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Il. REVIEW OF LITERATURE

Abstract—Delamination between layers in composite materials is The tensile fatigue behavior of plain weave and knitted

a major structural failure. The delamination resistance is quantifi . . . . .
by the critical strain energy release rate (SERR). The pres? ric composites has been investigated by Pandita et al. [1].

investigation deals with the strain energy release rate of two WO\%}':I‘_tigue_ damage development in knitted fabric composites is
fabric composites. Materials used are made of two types of glass filgstite different from that in plain-weave fabric composites.

(360 gsm and 600 gsm) of plain weave and epoxy as matrix. TRatigue damage in plain-weave fabric composites was initiated
fracture behavior is studied using the mode I, double cantilever be@y transverse bundle cracking. Initial fatigue damage in
test and the mode II, end notched flexure test, in order to determiggited fabric composites was situated at the part of the curled

the energy required for the initiation and growth of an artificial cracg) . . . .
The delamination energy of these two materials is compared in or urndle yam that is perpendicular to the tensile loading

to study the effect of weave and reinforcement on mechani irection. Regarding the relative residual stiffness, woven
properties. The fracture mechanism is also analyzed by meansfapric composites show better fatigue resistance than knitted
scanning electron microscopy (SEM). It is observed that the plaiabric composites. However, both woven and knitted fabric
weave fabric composite with lesser strand width has higher inteomposites show comparable results in the fatigue life and the
laminar fracture properties compared to the plain weave fabrig|ative residual strength

composite with more strand width. Blackman and Kinloch [2] specifies a method, based upon

nﬂnear-elastic fracture-mechanics  (LEFM), for the

Keywords—Glass- epoxy composites, Fracture Tests: mode L . .
(DCB) and mode Il (ENF), Delamination, Calculation of strai etermination of the fracture resistance of structural adhesive

energy release rate, SEM Analysis joints under an applied Mode | opening load, using the Double
Cantilever Beam (DCB) and Tapered Double Cantilever Beam
|. INTRODUCTION (TDCB) Specimens. The adhesive fracture energy GIC (also

NE of the most important parameters in the application 6?rme_d the critical strain energy re_lease rate) for applied Mode
fracture mechanics in composite structures is the strditP@ding was calculated and a resistance-curve (R-curve, i.e. a
energy release rate. Woven fabric reinforced composites fgt of the value of the adhesive fracture energy GIC versus
the most important and widely used forms among textil‘é\r"’wk length) was plott_ed.
structural composites. It has been noted that delamination in ah survey of the literature _anq state of _the art of th_e
composite laminate usually occurs at the interface of differefichanical aspects of delamlnatl_on in laminate composne
oriented plies. Fracture mechanics has found extensivguctures was presented by Bolotin [3]. Surface and intemal

applications in damage analysis of composite |aminat(§elam|natlon of various origin, shape, and location were

especially in delamination. Woven fabrics, which ar iscussed. The origination, stability, and post critical behavior

attractive reinforcements, provide excellent integrity an8f delamination under quasi-static, cyclic, and dynamic loads
conformability for advanced structural applications. The mod¥€"® _analyzed. . .

of delamination failure depends on the external loadin N_a'k and Reddy _[4] performed an experimental ana_IyS|s of
conditions and on the intrinsic properties of fiber and resi .r.nllnated composite plates unpler transverse I_oadmg and
The interlaminar fracture behavior is one of the mo rilling of composites. Interlaminar critical strain energy

important characteristics related to the overall performance r&ledase rart]e protE)ertles |n|mod§ I'; mode I, mlxedf mlo‘?'e i and
the composite system. Woven fabric composites have foufitpde !ll have been evaluated for two types of plain weave

widespreadapplications in aerospace, automobile and defenf:%br'c E-glass/epoxy laminates. The double cantilever beam

industries because of their ease of handling, low fabricati(")ﬁst and the end notch flexure test have been used for mode |

cost, and excellent mechanical properties (including dama?ggti?;\?gf SL;‘?‘%{Z& r;rar:/i: rS(ieX:nd un;((e)giobre;(ij;gg tniztd:nl(/jllsgrl:g

tolerance and impact resistance) . . . .
In the present investigation characterization of thg]ode Il loading. It is observed that the plain weave fabric

mechanical behavior of glass fiber (both 360gsm and 668mposite with lesser strand width has higher Interlaminar

