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1. INTRODUCTION

The development and fabrication of composite maltefias been a wide domain of research and is
adaptable due to its excellent properties suclighsih weight, stiffness, low density and exhibdtter mechanical
properties. These materials have found to be widsklyd in various domestic, industrial, defense anedlical
applications. Briancon. C et al[1] have preparezlihidirectional glass/epoxy composites and obsketivat when
they are subjected to the transverse load, middsgare distorted resulting in the brittle failupé the matrix.
Benzarti et al [2]Many researchers have studieckffeet of glass fiber orientations on the epoxgdzhcomposites.
The critical appraisal of the research findingstba said composite as follows. The unidirectionlalsg fiber-
reinforced polymer composites are found to be dustries to a less extent owing to their low séffs and fatigue
strength in the transverse direction. Kies JA [8}é suggested that when unidirectional E-glasg fiemforced
epoxy composites are subjected to the transversiiédoad, the brittleness of composite transvetss occurs.

This is attributed to the insufficient adhesive dioig at fiber/matrix interface and variations iretfocalized
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stress/strain fields in the composite specimen.p€o@A and Kelly [4] have suggested that the trarsy strength of
unidirectional E-glass fiber reinforced epoxy comipes typically depends on the magnitude of loadhdferred at the
fiber/matrix interface. Asp LE et al. [5] have obse that when unidirectional composite laminates subjected to tri-
axial stress, the brittle fracture of the laminateginly occurs in the transverse direction. S. Sturet. al [6] the use of
thermosetting polymer-based composite materials @egming in the current scenario instead of tlogiastic polymer.
This is because the thermoplastic polymer possigésrhelt viscosity causing a major problem duriagrfcation of the
composite. R. Matadi et. al [7] In recent yearsréhis a great industrial attraction towards epoggin amidst
thermosetting polymeric resins due to it's remal&ahechanical, thermal, and chemical properties, $arinkage upon
curing, better processing under different workingditions, etc. S. K. Singh[8]. However, currentijass fiber reinforced
thermosetting polymer composites has gained a aruesearch and market attention because of itsclost, ease of
fabrication, low density, high strength to weightio and high heat distortion temperature, and gimgrapplications.
Indicatively such applications include automobildsfense, marine, power plants, etc. RameshTalRejl §9] These
materials have replaced the traditional materiéts inetals, alloys and also natural fiber reinforcemposites which are
prone to fracture attributed to physic-chemicalrddgtion and micro mechanical damage. Kawata €tL@]. studied a
large range of composite materials under tensiom ft0° to 2000 & strain rates. The materials included glass/potyest
glass/epoxy, and graphite/epoxy composites. Thégrried that glass fiber-reinforced plastics havdigher impact
absorption capacity than the other fiber-reinforpdastics. Thatiane Brocks et. al[11] have studteal effect of carbon
fiber surface characteristics and interfacial adreslifference on flexural properties of structucalmposites by using
Dynamic analysis Technique. Farid Bajuri et. al][h2ve prepared the hybrid kenaf/silica Nanopaticin Epoxy
Composite, silica nanoparticles were introduced &Ber material. Silica nanoparticles with 2%lwme have to improve
the flexural and compressive properties. Bhoopathtia al [13] have fabricated the hybrid banana-hegtags
fiberreinforced in epoxy resin and suggested thgirove the mechanical properties such as tensimgth, flexural
strength and impact strength. Pietro Russo. €tl4l have fabricated the thermoplastic polyurethéifieU) grade and
reinforced by woven glass fibers at different filvetume fractions are equal to 53%, 56% and 48%pfates involving
10, 16 and 22 laminae, respectively prepared bypcession molding. Their results showed that thermediate thickness
laminates offer the highest performances, prob#dlyheir higher volumetric fraction of reinforcenteH. W. Wang et. al
[15]have studied the effect of fiber orientation baung’s modulus for unidirectional E-glass fibeinforced in epoxy
resin. Their results showed that Young’s moduluthefcomposites strongly depends on the fiber taiem angles from
00-900 and also the shear modulus is found to lasignificant effect on the composites’ Young's miod, too.
Chensong dong et. al [16] has studied the flexanal compressive properties of hybrid glass andocefiber reinforced
epoxy composites. Their results more dominate fiailn compressive than the flexural and also irsireathe percentage
of fibers then decreasing the flexural modulus. 8tam Rokbi et. al [17] has studied the effect ofrofcal treatments of
fibers by alkalization with NaOH at 1, 5, and 1086 & period of 0, 24, and 48 h to 28 °C on flexyralperties of natural
fiber reinforced with epoxy matrix. Their experintainresults showed that flexural properties of cosifes decreased
after 5% of alkalization treatment with NaOH. P.sBai et. al [18] has studied the Flexural and impasgponse of woven
glass fiber fabric/polypropylene composites. Thexperimental results showed in bending tests hdwevis a clear
improvement in the flexural strength for the conighred systems, in particular when a high vistgghigh crystallinity
polypropylene was used. Thamer Alomayri [19] hasdffects of microfiber contents on mechanical props of fly ash-

