and dynamic fracture behaviour
of composites has been exiensively studied by many authors Static or dynamic
toughness depends on the displacement rate of the crosshead, which loads the
specimen. Quasi-static, dynamic and impact tests are intensively applied. Measuring
mode T fracture toughness the stability of the crack prowih depends on the test
ppplied. Crack growth is stable when the specimen with a crack is loaded
perpendicularly the fibers, By this method the crack initiation fracture toughness can
be measured. In the DCB test the crack growth is stable, the first point is the initiation
and the others are the crack growth fracture toughness. The charactenstics obtaimed
from diflerent tests correspond to each other only if the fracture toughness is
independent from the crack length. An increase in fracture toughness 15 caused by
inaccuracy of the DCB test due to the effects of shear stresses and (iber bridging in
the opposite sides of & crack {10] The DCB, WIF [11] and CT test [12, 13] for mode [
are the accepted methods for measuring the interlaminar fracture thoughness (GTC).
The WIF specimen, which is the compression version of the DCB specimen is more
suitable to investigate the dynamic fracture properties of composites [11]. The CT
specmen is suttable only to investigate the imitiation damage due to the insufficient

ligament length for further testing [9]. The DEN, SEN and SC specimen under



uniaxial tension measures the mode I fracture toughness, The SEN and VIC specimen
can be used to characterize also mode § fracture properties in 3PB or 49B setup. The
VIC specimen is mainly vsed in ceramic composites through the IS method [14, 15].
The stress intensity around the cracks is used to characterize the fracture properties.
The SENB specimen is consistent with the SEN specimen in 3PB setup, while the
SENT is the tensile mode SEN specimen. Both specimens measure the mode I
fracture properties [16, 17] The SEVNB [I8] is similar to the SEN specimen but it
has V-shaped noich. The mode 11 fracture toughness is measured by ENF (3PB),
4ENI" {4PB) and ELS {1PB) specimens. In the ENF specimen the crack growth is
unstable and only one data per specimen can be obtained, initiation fracture toughness
can be measured. Applying 4ENF test, crack growth is stable under displacement
control and the complete R-curve can be determined from the data of jusi one test
[19]. In contrast, splitting of UD specimens with central hole under longitudinal
tensile is stable and the entire R-curve may be determined [12] The R-curve is the
relationship betwecn the fracture toughness and crack length. In many work the R-
curve behavior, R-curve resistance ar J-resistance [13] were observed, which means
that the fracture toughness increases with the crack size, this can be attributed to the
fiber- bridging and fiber pullout during the fracture [20, 14]. Thesc fibers increase the
resistance to delamination. The UD tensile specimen with central hele also determines
the mode IT deminated fracture and damage properties of composite laminates.
Notches and holes occur in many applications of composites and are likely sites of
erack initiation and stress concentration, understanding the response in the presence of
notches aud holes is important in establishing a design methodology for a particular
composite [9]. In literature the SCB, DENF, MMB, MMF and CLS specimens are
presented |21]. The ELS test can be modified by moving the crack from the mid-
plane, this will cause also mixed mode loading [8} However, the fracture strength of
the composites afler cxposure to adverse environmental condition is yet to be

substantia{ly established.
2,5 General Experimental Procedure

Specimens can be manufactured by differemt methods and materials or the
comhination of composites with other materials. The mechanical properiies of

composite materials can be previously determined. In the fracture toughness tests
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rectangular shape panel has to be cut from the laminated prepregs. An articial starler
crack or initial delamination can be gencrated in the §pecimen, using a non-adhesive
Teflon or Al Gim to reduce the [rictional force. The load can be applied through pins
or Al blocks bonded to the specimen. Instron machine, servo-hydraulic or screw-
driven machines [18] can be used to conduct static and quasi-static test with constant
cross-head displacement. Dynamic and impact test can be presented by increasing the
cross-head displacement rate, or using falling weight impact tower [20], Charpy test
{ixture [22], SHPD system [11] or dropweight impact tester [23]. Test conditions and
the tested materials can be varied according to the aim of the investi gation During the
loading the specimen fractures, during the test the crack length and load/displacement
curves can be measurcd. The crack length can be measured by visually or using TM
[18, 24], to measurc the surface damage path [9]. The fracture process can be
followed by video camera and recorder to analyze the crack initiation and propagation
{25]. The compliance/deflection curve is generated defining compliance as the ratio of
maximum deflection and maximum load for each crack length, The crack length is
defined as the mean values of measured on the left and right sides of the specimen
during the test. The crack length can be measured by pericdically stopping the load,
The SEM is widespread to examine the microdamages in the specimens [26, 16]. The
desired part of the specimen has to be polished and to facifitate the micro failute it is

useful to coat the crack surface with gold or palladium [26, 23]
2.6 The efTects of Temperature on Fracture Toughness

CELEMIN and LLORCA presented a study in which, the mechanical properties of
Al (0:/Niealon SiC composite were measured at ambient, intermediate and clevated
temperatures [27]. The mode I fracture tes! were carried out by 3PB of notched bi-
direciional [0°/60°] prismatic bars, placed in a furnace to test at elovated temperature,
The crosshead displacements were monilored through an LVDT. Significant decrease
in the tensile strength and modulus were observed increasing the temperature. The
neminal fracture toughness and the fracture cnergy decrcased significantly from
ambient to 800° C, and remained constant above this temperature. Accerding to the
SEM the average fiber pullout length in the specimens tested at 1000 and 1200° C. was
shorter than in those tested at 25° €. The fraction of fibers broken in the matrix crack

plane was maximal at 800" C, The fiber strengih and interfacial sliding resistance



were cstimated as a funclion of temperature through guantitative microscopy
techniques. Both parameters remained constant up to 800° C, but decreased rapidly
ghove this temperature. The composite strength was computed based on the
assumption of global load redistribution takes place when fiber fracture occurs. The
theoretical results are in good agreement with the experiments. The fracture energy
were calculated based on the results of microscopy techniques. At 25° C the
experiments agreed well with the model predictions, the damage zone propagated
containing multiple cracks. At high temperature failure was localized around one

single crack.