gsm) woven fabric and epoxy composite laminates has bd&aCtUre. propehrties comparzd tg hthe plsin wea\l/(e lfabr:::
done under two loading conditions. Double cantilever bearfiompPosite with more ;tran width. Further, crack lengt
(DCB) and end notched flexure (ENF) to analyze toughneggrsus crack growth resistance plots have been presented for
and failure mechanisms. Also in each mode of test tV\;Bode Il loading. In general, it is observed that total fracture

different theories have been used in order to determine{FeSiStance is significantly higher than the critical strain energy

which would be the most appropriate. releasg rate. )
A mixed mode specimen was proposed by Sgrensen et al.
[5] for fracture mechanics characterization of adhesive joints,
) , ) ) laminates and multilayers. The specimen was a double
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By varying the ratio between the two applied momettie
full mode mixity range from pure mode | to pure raddwas
generated for the same specimen geometry. The rspeci
allowed stable crack growth. In case of large saakck
bridging, mixed mode cohesive laws were obtaingdahl
integral based approach. As a preliminary exanfpdeture of
adhesive joints between two glass-fibre laminatas studied.
The mixed mode fracture resistance increased witteasing
crack length due to fibre cross over bridging, duatly
reaching a steady-state level (R-curve behavidum. steady-
state fracture toughness level increased with asing
tangential crack opening displacement. Cohesiwssés were
determined by a J integral approach. The deduttedrsstress
was found to be relative higkk 0 MPa) in comparison with
the normal stress:(1 MPa).

The research work carried out by Zenasni et al.dgls
with the strain energy release rate of three wofediric
reinforced thermoplastic composites. The interlaninacture
behavior was studied using the mode |, double lemeti
beam test and the mode Il, end notched flexureitestder to
determine the energy required for the initiationl gmowth of
an artificial crack. The materials used were mafdsvo types
of glass fiber weave (2/2 Twill, 8H Satin) and abzm fiber
(8H Satin). The matrix was polyetherimide. The detetion
energy of these two materials was compared in dalstudy

The results give the indication of the effect of thyers and

processing time on the mode | and mode Ill fracture

properties. Due consideration on the high costsiléf fibre
and processing time if more layers of silk are negglin order
to improve fracture toughness properties of theseposites.

According to Marat-Mendes and Freitas [8] delamarats
an important mode of failure on
materials and the characterization of this failumede is a
subject of research. Mode |, mode Il, mode Il antked-
mode I+l fracture toughness were obtained usirgdbuble
cantilever beam test (mode I), the end notch flexast (mode
), the original and the modified edge crack torstest (mode
) and the mixed-mode bending test (mixed-model)I+
respectively. Fracture surfaces obtained during endid
interlaminar fracture toughness of glass/epoxy ausitps
have been also studied using the original and tbeifired
edge crack torsion test geometry. Results were aocsdpwith
delaminating surfaces obtained during tests of nipdede |l
and mixed-mode I+Il. In the original ECT test thackle
marks appears only in the side of the loading inthe
modified ECT test the hackle marks appears in Badks of
the sample and slightly less well defined and simeot
fracture features in the middle of the sample.

There has been significant increase in use of diass
reinforced composites as structural materials imahanine

the effect of weave and reinforcement on mechanicgPuntermeasure surface ships. Sea mines when tedoerait

properties. The fracture mechanism was also andlyze
means of scanning electron microscopy.

underwater shock waves, which could impart sevaadihg to
naval ship structure; there are attempts to mduelrésponse

Mode | and Mode Il fracture properties of silkOf a ship structure to this loading by Singla artth@la [9].

fibre/polyester composites have been studied bkiffiuet al
[7] Tests for mode | interlaminar fracture was matrout

For the model to be accurate & useful, materiapprty data
were determined experimentally by taking differemight

using double cantilever beam specimens (DCB) tgstirpercentage of glass fibers (E-300, mat form) withye resin

method and mode Ill fracture behaviour was deteeghimsing
trouser tearing test method. The multi-layer wofedric silk

fibre/polyester composites were produced by vacbagging
method in an autoclave. Sample for mode | were gregp
with increasing layers of silk of between 8 andlayers in
thermoset polyester while sample for mode Il cstesi of a
single layer silk fibre reinforced polyester resior mode |
interlaminar fracture using double cantilever bespecimens
(DCB) testing method, it was found that the intevizar

fracture toughness, G of the composite increaseshas
number of silk layers increases. Stable crack pyapan was
observed during the tests and the crack propagaieas
showed all the fibres were bare with no matrix eogethem
as were seen at 100x and 500x magnification usgcani@ng
Electron Microscopy. Failure occurred at the fibnatrix

interface with no fibre bridging observed betweée two

fracture surfaces. The smooth clean surface ofilkefibres

was the result of weak interfacial debonding. Tésults give
the indication of the effect of the layers becaube

thicknesses of all the specimens were same. Fomtde 1|

tearing test, the effect of the autoclave processime has
been studied. It shows that longer processing tiwik

improve the tearing strength of the silk fibre/pster
composites. However, the addition of matrix to #il& fibre

reduced the tearing strength of the silk fibre/pster
composites.