based geopolymer matrices containing glass miaddilat 0, 1, 2 and 3 mass%. The influence of gtassofibers on the
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fracture toughness, compressive strength, Youngtuius and hardness of geopolymer composites pogtesl, as are the
microstructural properties investigated using saamelectron microscopy. Mehdi Kalantari et. al J20multi-objective
robust optimization (MORO) of carbon and glass ffileinforced hybrid composites under flexural loggbased on an a
posteriori approach has been presented in thisrp@pe hybrid composite comprised of T700S carbpowy laminate at
the tensile side and E glass/epoxy laminate actimpressive side. The conflicting objectives fotimjzation were to
minimize the cost and weight of the composite stibje the constraint of a minimum specified fleXusaength. Fiber
angles and thicknesses of each lamina were coesides uncertain but bounded variables with the twzarse analyses

being performed as a non-probabilistic method &eceffect of uncertainties being determined.

In the present paper, E-glass fiber reinforced gpmmposites are synthesized respectively usingaium
bagging technique. The epoxy is chosen as the mlymatrix amidst other matrices because of its gmedhanical
strength, chemical resistance and service temperagguirements. Then the synthesized composiessabjected to
tensile, compressive, flexural and interlaminar ashstrength (ILSS) characterization of fabricateiffecent fiber

orientations of (), (90), (0/90") and 45°/45°E-glass/epoxy composite was carrigcheper ASTM standards.

2. EXPERIMENTAL

2. 1. Fiber materials

In this experiment, for fabricating the composi#pgecimen with four different fiber orientations®{Glass fibers
are used. The raw E-glass fibers are collectechénform of woven type unidirectional %Oglass fiber, Transverse
directional glass fiber (9pbidirectional glass fiber {®0) and 4545 glass fiber purchased from Arun fabrics, Bangalore,
India. The epoxy resin used in the present studyAvaldite® LY 5052 with a curing agent Aradur® HY® supplied by
M/s. Tirven industries Ltd., Hyderabad, India. T@éass-Fiber of unidirectional, Transverse diredaiohi-directional
and45/45 glass fiber mat type with 200gsm is used for tiwritation of specimen. The physical propertiethefE-glass

fibers are presented in Table 1

Table 1
Sample Numl_)er Density | Fibre Volume Tensile Flexural Compressive
of Plies | (G/lcm®) (Vi%) Strength(Mpa) | Strength(Mpa) | Strength(Mpa)
[0]. 10 2.54 56 2700-3500 4000-5000 4000-500(
[90]; 10 2.54 56 2700-3500 4000-5000 4000-500(
[0790]. 14 2.62 57 3100-3800 4450-5250 4400-530(
[45/45°] 14 2.62 57 3100-3800 4450-5250 4400-530(

2. 2. Fabrication of Composite Laminates

E-Glass fabric areal densities 200 GSM were usegkiaforcement. Epoxy resin Araldite® LY5052 prewgtix
and homogenized with hardener Aradur® LY 5052 ia thtio of 10:1 by volume was used as matrix malerand
preparation of test specimen’s unidirectional gléibse (&), directional glass fibre (9 bidirectional woven fabric
(0°/90°) and 48/45° glass fabric-reinforced epoxy was studied in gaper. For the present investigation, layer secesenc
were considered as shown in Figure.l. Dedicatedlay@red unidirectional glass fabric laminate”)(OTransverse
directional glass fabric laminate(90dedicated 14 layered bidirectional woven fataiminate (6/90°) and +48 fiber of

glass/for the same 14 layered arrangements weriedidxd.
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Figure 1: Stacking Configurations of Glass Fibre Res

All, four different fiber orientation types of comgite laminates considered for investigation watwitated by
vacuum bagging layup technique as shown in Figu#e @niform fiber weight fractionW) of 56.7% was controlled for
all three types of laminates in fabrication. Thigpeximates to an overall fibre volume fractiof) (of 57%, considering
the fiber density as 2.55 g/cc and the matrix dgras 1.17 g/cc. Then the vacuum bagging is applietie mold with a
vacuum pressure of 2.525 MPa for uniform distribaitof resin and also to remove the entrapped &ie. Jomposite is
cured at room temperature and the post-curing wae @t 80 °C for 4hours[21]. By using the diamountter or hex saw
the specimens were cut from the plates and washmzali with the help of the polishing machine. Theeffireinforced
PMCs is mainly used due to easy availability osgléibers and economic processing technique addptemoducing the
fiber-reinforced PMCs.