The thermal and mode I fracture behavior of three AL — SiC, composites and A0
have been investipated in reference [28]. Composites, designated as A30R, A36T and
A308 were manufactured. The”R” and”f” SiCC grades were weli-defined whiskers
with mean diameter of 0.3 — 0.7um, while the™fl” grade material was coarser and
more variable with mean diameter of 1-2um. The thermal conductivity decreases
increasing the temperature. The mode 1 fracture tovghness of the composites was
evaluated from the stress intensity of the F7Cs. The indentation load was varied. The
crack was assumed to stop when the stress intensity at the crack tip equals to the
fracture toughness of the material All composites exhibited higher fracture loughness
values than the 4/} The A30R composite exhibited R-curve behayior. The thermal
shock resistance was also measured. Pre cracks were made with a Vickers indenter.
The crack length-AT curve can be divided into three regimes. At low AT no
significant crack growih can be observed. Tn medinm AT interval stable crack growth
occurred. At cerlain values of AT, some of the cracks prow unstably, The ranking of
the compasites and the 4/>0; according to thermal shock resistance agrees well with
the ranking according to fracture toughness, but disagrees with the ranking according
to thermal conductivity. These experiments indicate that the fracture toughncss is very

important in defining the thermal shock reaistance.

An experimental and analéiical investigation in cryogenic mode 1 inferlaminar
fracture behavior and toughness of SL-F woven glass-epoxy laminates was conducted
in reference [29]. The DCB tests were performed with varied specimen lengths at RT,
4K and 77K. T.ow temperature environments were achieved by immersing the loading

fixture and specimen in liguid ¥ or He. Several G valucs for each specimen were
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obtaincd. The fracture toughness was determined using the MCC and the area method.
At RT and 77K the Gifcrack length curves show, the Oy are approximately constant
n the crack length. The area method gives lower values than the MC(” method. The
load-displacement curve of 4K is similar te that of 77K, but it provides lower values.
Stable crack growth occurred at A7, at 77 and 4K the crack growth was unstable. No
significant dilferences were observed between the values obtained by the MCC and
the area method at 7. A 3D FEA vsing the quarter of the DCB was carried out. The
energy release rate was evaluated by the plobal energy method. The FEA result
averages about 25% lower than the arca mecthod result at K7, At cryogenic
temperature the MCC overestimates the Gy, but there is a good agreement between
the results of the arca and the MCC method. According to SEM, the crack generally
progresses at the fiber-matrix imterface. The dominant failure mode at ¢ryogenic

temperatures is interfacial failure,

The processing and mechanical properties of A0+ NisAl IPCs were presented by
SKIRL et al [30]. Composites with NizAl contents of 15% to 30% were examined.
AlOyNiz Al and ALOs/Al composites were investigated experimentally. Strengith
measurements were made using rectangular specimens in 4PB for each microstruciure
at RT. High femperature mechanical testing were performed between 600° C and
1000° C. At RT and 800° C the strength was approximately constant against the
content, but above the content value of 30% strength is dramatically increased. The
fracture strength of composite with 20% content was constant against the temperature.
Fracture toughness (Kic) was measured with the same equipment using SEVNB
specimen. At RT the fracture toughness increased almost linearly with the content of
metal. At elevated temperature the composite exhibits lowest values of fracture
toughness The fracture toughness of composite with content of 20% decreases with
temperature. SEM shows debonding between the ceramic and Nip4/ The Young
moduli were also measured, calculated with the rule of mixtures and another special
theory. Experimental values clearly dilfer from the formers, the moduli of composites

only with content of 30% comresponds 10 the theoretically estimated value,

The mechanical properties of SiC—MosNi, AH;C composites with infiltrated phase
were investigated and compared with RB-SiC and SiC/Af0Si; composites by ZHU and

SHOBU f15} Fracture strength and toughness were measured experimentally up to
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1600° C. The fracture strength was determined applying 3PD test. The average RT
fexural strength and the standard deviation are similar and in the same interval in all
the three types of composites. A significant increase in the strength can be observed
between 1200 and 1600° C. The behavior is linear up to 1200° C and plastic
deformation is observed at =1400° C. The SiC—Mos(5i, Al);C composite has superior
strength over the RE-SIiC composite in the range of 1400 — 1600° C. The fracture
toughness were determined by the /S method using the same equipment. The
indentalion was made by a Vickers-indenter. The fracture was initiated from the
indent. The fracture toughness significantly increases at elevated temperatures; it was
mainly attibuted to the plastic deformation of the infiltrated phase of the composites.
The influence of anncaling in air was also studied and dramatic increase was observed

in the fracture toughness
2.7 The Effects of Acidic Environment and Elevated Pressure

The effects of acidic stress environment on the stress intensity factor for GRP
laminates were investigated by KAWADA and SRIVASTADA [24]. Specimens were
used with Lhe stacking sequence of [(°/90] end were exposed in HC/ acid of various
concentration and temperature, Constant tensile loading was applied; the crack length
was measured by a TM. The rate of crack propagation was determined. The trend in
acidic behavior is divided into two regions according to the crack propagation rate/Ky
relation. First the crack propagation is converged where crack growth proceeds on a
single planc, then stable crack propagation region is observed, the stress corrosion
leads to fiber pullont and roughening of the fracture surface. The rate of crack

propagation increased with temperature and concentration of acid.