& comparison was made with fly ash reinforced cosifgo
Specimens in the form of cube of size 10x10x10 ()mlere
used & results were presented.

IIl.  ScopPe

i An attempt to develop two composites by using
same matrix(epoxy) and the fiber(glass) of same

weave pattern(plain) but having different gsm
(360 gsm & 600 gsm).
ii. Fracture characterization by Mode | and Mode I

tests to calculate crack propagation energy

(GIC).

iii. In each test, calculation of crack propagation
energy (GIC) by both Corrected Beam theory

(CBT) and Berry's method (BM).

iv. Comparing the different values of crack
propagation energy (GIC) by the two theories in
two methods.

V. Studying the scanning electron micrographs for

the two with different

magnifications.

composites

Vi. Selection of the better composite out of the two

types under above testing conditions.

laminated composite
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IV. THEORETICALANALYSIS

Mode | Interlaminar Test. For the mode | test, DCB
specimen geometry has been used (Fig. 1). Craglagation
energy values or the critical values of the eneofythe
delamination, GIC have been calculated using theected
beam theory

3pd

Gic= 25 aria

In this mode, according to the experimental conmziéa
calibration method

©)
After the fracture tests, the specimens are brakem. The
distances from the marks made during the calibmataad
cycles to the tip of the inserted film are measuaed the
mean of the values at the edges and the centre afpecimen

(1) are plotted against the corresponding complianéeseast

square linear regression is then carried out, ®fahm

Where P is the forcdj is the displacement of the notch lip, a

crack length, and B the specimen width. The coecdteam
theory requires the determination of a correctiantdr, A,

c=G+ma’ 6)

which takes into account crack tip rotation and ashe The value of the crack length can thus be obtainetiging
deformation. This factoA was obtained by drawing one-thirdthe slope of the curve C= f (a3) and CO the valu€ at the

power compliance against crack length (C1/3—a)ddition,
the experimental compliance calibration or Berrg®thod
was employed. In this case

&)
Where n is the slope of the plot log C-log a(C=Kahhe
values of the crack propagation energy, GIC, far three
composite materials are presented by using thedsd beam
and Berry's theories. It has seen that the cordedteam

theory provided more conservative values.
1

1
toh
y o ;J -
(8% (87 }
1 I
L. ' Ik g

Fig. 2 Mode Il, ENF Test

Mode Il Interlaminar Test. For the mode Il test, ENF
specimen geometry has been used (Fig. 2). Thersproivas
loaded in a standard three-point bending fixtura etosshead
speed of 0.5 mm/min. The delamination energy Gi&S been
calculated at the characteristic points accordilng the
corrected beam theory

9p2q?
16B2 E h3

Gic= (3

The value of E is the modulus measured during the

compliance calibration for a=0. It is calculated as

L3
~ 4BCh3

(4)

origin. The different values of m for the three erals have
been calculated from the graphs. The values of the
delamination energy calculated by the experimental
calibration method are more or less similar to ¢hobtained
using the corrected beam theory.

V. EXPERIMENTAL INVESTIGATIONS

E-Glass fiber plain woven fabric (both 360 gsm-Ty@and
600 gsm-Type-ll) are cut into size 175mmx90mm. §po
(CY 230 of Hindistan Ciba Geigy) is mixed with hargr
(HY-951) in the ratio 1:10. The composite was predaby
hand moulding process by adding glass fabric amchyepesin
alternatively. The composite consists of six layarEbric and
seven layers of epoxy resin. In the middle of tbmposite an
aluminium foil was inserted to give the initial cka The
weight ratio of fibric and epoxy was 1:2. The #ress of the
adhesive bondline was carefully controlled. Themlamthe
application of pressure , the material was kept for
approximately 24 hours for curing. When fully cureahy
excess adhesive was removed by means of cuttefultare
Specimens have been prepared with dimensions of
164mmx20mmx5mm and weighing 23grams.
1) Specimen for Mode | (DCB) Test: Metal clamps have
been provided at both the sides of those pieces of
composite parallel to the foil inserted by usingdesmer
(Fig. 3). Four specimens were prepared by usingd360
fiber (Type | specimen) and two for 600 gsm fib&yge
Il specimen).
Specimen for Mode Il (ENF) Test: Out of those six pieces
of composite specimens two specimens have besth us
for Type Il test without end connections.