Bagging Film .
. e Release Film Perforated Release Film
Vacuum Hose Breather Bleeder
N \‘ / / -
‘racum\!alve .'ll.Il.Ill.Ill Ill.lll"/ll"/lly("" Pressure Seﬂsiti‘_—e
o — : Tape
] (lass fibre/epoxy L

Release Ply or Release Film

Figure 2: Schematic View of the Vacuum in Mould Cuing Process

3. EXPERIMENTAL ANALYSIS

3. 1. Tensile Testing of the Composite

Tensile tests were conducted for the compositeis@ec using the electronic tensometer setup to ohitze
tensile properties. The flat specimens of the casitps were prepared according to the ASTM D 638F2&@hdards. The
specimens were machined to a standard size of gkeirsen for unidirectional laminat@j0is 250x15x3 mrh for
transverse directional laminates{p@s 175x25x3, mrh bidirectional woven fabric specimen siZ¥@0°) is 250x25x3
mn? and 45/45laminate specimen size is 250x25x3Mior a gauge length of 50 mm. For this testing, It cell of
100KN was utilized in the tensometer with the samresshead speed of 1.5 mm/min[6,7]. Five identieat specimens
were used for each fiber orientation of glass/epaxyinates testing and numbered in series a8 0/90, and 4545

Properties such as tensile strength, tensile {€Jasibdulus, tensile load, and elongation at brefithe composites were
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measured from the experimentation. During tensi#inng, the specimens were broken in between thgegkength of the

specimen and the corresponding image was showigime: 3.

Figure 3: Tensile Tested Specimens

3. 2. Flexural Testing of the Composite

Three-point flexural testing were conducted acaaydd the ASTM D 790 [22] standards using the gprirass -
testing machine. The specimens were machined éodithensions of 64 mm x 16 mm x 6 mm. The spahdalepth ratio
of the specimens was considered as 16:1. Fordkimg, the load cell of 100KN was utilized witketbrosshead speed of
1.5 mm/min [7]. Five identical test specimens werepared for each fiber orientation and numbered 280, 0/90and

45145 for each flexural testing. For a specimen in thee¢-point bending test, the flexural strength(), Flexural

modulus () and strain to failure£ ) are calculated given by Ref. [11]

o2t

Er=mL%4bt 2)

6dt
£e = (L—J )

where O is the flexural stress, W is the applied loadslthe support span, b and t are the width and ik

of the sample, d is the displacement, m is theeslofthe tangent to the initial straight-line portiof the load-deflection
curve, d is the maximum deflection before failumad £ is the strain at the centre of the specimen. Dtfias of the

specimen were measured using the digital dial gaungethe flexural properties like flexural strendilexural modulus,
flexural load and deflection at break of the conifgsswere evaluated. As similar to the tensileingstthe five identical

specimens were broken in between the gauge lengtlha corresponding image was shown in Figure. 4.
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Figure 4: Flexural Tested Specimens
3. 3. Compressive Testing of Composite

The specimens used for compression test had the szaterial as those of the flexural test except these
specimens were made of fourteen plies so thatdted thickness is 3 mm. Compression specimens wetdn the
longitudinal direction(Q) transverse direction(90 bi-directional (090) and 4545 E-glass fiber reinforced epoxy
composites, for longitudinal compression tests arfikture is used for the tests according to ASTB4MDO[23]. Woven
glass/epoxy tabs were locally bonded on each sidheospecimens to reduce the gripping effectso Atsthin Teflon
sheet, as a weakly bonded area, was inserted dnadabe contacting surfaces between the speciraadsthe tabs to

reduce the gripping effects in fiber compressioecgpens as shown in Figure 5.