The effects of pressure on the fracture behavior of rubbery particulale composite were
investigated by MILLER and LIU [31]. SENT and SC specimens were used. The tests
were conducted in a pressure chamber and crack growth in both the SENT and SC
specimens, growth raie only in the SENT specimens were examined. The processes
were followed by a video camers In the SC specimen only érack width was
measured. For the SENT specimens FEA was conducted to obtaln stress intensities in
each data point. The K; was determined based on the J-integral The initiation fracture
toughness was defined as the stress intensity at the given point in the time, when crack

growih first oceurs. The overall initiation fracture toughness of the SENT specimen
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was determined using a regression plot at ambicnt and elevated pressure. No thickness
effect on the fracture toughness was observed, so plane strain condition is apparent,
The eifect of pressure is to increase the K¢ value by a factor of about 2. The crack
speeds were obtained by fitting a polynomial curve into the points of each data set and
using the derivatives. The constants of the power law then were obtained from these
curves. The pressure increases the initiation fracture toughness and slows the void

nucleation and growth in the composite,

15



Chapter 3
Specimen Preparation and Test Methods

3.1 Matcrials used

Resin Typues

The resins that are used in [iber-reinforved composites are somelimes referred to as
‘polymers’. All polymers exhibit an important common property in that they are
composed of long chain-like molecules consisling of many simple repeating units.
Manmade polymers are generally called ‘synthetic mesing” or gimply ‘resing’.
Polymers can be classified under two types, ‘thermoplastic’ and ‘thermosetting’,

according to the ellect of heat on their properties.

‘Thermoplastics, like metals, soften with heating and eventually melt, hardening again
with cocling. This process of crossing the softening or melting point on the
tempenure scale can be repeated as oflen as desired without any appreciable effect
on the malenal properiies in either state. Typical thermoplastics include nylon,
polypropylenc and ABS, and these can be reinforced, although usually only with
short, chapped fibers such as plass.

Thermosetting materials, or ‘thermosets’, are formed from a chemical reaction in situ,
where the resin and hardener or resin and catalysi are mixed and then underygo a non-
reversible chemical reaction 1o form a hard, infusible product. In some thermosets.
such as phenolic resins, volatile substances are produced as by-products {a
‘condensation” reaclion}. Other thermosetting resins such as polvester and epoxy cure
hy mechanisms thal do not produce any volatile by products and thus arc much casier
to process (“addition’ reactions), Once cured, thermosets will not become liguid again
if heated, although abovc a cerlain temperalure their mechanical properiies wili
change significantly. This tcmperature is known as the Glass ‘Transition Temperature
{Te), and varies widely according to ihe particular resin systemn wsed, its degree ol

cure and whelher 11 was mixed correctly. Above the Tg, the moleeular structure of the



thermoset changes from that of a rigid crystalling polymer to & morc flexible,
amorphous polymer. This change is reversible on cooling back below the Tg. Above
the Tg propertics such as resin modulus {stifTness) drop sharply, and as a result the
compressive and shear strength of the composite does too, Other propertics such as

water resistance and color stability also reduce markedly above the resin’s Tg [32}

Althouph there are many different types of resin in use in the composite industry, the
majorities of structural parts are made with three main types, namely polyester, vinyl

ester and epoxy [33].

Polyester Resins

Polyester resins are the most widely used resin systems, paricularly in the marine
industry. By far the majority of dinghies, yachts and workboats built in composites

make usc of this resin system.

Polyester resins such as these are of the ‘wnsaturated” type. Unsaturaled polyester
resin 1§ a thermosct. capable of being cured from a liquid or solid state when subject
to the right conditions, Unsaturated polyester difTers from saturated polyester such as
Terylene™, which cannot be cured in this way [34]. W is usual, however, to refer to
unsaturated polvester resing as ‘polyester resins’, or simply as “polyesters’. In
chemistry the reaction of a base with an acid produces a salt. Similarly, in organic

chemistry the reaclion ol an alcohol with an organic acid produces an esler and water.

By using special alcohols, such as a piycol, in a reaction with di-basic acids, a
polyester and water will be produccd. This reaction, together with the addition of
compounds such as saturated di-basic acids and cross-linking monomers, [orms the
basic process of polvester manufacture. As a result there is a2 whole range of
polyesters made froimn different acids. giveols and monomers, all having varying

properies.

There are two principle types of polyester resin used as standard laminating systems
in the composites indnstry, Octhophthalic polyester resin is the slandard economic
rcsin used by many people. Isophthalic polyester resin is now becoming the preferred

matcrial in industries snch as the marine industry where its supcrior water resistance
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is desirable. Fipure 3.1 shows the idealized chemical structure of a typical polyester.
Note the positions of the ester groups (CO - O - C) and the reaciive sites (C* = C*)

within the moelecular chain.

\\ 1/‘ T ntto6

*denotes reaclve siles Ester groups

Figure 3.1 Tdealized chemical siruciure ol iypical isophthalic polyester.

Most polyester resing are viscous, pale colored liquids consisting of a solution of
polyester in & monomer, which is usually styrene. The addition of styrene in amounis
of up to 50% helps to make the resin easier to handle by reducing its viscosity. The
styrene also performs the vilal funclion of enabling the resin to cure from a liquid v a
solid by ‘cross-linking® the molecular chains of the polyester, without the evolution of
any by-products. These resins can therefore be moulded without the use of pressurc
and arc called ‘contact’ or ‘low pressure’ resins, Polyester resins have a limited
storage life as they will set or ‘gel’ on (heir own over a Jong period of time. Ofien
small guantities of inhibitor are added during the resin manufacture to slow this
gelling sction. For use in molding, & polyester resin requires the addition of several

ancillary products. These products are generally Calalyst, Acceleralor and Additives.