2)

Fig. 3 Specimens for both DCB Test and ENF Test
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Fig. 6 Fracture in DCB test

Delamination in composites can occur due to terstiless
(mode 1), in-plane shear stress (mode Il), andodyttane
tearing stress (mode lll). In both the tests (DCBE&IF),
INSTRON Universal Testing Machine (Fig. 4) has besad
to record the load-deflection curves for calculgtifnacture
toughness. Fig.5 shows the specimen under ENRtesFig.6
the progress of fracture in the machine. Specint@ng been
designed by referring ASTM standards [10].

designed for measuring the resistance to delaromainder
mode | and mode Il loading respectively. The out gata
have been recorded and graphs have been plotteduised.

In this
experiment both the DCB and ENF specimens have been

VI. RESULTSAND DISCUSSION

By calculating the value oA from the graph (Fig.7) and
putting in Equation-1, the value of GIC has beeltwdated.
Finding out the value of ‘n’ from graph (Fig.8) apdtting in
Equation-2, the value of GIC has been calculatedBésry’s
method. In mode Il test, by calculating the valdeEofrom
Equation-4 and putting in Equation-3, the value&fC has
been calculated by CBT (Corrected Beam Theory). Vidiee
of m has been found out from the graph (Fig.9), #meh
putting in Equation-5, GIIC has been calculated Beyrry’s
method or experimental compliance method. All ¢heslues
of GIC and GIIC were for type | specimen. Similadgme
equations have been used to calculate the valu€®fand
GIIC for the type Il specimen by referring the @sponding
graphs (Fig.10 to Fig.12). Scanning electron micaphs have
been shown in Fig.13 and 14 to generate ideas dlamitire
of specimens.

A. Curvesfor specimen type-I

(=5
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1,65 /
1.80 o /.
1754 .

log ¢

loga
Fig. 8 Curve for slope of logc vs log a, ‘n’

/
/

4

e({mmikN)

T T T T T T J
100000 150000 200000 250000 300000 350000 400000

a*(mm’)

Fig. 9 Curve for specimen geometry factor, ‘m’
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B. Curves for specimen type-11
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Fig. 10 Curve for correction factdr,
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Fig. 11 Curve for slope of logc vs log a, ‘n’
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Fig.12 Curve for specimen geometry factor, ‘m’
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£ 4

Fig. 13 Micrograph of type | specimen [10pm, WD-5,5Vag-1.00
KX]

Fig. 14 Micrograph of type Il specimen [10pm, WDA,6Mag-
1.00KX]

In mode |, the theories have been used out of wtheh
corrected beam theory have provided more conseevati
values of GIC than Berry's theory. The value of GtE the
type Il composite material is more in compositiorthe type |
composite material. Hence the type Il composite mmase
resistance than type | composite. As matrix is séepoxy)
and fibre is different in both the composites, iaymbe
concluded that 600gsm glass fibre has more resistan

In mode Il also corrected beam theory has provicede
conservative values of GIIC in both the cases ohpuosites.
The value of GIIC for the type Il composite is mahan the
other type of composites. In this mode, the mdtehiat has
presented the highest resistance to the delammeti600gsm
glass fibre. Micrograph for type | specimen hasneesented
in Fig.13 and for type Il specimen, in Fig.14 withe
magnification mentioned below the figure. In gehethe
damage is more important in mode Il than in mod&he
results obtained from calculations are well corrabed by the
micrographs.

VII. CONCLUSIONS

A. General Conclusions

It is observed that the plain weave fabric comgosiith
lesser strand width has higher interlaminar freetonmoperties
compared to the plain weave fabric composite withren
strand width.

B. Specific Conclusions

» 600 GSM glass fibre is more resistant to fracthent
360 GSM glass fibre when used as a fibre with the
same matrix (epoxy) in composites.

» The results are in good agreement with results
obtained by earlier researchers Naik and Reddy [4].

C.Future scope

The following work may be taken up in future
» Mode lll, mode I+ll and mode I+l tests are to be
conducted for both the composites.
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> Different composites are to be designed by taking
glass fiber of twill weave and satin weave with the
same matrix.

» The values of G and G for the above mentioned
composites are to be compared.

» Fracture characterizations are to be analyzed imgus

finite element analysis and are to be compared with
the experimental investigations
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