Figure 5: Compression Tested Specimens

3. 4 Inter Lamina Shear Stress (ILSS)

To determine the interlaminar shear strength ofctiraposites, short beam shear tests were perfoioieding
ASTM D2344[24]. A sliding roller three-point bendjrixture, which included a loading pin (diameted4 énm) and two
support pins (diameter 3.2 mm), was used for tbertemperature short beam shear tests. The tastefiwas mounted in
a 5-kN capacity, screw-driven load frame. A unieérgesting machine was used, with a cross-headdspéel.5
mm/min[6,7], and at least five specimens were tefte each type of sequence layup/fiber orientatidrhe dimension of
specimens was maintained as per ASTM standardhéothiree-point bend test. The length and widttheftest specimens
were 26.3mm and 6.4 mm, respectively. The appdrgatlaminar shear strength of composites was deted from
specimens that were tested with a support spanlsahipkness ratio of 5:1. The simply supportedcgpens allow lateral
motion and a line load is applied at the mid-spathe specimens. The apparent shear strength vesmsddiculated as

follows:
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V= 0.7;(—pmaxj
wt

where V is the apparent shear strength., s the failure load, w and t are the width andcckhess of the

specimen, respectively.
3. 5. Scanning Electron Microscope

The microstructural failures of the tensile, flexucompressive and ILSS fracture composite werdietiuand
analyzed using the crosssection analyses methodghrthe Scanning Electron Microscope (SEM) of nhd&OL JSM-
6390. The following specifications were used farsing the image: (a) Resolution (300 pm (Acc \K2QWD 9.4 mm,
and SEI), (b) Magnification (500X (WD 48 mm or Ipsnd (c) Electron gun (Accelerating voltage: 084/ and
Filament: Pre-Centered tungsten hairpin filament).

4. RESULTS AND DISCUSSIONS

4. 1. Effect of Fibre Orientations on Tensile Behawr of the Composite

Figure.6 shows thetensile stress-strain curveshi®rvarious fiber E-glass/epoxy composites withr fdifferent
fiber orientations. The stress—strain curve fordhee epoxy resin is similar to the brittle matkrid9,22]. The maximum
ultimate tensile strength of 747.86 + 10.1MPa isited for [0], fiber orientation length, in the present work ampared
to other orientation of fibers i.e [QP/90]s and [45/45]s when the percentage volume fraction is 56.7. Emsile
strength is suddenly reduced to 747.86 - 81.84 Pwarious orientations of fibers when the peragetvolume fraction
is 56.7 as shown in Table 2. From the results, iihferred that in the case of 0° oriented compasiiecimen, the external
tensile load is equally distributed on all the fiband transmitted along the fibers axis wherewasther fiber orientations
fibers (90,45/45 and (/90) axis is not parallel to loading axis resultingpinlling-off of fibers which causes early failure
load and also other three important factors comsitisuch as (i) stress transfer between the fibértlae matrix is highly
reduced due to the less matrix content in compaditeh is also the main reason for the reductioteisile strength. (ii)
stacking sequence (iii) the thickness and theiimtend exterior disposition of @nd 90 oriented layers in the laminate. A
significant improvement obtained for maximum temsgitrength the of the composite lies in betweerartd /90
orientation of the fibers. respectively. It is atise that the tensile strength of the compositeemes with the increase in
fiber content. Hence a good load transfer is wsiiol between the fibers and the matrix. Furtherdase in the fiber
thickness and volume fraction highly reduces thmsite strength and load transfers between thedibad matrix which

cannot be a significant one for anyapplications8}h,

- 0°

- 90°
0°r/90°

v — 45°%/45°

Tensile stress(MPa)
&
o

P = 10 15 20
Tensile Strain(%)

Figure 6: Tensile Stress-Strain curves for DifferenFibre
Orientations of E-Glass/Epoxy Composite
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Table 2 shows the variation in the tensile modulakies over the constant volume fraction for theoues
orientation of fibers composites. For approximatebynstant 56.7%/f, composites have a maximum tensile modulus of
14.23 + 8.16 GPa when the fiber orientation iafid the minimum tensile modulus of 5.53 + 3.42 G&ta90 fiber
orientation. Similarly, the tensile modulus valuadyally decreases when increases the thicknesiseofaminate and
beyond the 56.¥:. It is clearly visible that there is a marginalamt of change in tensile modulus value for anystamt
volume fraction when the fiber orientations alterelthis shows that the orientation of fibers hasrdiuential effect in

setting the tensile modulus value of any fiber cosi@s[31].