A manufacturer may supply the resin in its basic form or with any of the above
additives already included. Resins can be formulated 10 the molders requirements
ready simply for the addition of the catalyst prior to moulding, As has been
mentioned, given enough time an unsaturatcd polyester resin will sct by itself, This
ratc of polymenzation 1s too slow for practical purposes and therefore catalysts and
accelerators are used to achieve the polymenzaiion of the resin within a practical lime
period. Catalysts are added 10 the resin system shorily belore use to initiate the
polymerization reaction. The catalvst does not take parl in the chemical reaction but

simply activates the process. An accelerator 15 added 1o the catalyred resin 1o enable
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the reaction to procced at workshop temperature andfor at a greater rate. Sincc
accelerators have litlle influence on the resin in the absence off a calalysl they arc
sometintes added o the resin by the polyester manufacturer to create a ‘pre-
accelerated’ resin. The molecular chains of the polyester can be represcnted as

follows (Ligure 3.2), where ‘B’ indicates the reactive sites in the molecule.

; .F
A B A B o A B A
: r i

Figore 3.2 Schematic representation of polyester resin (uncured).

Wilh the addition of styrene ‘S’, and in the presence of a catalyst, the styrene cross
links the polymer chains at each of the reactive sites to fonn a highly complex three-
dimensional network as represented in Figure 3.3.
! 'r !
o B B e B e e f
i | |
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I E j
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Figurc 3.3 Schematic representaiion of polyester resin (cured).

The polycster resin is then said to be “cured’. I is now g chemically resistant {and
usually} hard sotid. The cross-linking or curing process is called *polymerization”. It
is a non-reversible chemical reaction. The ‘side-by-side’ nature of (his eross-linking
of the molccular chains lends to mean that the polvester laminates suller from

brittleness when shock loadings are applied.
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Great care is needed in the preparation of the resin mix prior to moulding. The resin
and any additives must be carefully slimed 1o disperse all the components evenly
before the catalyst i1s added. This stirring must be thorough and carcful as any air
introduced into the resin mix affecis the quality of the final moulding. This is
¢specially so when laminating with layers of reinforcing maierials as atr bubbles can
be formed within the resultant laminate, which can weaken the structure. It is also
important to add Lhe accelerator and catalyst tn carelully measured amcunts to control
the polymerization reaction to give the best mulenal properiies. Too much catalyst
will cause too rapid a gelalion time, whereas too hittle catalyst will result in under-
curc. Coloring of the resin mix can be carmed out with pigments. The choice of a
suitable pigment material, even though only added at about 3% resin weight, must be
carefully considered, as if Is easy to affect the curing reaction and degrade the final

laminate by use of unsuitabie pigments.

Filler materials arc used cxtensively with polyester resing for a variety of reasons

including:
To reduee the cost of the moulding
To facilitaie the moulding process
To impart specific properiies w the moulding

Fillers arc often added in quantities up to 50% of the resin weight although such
addition levels will affect the flexural and tensile strength of the luninate. The use of
fillers can he beneficial in the laminating or casting of thick components where
otherwisc considerable cxothemmic heating can occur. Addition of cenain fiilers can

also contribute to increasing the fire-resistance of the lanminate.
Resin Comparison Summary

The polyesters, vinyl esters and epoxies discussed here probably account for some
90% of all thermosetting resin systems uscd in structurad composites. In summary the
main advantages and disadvantages of each of those types arc summarized in Tahle

1[35].
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Table 3.1 Advantages and isadvantopes of Common Thermosctting Resins Uscd in

Structural Compostles

POLYESTER: Advantages

Disadvantages

L]

Lasy 1o usc

Lowest ¢ogl of resins available

Only moderate mechanical
properiies

High styrene emissions in open
moulds

High cure shonkape

Limitced range of working times

VINYL ESTER: Advantages

Disadvantages

Very high
chemical/fenvironmental registance
Higher mechanical properties thun

polyesters

Post cure generally required for
high properiies

High styrene content

Higher cost than polycsters
High cure shonkage

EPOXTES: Advantages

Disadvantages

High mechanical and thermal
properties

High waler resistance

Long working times available
Temperature resistaitce can be up

to 140°C wet and 220°C dry

Low cure shrinkage

More expenstve than vinyl esters
Critical mixing

Corrosive handling
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Fibers
Fibers are the principal consttivent in a [ther-reinforced compositc matenial, They
occupy the largest volume fraction in a composite laminate and share the major
portion of the load acting on a composite structure. Proper selection of the type,
amount, and orientation of fibers is very imporiant. since it influcnces the [ollowing
characteristics of 4 composite laminate:

+ Specilic gravity

» Tensile strength and modulus

+ {Compressive strength and modulus

» Fatigue sirength as well as fatigue failure mechanisms

¢ Electrical and thermal conductivities

« (Cost

Gilass Fiber

Glass fibers are the most common of &l rinforcing polymeric matrix composites.
The principal advantages of glass fibers are low cost, high tensile streng(h, high
chemical resistance, and excellent insulating properties. The disadvaniages are low
tensile modulus, relatively high specific gravity (among the commercial fibers},
sensitivity to abrasion with hundling, relatively low fatigue resistance, and high

hardnpess.

The two types of plass fibers commonly used in the fber-reinforced plastics are Ii-
glass and $-glass. Another type known as C-glass, is used in chemical applications
requiring greater corrosion resistance to acids than is provided by E-glass. L-plass has
the lowest cost of all commercially available reinforcing fibers, which is the reason
for its widespread use in the FRP industry. S-glass, originally developed for aircraft
componenls and missile casings, has the highest tensile strength among ali fibers in
use. However, the compositional diffcrence and higher manulacturing cost make it

more expensive than E-giass [33].
Chopped Strand Mat

Chopped Strand Mat is made by chopping strands into 50mm length, randemly
distributing, and binding in mat forn with powder binder. Chopped Strand mat has
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good impregnation and is easy to remove buhble; it is widely used as reinforced for

FRP,

Table 3.2 Typical propertics of E-glass chopped strand Mat/Unsatarated

polycster resin at various glass contents,

Resin:
Glass
Ratio (by
wi)
Wt Frac.
(%o}
Vol Frac
Fibre (%)
Laminate
thickness
(@m)
Tensile
St
(N/mm?)
Tensile
Mod.