Table 2: Average Static Tensile Properties of E-Gks/Epoxy Composite Laminates

i Density Fibre volume (;.(:“l,zﬁzl:: Load at Break | Ultimate Tensile Ni;:gfllllljs Yield strength
3
g/cm: (V%) e (EN) Strength (MPa) (GPa) (MPa)
[0 2.54 563+2.1 297 54.97+531 747.86 + 10.12 1423+£8.16 | 48327+6.11
[907] 2.54 564+23 2.99 8934233 187.67+6.54 5534342 91.85+£35.23
[0°/90°]; 2,62 57.8+23 298 14.89£6.11 283.54+832 717+714 | 18324801
[45°/45°] 2.62 37.6+2.1 2.99 4.07+1.34 81.84+231 7.01+£2.11 33.79+1.33

4. 2. Effect of Fibre Orientations on Flexural Behaior of the Composite

The flexural property is one of the important pagsns in composites mainly useful to quantify irustural
applications. Figure 7 shows the variations in fleeural strength @ )values over the constant volume fraction for
increase the angle of fiber orientations. It iseslied that the flexural strength values are gragiradreased up to 1.5% of
flexural strainE). Beyond 1.5% of fiber in composite, the flexural strength is sudgledecreased. Then the

decreasing curve suddenly changes and the flexatrahgth gets drastically reduced when volume bérfi(v;) in
composite is 56.7%. During the composite prepanaffache volume of the fibenf ) content is more than 56.7%, it leads
to insufficient filling of matrix into the surrouimy fibers and it is one of the main reason foritttomplete composite. At
56.7% Volume of the fibre\f), the orientation of 0° composite have the maxinflexural strength of 129.74 + 12.2MPa
and it has a more significant change of strengtlerwbompared to the other fiber orientations isedyribecause the
composite specimens are subjected to both temsdecompressive stresses during bending. In additi@at in the three-
point test configuration results shows the measargrof the maximum strength carried by at the ontst fibers of the
beam specimens and also noted that the maximumrélestrength depends upon the fiber content aediltier length in
the composite, in the present case it lie in betm@Emm and 80 mm for 56.7%. From the extensive experimentation, it
is evident that the maximum flexural load is calrley the fiber orientation of 0° than other fibneentations have load

carrying in short fibers side only[27,28].
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Table 3 shows the variation in the flexural modulakies over the constants volume fractions ofnbirig glass

fiber reinforced with epoxy composites. As withpiiavious cases, the values of the flexural moddkireases while -

increasing the volume fraction. The minimum flexumodulus continues in to [9Qof the composite, which have the

maximum flexural modulus of 9.62 + 0.81GPa whenfther orientation is [(s. For aconstant volume fraction when the

orientation of fiber content changes, the variation the flexural modulus is clearly visible frorhet results.. The

observation concludes that the maximum and minirflerural modulus of the composite isobtained a7%6V; for the

fiber orientation of 0and the 90° orientation had the next highest flalstrength values in'®0, and then followed by

the 45°/45fiber orientations respectively[16].

Table 3: Average Static Flexural Properties of E-Giss/Epoxy Composite Laminates

Density Fibre Composite Max Flexural Flexural Flexural

Sample g/cmi Content Thickness Load Strength Modulus
(Vol %) (mm) (KNN) (MPa) (GPa)

[ 07, 2.54 563+2.1 6.01 0.84 +£0.15 129.74 £12.2 9.62 +0.81

[90°], 254 56423 6..02 0.27+0.01 64.82=2.65 4.71+0.56

[0°790°], 2.62 578+22 6.02 0.43 £.0.04 84.25+8.12 8.43+0.72

[45°745°] 2.62 57.6+2.1 6.03 0.36 £0.02 79.65 +4.02 6.02 +0.24

4. 3. Effect of Fibre Orientations on Compressive &navior of the Composite

As shown in Figure 8. stress strain relations aghtty non-linear and final failure occurs catagthically in all

cases. The main specific property of unidirectiofilaér orientation (0°) is maximum compressive S¢rstrain curve

against other non-linear stress-strain curvesaniswerse direction(90 bi-directional (0°/90°) and 45°/4fiber directions.

This may be due to the interface bonding betweettixnand fibres. Imperfect fiber-matrix bonding asmanufacturing

defect that is created during a curing processs dbfect influences the role of the matrix thatpsugs the fibers when the

composite is under compression. From stress-sttaives, it seems that by increasing compressiamidirectional fiber

orientation(0), this bonding becomes greater and the role ofixnagainst microbuckling of fibres is more highiigd. As

shown in the figure, significant nonlinear deforioatwas often observed before the maximum load thiscbehavior was

associated to the plastic deformation of the polyenmatrix[23,29].
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Figure 8: Compressive Stress-Strain Curves for Diffrent Fibre
Orientations of E-Glass/Epoxy Composite

Table 4. shows the variation of compressive modaies the constants volume fractions of orientitagg fiber
reinforced with epoxy composites. As like in praygocases, it is observed that the maximum commessodulus of
sample [(4s the highest, (15.27 + 0.41 GPa), followed bydipéctional woven e-glass fiber[007], Transverse fiber
orientation [90] and [ 45/45°)epoxy composite respectively. Multiple factors aafluence the compressive strength and
modulus of composites. One factor might be therfatéal bonding between the fibers and epoxy matiat facilitates
load transfer. Fibre volume fraction and fiber otaionwere determined as important factors in thechanical
propertiesof the composites. Increase the anglibef orientation has also a negative effect onabmapressive | modulus

and strength of the composites [30].