(N/mm?)

1.855 2 225 2.5 275
35.03 33.33 30.77 28.57 26.67
200.24 19.05 17.30 15.84 14.61
1.94 2.06 2.27 2.48 2.68
113 97 88 8l 73
7224 6800 6175 5655 5216

2.89

69

4641
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Table 3.3 Typical propertics of E-glass woven roving/unsaturated polyester resin

at various glass contents,

Resin: 0.85 1 1.13 I.3 1.5 1.65
Glass -
Ratio (by
wt)
W I'rac.
(%o}
Yol Irac
Fibre (%)
Laminate
thickness 1.10 1.23 1.35 1.48 1.64 1.77

54.1 50.0 46.5 43.5 40.0 377

35.6 32.0 29.0 2606 3.9 22.2

{mm}
Tensile
Sir 227 204 185 169 152 141

(N/mm?)
Tensile

Mod, 14339 13056 11848 10%44 9743 o054
[mernzj

3.2 Composite Fabrication

This work has been carricd out on a Polyesler resin (268RBQTN: a product of SHCP)
and a hardener (Methy] Ethyl Ketonc Per Oxide, commercially known as Butanox-50)
teinforced by Chopped strand mail Glass Aber (CSM 501-300: a product of KCC). The
composite specimens with two layers of embedded ply were fabricated in the
laboratory at room temperatnre in the shape of a reciangular plate by Hand Lay LIP
{HLL]} Technigue. Ample precaution was iaken 10 minimixe voids in the matcrial and
maintain homogeneity. The plates were post-cured at 70°C for 4-h after 24-h curing al
toom teinperature. The GFRC plate was found to have a thickness of 2.53mm and
fiber volume fraction of 35% (+0.5%).
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The tabricabion proccss of GFRC by HLU is as follows:

Lay up of Lumirror Film

Lay up of sized glass fiber
on Lumirrar Film

k J

Lay up ol resin mixed with
MEKTPO on fiber

h o
Second lay up of glass fiber

F

Lay up of resin mixed with
MEKPO on Tiber

h

Lay up of second Lumirror Film

F

Eliminarion ol Air by rolling with a
Aluminium roller

k J

Curing for 24 hour at room temperature

¥
Past-curing lor 4 hour at 70" C

Figurc 3.4 Fabrication Process of GFRC

25




3.3 Specimen Preparation

The specimens with ASTM Standard (1-3039) dimensions were prepared from the
fabricated Glass [liber reinforced composite plate {Figurc 3.5). The specimens were
finally cut according 1o the sizes by a pum:ﬁ:d disc cutter. The sharp notch of
different ength sizes, namely, 2mm, 4mm, 6mm were cut in different spceimens by
the help of Surgical Blades { Size 22, Huaivin Medical Instruments Co.. Ltd., China),
which provide a sufTiciently sharp notch for valid fracture toughness testing for this
class of materal. Microscopic examination has been carried out to verify uniform
length of the notches and the notch lengths have been readjusted as 2.25mm, 4mm
and 5.725 min. The required number of specimens with single edze sharp notch was

made in the same way.

2

~
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o
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i
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Figure 3.5 Dimension of the Specimen

([¥mensions in mm)
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Figure 3.6 Speeimen with notch length of 6 mm
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Figurc 3.8 Specimen with notch length of 2 nm
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3.4 Test Setup

FEnv¥ironmental Sclection

In accordance to exposurc of acrospacc and ocean vehicles struclures, the following

six types of environment have been selected for the present investigation:

Water: Purc distilled water has been used.

Saline water : A mass of 200 mg of NaCl has been mixed

in 1000ml of distilled water to preparz the saline water.

Acidic water : Sulphuric acid of strengih N/100 has been

taken as acidic water. Here, distilled watcr has been used

1o prepare M/100 smrength from concentrated H>SOy(80%4).

Organic fuel : Commercially available kerosene oil has

been used,

Low temperature ; Tee lemperature has been considered

as Lhe low femperature environment.

High temperature: Specimens have been kept in a closed oven and the
temperature has been moenitered by a thermo-couple, The wemperature was

recorded as 60£5°C.

Fraciure Toughness Test

The fracture loughness test on the specimens cxposed to various cnviromnents has

been carried out by applying lensile loading on a servo-hydraulic tensile tesling
machine (Universal Testing Machine, MIDDLE SENSTAR, Capacity: S000N) for the

specimen having a single edge sharp notch. The specimens were clamped in pin-

lpaded grps and subjected to monotonic umaxial tension al a displacement rate of

1.530mm/min. The tests were closcly monitored wilh rate of crack displaccment. The

load, at which the complete fracturc of the specimens occurred, has becn accepted as

the ¢ritical load.
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Chapter 4
Fracture Mechanism Analysis

4.1 Crack Growth Resistance

Many researchers {36-40] have used the linear elastic fracture mechanics (LEFA)
approach for studying the crack growth resistance of fiber-reinforced composite
materials. The LEFAS approach [41], onginally developed for metallic materals, is
vahd for crack growth with little or no plastic deformation at the crack tip. It utilizes

the concept of stress intensity factor K, which is defined as
Ky=a¥J< {4.1)

where

K ;= mode I siress intensity factor

o= applied slress

C= crack length

Y= geometric funclion that depends on the crack length, crack location, and mode of

loading

Here, mode f refers to the opening mode of crack propagation due to an applied
tensile stress normal Lo the crack plane.

Equation 4.1 shows that the siress intensity factor increases with hoth applied stress
and crack length. An existing crack in a material may propagate rapidly in an unstable
manner (i.e., with little or no plastic deformation} when the X valuc reaches a critical
level. The critical stress intensity factor, also called the fracture Lﬂughnéss, indicates

the resisiance of the material to unstable crack growth,

4.2 Fracture Toughness Analysis

The siress field at the tip of a crack is characterized by a singularity of stress, and it
decreases a3 & function of inverse square root of the distance from the crack tip. In
this region, the stress field may, therefore, be regarded as the sum of ihree
independent stress patterns depending upon the loads, and the dimensions and shape

factors of the structure. Accordingly, the crack surface displacement may occur in



three modes, namely, Mode I (opening mede) [where Lhe crack surface displacements
are normal to the crack plane], Mode I {forward mode) [where the crack surface
displacements are in the crack plane normal to the crack border] and Mode IOl
{paralle! or anti-plane shear mode) [where the crack serface displacement are in the
crack plane and paralle! to the crack border] The determination of stress iruteﬂsii;-},r
factor has acquired considersble imporance in the analysis of residual strength,
fatigue crack growth rale and siress corrosion of composite materials, thereby in
determination of strength of the material. The stress imensity factor may be defined in
terms of amplitude or strenglh of the siress singularity and is dependent on state of
stress at crack tip. The stress intensity factor is, therefore, obviously found to be
dependent of radius of crack-tip, angle of crack and the distribution of the stresses for
each mode, mentioned earlier. Thus, the applied load and size of the crack determines
the stress intensity factor on the specimen, In the case of flat tensile fracture, in the
forward mode (Maode II), as well as the parallel mode (Mode 1), crack surface
displacements arc found to be generally absent and, therefore, the stress intensity
factors, K and Ku may be assnmed to be zero. Thus, the stress intensity in the
opening mode (Mode ) may be expressed by equation {4.1).

From equation (4.1), K7 provides the severity of the crack tip envirenment, and it is
logical to characterize resistance to fracture by a cntical value, that is, Ko Generally,
K¢ 15 determuined by laboratory tests of the material.

By simplifying the stress field in the local direction, nommal Lo the axis of the main
crack, the stress on Lhe rth higament from the original crack tip with the main ¢rack
located at the edge of the jih ligainent can be assumed as oj. For the case of precut
notch with no prior crack extension, the stress at the notch tip is o, and it can be
determined by using the failure stress (or), the siress intensity factor K and the critical
stress intensity factor (X¢) can be expressed as[42]

oy =0, [%] (+.2)

3
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The crack tip extends pradually under increasing load before main crack extension
occurs and its extension diminishes the local stress gy, Equatien (4.2) is equivalent to

the assumgtion of a stress concentration at the crack tip and can be writien as

oy _ Jf}r\'{(_:
o K

[

(4.3)

From classical fracture mechanics relationship, equation {4.3) in the form of stress

intensity factor can be expressed as[42]

Ki=eWNC  (4.4)

The K] caiculated through equation {4.4) is also called as the fracture loughness of the
material. For a pre-crack length “‘C " and maximum applied stress g, the parameter ¥
"is a geometrical factor, which accounts for proximity effects of boundaries cor other
cracks, orientation of the crack, shape of the crack and the restraints on the structure
containing the crack, and is usually determined by a simple rclationship [43] as

explained below
Y= 1.9‘9—D.4l[£]+13.? E]z —38.48[2]3 +53,3{£]4 (4.5)
W .4 W .4

4.3 Environmental Exposure

The pre-notched specimens were divided in seven groups for exposure Lo the above
mentioned six different environments and for without environmental effect study.
Specimens of 72 in a group were cxposed in each type of environment for a fixed
duration, which was kept as 100-h, 200-h, 300-h and 400-h. The rate of environmental
effect has been calculated for each exposed specimen 1n the form of percentape of

weight gain (or loss) by using the following equation

. . Mj' _M:
Weight gain {(%4) i 100 (4.6

The average of percentage weight change of the specimen in 2 given environment for

different duration has been calculated using six specimens for each case.



Chapter §

Results and Discussions

3.1 Fracture Toughness after Environmental Exposure

The mechanical propertics of chopped strand mat glass fiber reinforced composite
have bcen measured by conventional metheds and given in Table 5.1 for ready

reference.

Table 5.1 Mechanical propertics of chopped strand mat Glass fiber/Polyester

composite

Tenzilec Modulus, GPa
3.721

Tensile Sirength, MPa
68.31

Type of Fiber
CSM 501-300

Table 5.2 Test results of averuge fracture toughness after various environmental

exposures for dilferent durations of exposure

Duration Environmcnts

of Yirgin, Water, Saline Low High Acidic Organic
Exposure MPa/mm | MPaJom Waler, Temperature, | Temperature, Walcr, Fuel,

MPaJmm | MPaJmm MPaJom | MPaJmm | MPanm

10¢ hours 2233 213,78 213.89 21093 215.1 204.84 216.56
200 hours 2235 20498 207.56 20232 208.8 167,11 208.9
300 hours | 2233 189.56 201.67 192,98 20274 189.21 20513
400 hours | 223.3 194.97 19784 185.13 199.47 181.26 202.12




Table 5.3 Percentage variation of Fracture Toughness after cxposure into

¥arious environments

Types of Fracture Toughness, %

Environments 100 hours 200 houors 300 hours 460 hours
Virgin 100 10¢ 100 100
Water 05.74 91.80 - 89.37 §7.31

Saline Water 95.7% G2.95 93.31 88.64
Low 04 .46 80.60 86.42 32.91
Temperalure
High 96.33 93.51 90.79 §9.33
Temperature
Organi; Fuel 96.98 93.55 91.86 90.52
Acidic Water 81.73 88.27 84.73 81.17

Table 5.4 Percentage of Weight Gain after various environmental exposures for

different durations of exposure

Duration Enyirorments
of Water, % Saline Low High Acidic Organic
Exposure Watcer, % | Temperature, | Temperature, | Water, % Fuel, %4
Lo %o
100 hours 1.66 0.43 1.18 -0.02 0.35 0.05
200 hours 1.95 0.68 1.87 -(LO5 0.62 009
300 hours 222 0.73 2.48 -0.16 0.84 .13
400 hours 2.36 0.74 2.94 -0.29 1.05 0.17