Table 4: Average Static Compressive Properties of-glass/epoxy composites

. Fibre Composite Max Compressive Compressive .
Density . Compressive
Sample fem® Volume Thickness Load Strength Modulus (Goa
- %0) (Mm) KN) (Mpa) Gpa)

07)s . 312, 3. 96+0. 65 L5, 27+0.

i 2.54 563+£2.1 3.01 0.96£0.05 14.65 £5.12 1527+041
907, . 3423 3. 63+0.03 32+£33 87+£03
[907] 254 563+23 3.02 0.63+£0.03 1032 +£3.34 6.87+£0.32
077907 . 812 3. .93 £.0. A5+£4, 16 £0.

[0°/90°] 2.62 578+22 3.02 0.93£.0.04 1245 £4.02 9.16 £0.71
457/45° . 6x23 3.03 27 £0. 64£2.13 65£0.23

’ 2,62 57.6+23 3.03 0.27 £0.07 4.04£2.13 6.05£0.23

4. 4. Effect of fibre Orientations on Interlaminar Shear Strength (ILSS) Behavior of the Composite

Figure 9 shows typical load Vs displacement curedsained for short beam shear testing. Thds[0
glass/epoxyspecimen supported higher load tharother samples, which is a strong evidence of tliecefof fiber
alignment on this test. The [00]glass/epoxy specimens produced similar maximum kadl curve profile, and the
abrupt drop noticed for the [0 specimen may be an indication that bending andpeessive loads are relatively less
important in this case, and the lack of fibers gltime G promotes sudden failure. Indeed, thg [Baminate supported the
highestload but did not display sudden failure short beam testing, the shear response is strategpgndenton fiber
orientation and it decreases from(€est direction) to 90°(transversely to the loaglirand not so with the fiber content
[23].
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Figure 9: Typical load Vs Displacement Curves for Bort Beam Shear Test Specimens

Table 5 shows the variation of short beam sheangth over the constants volume fractions of oignglass
fiber reinforced with epoxy composites. The]{@rientation of composite presented the highesngth, around value of
15.62 + 3.11 MPa, whereas the transverse orientatfathe laminate[9(,, bi-directional woven symmetrical laminate
[0°/90°)sand the randomly oriented [485]s specimens presented similar strength. Considefiadow deviation in the
values, there is evidence of the orthotropy efatshear strength. These results show the san alserved by Selmy
et al. [17], who reported that unidirectional glagexy 06V; = 35%) composites achieved higher (c. a. 50%) tSbeam

shear strength than randomly oriented specimens.

Table 5: Average Shear Strength Properties of E-GEs/Epoxy Composites

. Composite Shear Max Shear
Sample ];]“c'];'s‘y m"&gz;‘““ Thickness S""&ga""“ Strength | Displacement | Modulus
(mm) (MPa) (mm) (GPa)
[0°]s 2.54 56.3+2.1 6.43 12.38£2.31 | 15.62£3.11 | 1.9920.06 7.97£0.01
[90°]s 2.54 56423 6.41 10.75£1.03 | 11.35£1.64 | 3.03=0.12 3.01+0.13
[0°/90°]s 2.62 578£23 6.51 11.27+£2.11 | 14.88+£1.43 | 3.97£0.04 6.94 £0.02
[45°/45°]s 2.62 57.6+2.1 6.59 925+034 | 1015£1.21 | 2.41£0.13 4.19£0.04

5. SEM Micrograph Analysis of Tensile Fractured Speimens

Figure 10a—d shows the SEM micrographs of the caitgpéracture surface obtained from tensile test®lume
fraction \; =56.7% As can be seenin Figure. 10(a), shows bt delamination of the interphase is found tarhech
lower than the other stacking sequence lay-up gardition. A significant improvement tensile strdngfalues have
confirmed that the adhesion between the fiber aatfimisgood and the fiber pull-out is not so preditant. Strength at
the interphase of the fiber and matrix is found¢ohigher due to the breakage of the individuaffito the vicinity of the
interphase at the loading region. Due to the striomgrphase, glass/epoxy laminates have undergudigidual fiber
breakage appreciably. At this volume fraction,anfiber delamination is not as frequent as therflireakage which is
found to be dominant. Figure. 10(b) it was foundttthe surfaces of as-received fibers were smoeathctean and the
fibers were pulled out from epoxy matrix. Therengsevidence or traces of matrix resin adherindhéofiber. Indeed, the