34




In the present invesiigalion, extensive studies have been carried out to find the
fracture toughness of chopped strand mat glass fber reinforced composite and the
extent of 1ts degradation by exposure to different cnvironments up to 400-h. Fracture
toughness obtained afler exposing to various environments is given in Table 5.2.
Percentage variation of fracture toughness aller exposing to various environments has
becn shown in Table 5.3. Percermtage ol weight gain after various environmental
cxposures for different durations has been shown in Table 5.4. Each value is an

average of six specimens.
3.2 Effects of Notch Size on Fracture Toughness

The fracture woughness of sharply, pre-cutf, and single edge notched specimen of
chopped strand mat glass fiber/ polyester composite has been shown in Figure 5.1 for
various notch sizes. It is observed that the [racture loughness remains constant,
nrespective of notch size. Physical examination of the root of the notch during the
loading was also made. It was found that a yielded zone grew with loading, which

was followed by a fine crack nucleating at the tip of this zone.

The failure of specimen can be attributed to the peneration and propagation of the
crack. While the size of the notch would generate tensile stress of varying mapmtude,
the specimens were found o exhibit almost equal fracture toughness. The peomeltric
factor, ¥, also varies with the size of the noteh, and this is responsible for the observed

rosult,

The specimens were found to fail under tension by separating into two halves at the
point of notch in the form of controlled fracture. The necessary sludy for facture is
supphed either by lhe movement of point of stress concentratton on tensile loading or

by elastic relaxation of the material in the form of crack, such ihat the interface at the

notch absorbs a larpe amount of energy.

The failure strain of the fibers must be higher than that of the brittle matrix, causing
the bridging of mairix crack, where the [iber fractured at some distance on the crack
planc and pulled out of the matrix at the interface as the crack separated. In the
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process, the load on crack bridging fibers was increased resulting into debonding of
the interface belween the fibers and the matrix. Since higher stress is bome by the
crack bridging, the fibers would alse absorb sirain energy. The strain energy at the
fracture point would be dissipated into the composite, thus is not available to assist
the propagation of the priméu!'}r crack. Therefore, the initiation of composite failure is
considered as a cumulative failure of the fibers within the composite with increasing

values of strain.
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Figure 5.1 Fracture inughnass of Chop ped strand mat Glass FibaoFolyestar composite with vafaus
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In addition, the maximum interfacial shear strain developed at the surface due to high
interfacial shear stress may be taken to initiate the failure on interfacial bond,
propagating the debonded region on the line of fiber as an interfacial crack. Frictional
contact of debonded interface would influence the residual stress and produce
differential thermal contraction of fiber and matrix (both longitudinal and lateral}
depending on Peisson’s ralio effect. Thus, the lateral expansion of the matnix is
restrained by the presence of adjacent fibers, where Lhe fiber and matrix are still being

held in contact.

Some other [actors like, the fiber surface roughness, weaving structure and micro
mechanical properties of composite determines Lhe fiber fracture stress for a particular
embedded length, and is influgnced by the fracture woughness of the composite. These
effects are more aggravated due to various environmental exposures The fracture

toughness test resuits of chopped strand mat Glass Fiber/Polyester composite with
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various notch sizes and different duration of environmental cxposure have been
shown in Figures 5.2-5 8.
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5.3 Effects of Environment on Fracture Toughness

The results of fracture toughness afier different durations of environmental exposure
and percentage weight gain in same period by the compaosite in different environments
are shown in Figures 5.8-5.15. The highest amount of degradation in fracture
toughness has been recorded in acidic water (18.83% afier 400 hours) and then in low
temperature (17.09% after 400 hours) followed by water, saline water, high
temperature and organic fuel ( 9.48% after 400 hours).

The highest amount of weight gain has been recorded in low temperature (2.94% alfter
400 hours) and then n water (2.36% afler 400 hours) followed by acidic water, saline
water and organic fuel. Weight loss of 0.29% has been recorded afler exposing into
high temperature for 400 hours. For first two hundred hours of exposure, water
exposed specimens gained more weight (1.95%) than specimens exposed into low
tempetature {1.87%) and specimens exposed into saline water gained more weight
{0.68%) than specimens exposed into acidic water (0.62%). For the next two hundred
hours of exposure, specimens exposed into low temperature gained more weight
(2.94%) than water exposed specimens (2.36%).
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The resuits of fracture toughness afer different durations of environmental exposure
and percentage weight gain in same period by the composite in similar environments
are shown in Figures 5.16-5.21. An attempt has also besn made to explore

relationship between percentage weight gain and fracture toughness strengih.

For the water-exposed specimens for exposure of 400-h (Figure 5.18), it has been
observed that there is 12.69% degradation in fracture toughness, while a weight gain
of 2 36% has been recorded in the same duration. The penetration of water molecules
in the interface region through the voids of the composite may be the reason of weight

gain. The osmotic pressure of the water molecule might have facilitated the entrance
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of water molecules into matrix phase, and may have cxpanded its boundary in due
coursc. As a result, the bond strength of the fiber and matrix has been weakened and
load-bearing strength of the composite has been reduced, end this caused the

reduction in fracture toughness.

When the specimens are exposed to saline water, only 0.74% weight yain has been
recorded alter 4G0-h duration of exposure {Figure 5.17). The higher density of the
Jiquid may be held responsible for lower penetration of the saline water as compared
to water. The reduction in fracture toughness has been found to be at a lower value of
11.36% as compared 1o 12.67% for the case of water in the same duration, although
the liqud penetration is almost less than one third. The reduction in facture
toughness should be taken as a simultaneous effect of corrosivity of saline water and

liquid penetration into the material in this case.

The investigation has been carricd out in 1wo groups of temperatures—one is lower
value ot environmental temperature and the other at a higher value. Al the lower value
of temperature, that is, ice temperature, a notable rednction in the fracture toughness
has been observed {Figure 5.18) amd it is about 17.09% afler 400-h duration of
exposure, while 2.94% of weight gain has been recorded in same duration. {n ice, the
water i3 m state of (ramsition phase and temperature is about 0°C. The low
temperature of the environment has caused the shrinkage of the constituent phases of
the chopped strand mat glass fiber/polyesier composite and transition pressure has
causcd a higher order of water absorption. This is mainly due to dissimilar contraction
of matrix and fiber in low temperature. In consequence, detachment has been
observed at the fiber and matrix interface and development of microcrack, debonding
and delamination in the interfoce region of fiber and matrix. The process is further
sggravated by formation of more crack and more detachment at the interface when
there is a prolonged exposure. Therefore, the Fracture loughness has been reduced
significantly.

When the specimens are exposed to hot temperature of 60°C, only 0.29% weight loss
has been recorded after 400-h duration of exposure. High temperature may be held
respensible for dissociation of matrix and weight loss of the specimens. The reduction

in fracture loughness has been found to be at lower value of 10.67% as cornpared to
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17.09% for case of low temperature in the same duration, The matrix behavior has
been changed due 1o prolong exposure to hot temperature (60°C), and has ablated a
fraction of matrix from the specimen. In addition, under high temperature the
dissimilarity in the thermal coefficient behavior of matrix and fiber causcs different
expansion and contraction characteristics, resulting microcracks, debonding and
delamination at the interface region similar to low temperature environment The
ablation of matrix may be increased as temperature rises, or time increases and
thermal stress produced over the specimen, which results the micro buckling of fiber.
It is resulted to the lower value of fracture tuuglllnes.g as shown in Figure 5.19. In the
present casc, the environmental temperature was kept quite below than the melting
temperature of matrix. 50 less reduction in fracture toughness has been anticipated in

comparison to quite high temperature {above than ablation temperature of matrix).
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When the specimens are exposed to organic fuel, only G 17% weight gain has been
recorded after 400-h duration of exposure (Figure 5.20). The reduclion in fracture
toughness has been found to be at a lower value of 9.48% as compared to previous
four cases, that s, water, saline waler, lower temperature and higher temperature in
same duration, although the liguid penetration is quite less than water, saline water
and ice. The absorption of aromatie constituents of liguid fuel may be taken to cause 2

marginal weight gain. The apparent cause of fracture toughness degradation may be
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due to small amount of fuel absorption through the voids, which corrode the fiber
cxposed to it. Loosely bonded carbon particles may be detached from fiber by
chemical reaction resulting in a rough surface Thus, there is a marginal reduction 1n

fiber strength and in fracture toughness

When the specimens are exposed to acidic-water, only 1.05% weight gain has been
recorded afier 400-h duration of exposure (Figure 5.21). The reduction in fracture
toughness has been found to be at a higher value of 18.83% as compared to all the
previous cases in the same duration, although the liquid penetration is less than water,
ice and mere than saline water and organic {uel. This high value of degradation on
[racture toughness is mainly anributed to the reaction of acid on composite
Concentrated HzSO4 acid would digest the binder material and debond the fibers from
the matrnix, When the concentration decreases to N/100, these effects would
substantially decrease. However, prolonged exposure of composite may be taken to
cause a slow reaction of acid and matrix, and developed debonding, delamination and
micrg-cracking in composite phases Thus, there is a high amount of fracture

toughness degradation.
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The overall results obtained from various adverse environments (Figures 5.22-5.23)
have shown the rate of reduction of fracture toughness, which depend on reaction of
constituent phases towards the exposed environments, duration of exposure and type
of environment. Highest amount of {racture toughness strength reduction is noticed

for acidic water and followed by low temperature and water.
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5.4 Conclusion

The fractlure toughness can be used to characterize the Fracture hehavior of composite
materials under varied conditions. The test and analysis methods presented in this
thesis provide the tool to collect data nccessary for design with above mentioned
euvironmental effects. A significant amount of data was collected to assess the impact
of environment on this composite. As this study dees not show any R-curve behavior,
artention should be given on environmental effects for this range of crack length. This
study will help sclect a particular duration of environmental cxposure as well as

particular environment for this class of composite materials according to the design

limits.

Specimen preparation meihod was improved considerably, reducing the amount of
error in test data due to inconsistencies in test specimens. Along with the data
collected for use in design, the methods developed 1o colleet and analyze fracture data

under environmental impact may lead the way for future work in this field.

Based on the experimenial results found for various environmental exposed
specimens with different sizes of pre notches, and with diverse duration of

environmental exposure, the following important conclusions can be drawn.

s  Fracture toughness is independent of crack size.

¢ The highest amount of degradation in fracture toughness was found after
exposure into acidic water and then in low emperature followed by water,
saline water, high temperature and organic fuel for the same duration of
£XPOSUres.

* AWONEg siX environmemts specimens exposed in organic fuel, high
temperature of 60", saline water showed lower values of degradation of
fracture toughness. So, the fabricated glass fiber/polyester composite may be
suitable for use in these cnvironments.

* There 1s a sizeable cffect of environments on mechanical properties and on
fracture toughness. The environmental cffects depend on the type of

environment, hostility, corrosivity and constituent ingredients.
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* Afler exposure o various environments, it has been found that debonding and
delamination occurred in initial phase of [racture loughness testing. This
phenomenon has been predominant in all the cases prior to complele faiture of

the specimens under tensile loading.

* [t has been observed that the temperature has significant influence over matrix

debonding and reduced the original sirength m greater margin,

* In case ol liquid environment, the density of the medium has significant
influence over the rate of ditfusion of moisture inlo matcrial. Tt depends on
the constituent particles of the liquid; its osmotic pressure and number of

v{1ds in material.
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