fiber surfaces seem to be clean and free from dhgring polymer. It is clear that the interfacidhasion between the
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fibers and the matrix is poor. This observationgagls an adhesive failure in the interface. Theeefithe fracture mode
ofthe as-received fiber reinforced composite ithatinterface of the fiber/matrix and the interfateicture cannot transfer
stress effectively. Figure 10(c). Fiber wetting thisvolume fraction is higher when compare to tfig[@lass/epoxy
composite and [9Dglass /epoxy composite which leadsto the fiber kaga and also the intra fiber delamination. The
effective stress transfer between the fiber andirigtprovendue to the higher stress values. [Eidii(d) it was found that
surface of the fibers were roughness, fibers putland poor inter fiber delamination due to thesiienload axis was
applied at an angle of randomly oriented[45]; glass/epoxy composite[28].

Altogether, the optimized strength values ofl{@lass/epoxy composite have very good interfaciaperties,
higher wetting, lesser fiber pull-out and poor anfiber delamination as compared to the other stgckequence lay-up
configurations respectively

Figure 10: Representative SEM Images of the BreakagRegion for
(a) As-Received [0°]s Glass/Epoxy Composite
(b) [90°]s Glass /Epoxy Composite
(c) [00 /90°]s Glass/ Epoxy Composite
(d) [45°/45°]s Glass/ Epoxy Composite that were
Tensile-Tested in Machine Direction

5. 1. SEM Micrograph Analysis of Flexural Fractured Specimens

Figure 11(a) shows that the fiber pull-out behawidrthe [0]s glass/epoxy composite occurs rarely when
compared to other stacking sequence configura{i@®$.,[0/90]s and [45/45], glass/epoxy laminate respectively. This
indicates that there is a good interaction betwbenfiber and matrix at the interphase. Traceshof kayer of resin are

found to be coated over the fiber surface whichwshthe better adhesion between the fiber and thexnaess impurities
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in the fiber surface, smooth fiber walls are thestmarobable reasons for the less variation in tleehanical properties.
Stress transfer between the reinforcement and ibex fs appreciable which is also evident from thigher flexural
strength and modulus values and less agglomerafidiber in the composite. Fiber breakage occuny ¥eequently in
both tensile and compressive region due to thefiess pull-out and higher fiber accumulation lead$etter adhesion at
the interphase region. Figure 11(b)Due to the fipell-out at the interphase, holes are created usecaf the poor
interfacial wetting. More fibers pull-out is obsed/in the compression region due to the highesstmncentration
whereas, in the tensile region, it is found to beyJess. Figure.11(c) shows that the SEM microgmifflexural fractured
56.7% \f specimen. Due to the flexural load, the interphdalamination is found minimum in the cross satid the
composite. Due to the uniform compressive forceliagpduring the manufacturing of the composite spea, the
presence of voids in the specimen is found to lvg ménimal. Fiber pull-out is very low evident ihé micrograph, as the
bonding between the fiber and the matrix is vergreg. Figure 11(d )Crater like structures in theagma is found in the
micrograph of the specimen which is due to theneudf the matrix under the action of catalyst aockterator. Due to the
minimal fiber pull-out in the composite, the fibéreakage is high and the individual fiber delamoratis also
predominant due to the same reason[28,32]. Cornsiglail the factors, that the optimized strengthuea for [0]s glass
fiber/epoxy composites which have good interfapiaperties, higher wetting, lesser fiber pull-oatdgoor intra fiber

delamination.

(©) (d)

Figure 11: Representative SEM Images of the BreakagRegion for
(a) as-Received [Qs Glass/Epoxy Composite
(b) [907; Glass /Epoxy Composite
(c) [0°/90]; Glass/ Epoxy Composite
(d) [45/451, Glass/ Epoxy Composite that were
Flexural-Tested in Machine Direction
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5. 2. SEM micrograph analysis of compression fracted specimens

To understand the reinforcement mechanisms of warstacking sequence configuration of glass fibarforced
epoxy composites, the fracture surfaces of comanesssting specimens were examined by SEM. Reptatsee fracture
surfaces of those composites with]{§901,,[07907]s and [45/45] glass /epoxy composites, are shown in Figure.)42(a
(d). Figure. 12(a) shows the traces of thin layfeesin are found to be coated over the fiber serfahich shows the better
adhesion between the fiber and the matrix, fibeesewsmooth and clean, which indicates an accoontthé relatively
high amount of energy required to fracture the spen. Figure. 12(b) it was found that the surfagkas-received fibers
were smooth and clean and the fibers were pullédrom epoxy matrix. In contrast to the, the fraetsurfaces of the
[907s glass/epoxy composites reveal from different motpgies, these include crack bridging, fiber pullamd fiber
fracture, and matrix fracture. Figure. 12(c) cleganldicates that the glass fibers are well embeddtdthe epoxy resin,
which appears to surround and adhere to the fillsfisent in the matrix near the glass fiber isrgdagap, suggesting the
occurrence of fiber—matrix debonding which causssés in strength. Figure 12 (d) shows that gihsssf are perfectly
bonded to the epoxy matrix suggest that the presehfibres may deflect the matrix crack at thesifdce between fibre
and matrix, and thus reduced the crack's growth radditionally, glass fibers could be fracturedpatled from the epoxy
matrix when the load is applied[33,34]. Finally,idance suggests that improvement of mechanicalgotieg mainly
depends on the interfacial adhesion is supericpioxy matrix composites with @ and [0/90]stacking sequence of

glass fibre content, as opposed to those witf{80d [45/45]stacking sequence of glass fibre content.

(c) (d)

Figure 12: Representative SEM Images of the BreakagRegion for
(a) as-Received [Qs Glass/Epoxy Composite
(b) [907] Glass /Epoxy Composite
(c) [0°/907, Glass/ Epoxy Composite
(d) [45/451, Glass/ Epoxy Composite that were
Compression-Tested in Machine Direction
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CONCLUSIONS

The outcomes of the present work are the effecgjla$s fiber orientations on the mechanical propsrtf

composites. The effect of glass/epoxy sampleso@®,0/90 and 4545) was investigated along with the tensile, flexural

compressive and ILSS performance of the preparaedposites. The following conclusions are made baseche

extensive experimental study:

The tensile strength and tensile modulus of thelitedtional glass fiber/epoxy [Qis higher and compared to the
other orientation of fibers [S[,[07907s and [45/45].. The density of the unidirectional glass fibevésy less

compared to all other fibers.

The tensile and flexural properties of with theieas orientation of glass fiber epoxy composite @gaificantly
improved the at same fiber volume fraction and[®}s, [90][0790]s and [45/45]s. It is found that the increase
in the fiber volume fraction increases the tensitengths and tensile modulus. The maximum tessingth and
modulus of the fiber [Qs glass/epoxy composite is achieved at 56.7% VtHerunidirectional fiber. In general,
the stacking sequence of fibers]fand [90]s were inserted as exterior as well as interioragnand bottom of the

layers sequences have higher strength and hidrerdinds which are accumulated in the composite.

The maximum and minimum flexural strength and maduwf with the various orientation of glass fib@ory
composite are achieved at same volume fractio%6V; for unidirectional glass fiber [ and randomly
oriented glass fiber [485] epoxy composites and compared to other orientatidibers. But the values have

significant improvement in unidirectional glassefif0]..

The compressive strength of the]{0aminate samples is about 9% higher than thattHer [0/907]fabric -
composite, a result of waviness in the bi-direaiomoven e-glass fiber/epoxy[00].Compression failure modes
for the variety of fiber arrangements are differeftte experimentally observed shear failure ofrfiaeross the
specimen thickness was the failure mechanism ofiniae composites. Delamination zone, followed by
microbuckling and global buckling is the failure seloved in bi-directional woven glass fiber [0°/304nd

randomly oriented glass fiber [45°/45°]composites.

The [0°]s glass epoxy/ composite presented hightarlaminar shear strength (ILSS) and the opposis
observed for the [90°]s glass-epoxy composite sfmrt beam test. Short beam test is easier, maigal and
cheaper, but experience undesired features duestmg, like the influence of compressive loadicryshing and

a shear stress in the specimen, easily observétlgelaminated gage area.

The SEM micrograph of tensile, flexural, compressand ILSS tested specimens predicts the fibar&imatrix
crack and fibers pull out, bonding/debonding ofefilmatrix during the loading condition at 56.7% &ff the
composite. At higher strength, the volume fractomposite has less fiber pull out due to the mopeimulation

of fiber being wetted in the matrix and also itséers higher load.

Overall, it can be concluded that the at the saahenve fraction of the various sequence lay-up cumfition of,

[0°]s glass fibers/epoxy composite have the maximuomechanical properties. While manufacturing the posite

specimens, the fiber stacking sequence plays aartamt role to enhance the mechanical propertibs. glass fibers can

be easily available within less cost and the coiitg®san be made by the simply manual method.
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