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Al;s'tract_

Iligh perlformance composiles are currently being used in the marnine, automotive,
aerospace and defense industries. These industrics demand materials with properties
that arc similar or belter than conventional metals at & fraction of the weight. The
design of composite struetures is challenging due 1o the complex mechanical behavior
of the siruclures and the number of design variables involved. A composite taminale
is typically formed [rom o numher of [iber-reinforced layers having dircetional
praperties. Dasically, for each layer of the laminate, the design variables are the

choice of material system, thickness and orienlalion of the layers.

'The objective ol (his rcscarch work was to evaluate the cffects of glass fiber mats
{CSM and RM) orientation and the dimensions (3D} of oricntation on the mechanical
properties in compare with epoxy matrix and other types ol origniations by testing
under tcnsile loading system. A dic was designed prior io manufacture the composile
samples and the samples were prepared as per ASTM standards. An Iustron machine
was used for tensile loading test. All specimens were tested to failure in arder to
characterize the effect of maximum strain on fajlure strength of the malerial. The fiber
volume fractions (FVFs) of all types ol composite specimen were measured n a

conventional method.

Lxperimental valucs were obtained for lensile modulus, maximum siress, and the
strain at maxinmm stress in all three directions. It was experimentally found that
Composite of 3D orientation of CSM provided 81.46% higher strength, whereas other
horizontal orientations of CSM with and without woven roving mat provided 43.73%,
52.53% and 56.2% higher slrength over epoxy mafrix. The 3D oriented GFIR
composite also abserbed 114.15% and 153.05% higher energy than cpoxy matrix both
to initiate crack and to fracture respectively. Whercas other types of horizontally
oricnted GFRU composites absorbed 85.69%, 76.0%, 35.23% and 93.37%, 91.84%,
39,11% higher energy than cpoxy 1natrix bolth to initlate crack and to [racture
rcspectively. The 3D oriented GFRU composite was, therefore, more 1oughencd than

other types of composites.

Vi



“CHAPTER1™ ™

INTRODUCTION

In the technologically advanced cra that we curtently live in, there is a growing
demand for cheaper and miorc durable materials for a varicty of applications.
Previously metals and metal alloys were used to manufacture anything and everylhing
from paper clips 1o skyserapers. Then plastics were discovered and a revolution began
where plastics staried replacing metal components, Tor cxample, gears, bearings, ete.
Plastics are easier to mould into complex parts as well as being lighter than their
metal counterparts and just as durable. Initially plastics were cxpensive, but as their
application and demand in everyday life increased, the manufacturing costs of plastic

components decreased.

The use of plastic components are limited 1o low cnd applications such as ood
containers and dustbins due to their relatively low strength. High end applications
such as avtomotive, maring and aerospace structures still required the vse of metals
and their alloys. Thus there was 4 need [or a strong vet lightweight material and

composile materials were developed.

Reinforcement of plastics by fibers has been employed successfully for over fifty
years as means of improving the mechanical properies of the manulactured products.
Corabining high-modulus, high-strength [ibers with a polymerie matrix produces a
composite material with higher sliffness and strength, and lower thermal-expansion
coefficient. The reinforeing fibers can be introduced either in a continuous {long) or
discontinuous  (shorty [orm. While continuous  fibers provide greater relalive
improvement of the mechanical properties, they also signilicanty complicate
composite-material processing. Short-fiber compasites, on the olher hand, can be

easily manufuctured by automaled, and hence more economical, methods [1].

Recent rescarch waork has targeted to evaluate the eTects of oricntations of glass fiber
mats on the mechanical propertics of polyer-based composite produced by HLU

methaods,




1.1 BACKGROLUND

In aniiquity, mechanical propertics were ofien the decisive factor in materials
sclection. Today, they still limit the size of our bridges and skyscrapers. and the
performance of our airplanes. The second part of the twentieth century has seen
significant developments in our understanding of fundamental malerial science, and
thus also of the mechanical performance of materials. This understanding has
generated profound changes in the field, leading to new familics of malcrials, new
concepts, and wide ranging improvements in the mechanical behavior and in all other
properties of materials. In our energy-conscious socicly, materials and structures are
required to be morve performant, lishtweight, and cheap. The best answer (o these
requirements is often provided tluough the powerful concept of reinforcement of a
“matrix™ material with a second-phase dispersion {particles, fibers}. This concept was
already known 1o our ancestors, Indeed, Lhe book of Exodus provides an often quoted
reference to straw-reintoreed clay bricks prepared by the Hebrews. and plant tibers in
potery arlefacls were used carly on in Central and South America. In these carly
examples however, the aim was to prevent eracking of the brittle material rather than
reinforcement. [ he concept ol reinforcement of materials by a second-phase solid is
omnipresent in nature as welf, from human bones (hydroxyapatite platelets within a
collagen Mibrillar matrix) to fingernails and rhinoceros horn (both consist of keratin
fibers dispersed in a prolein mateind, to the various types of wood {cellulosic libers in
a lignin matrix). A more subtle concept related 1o reinforcement in nature conacerns
the hierarchical microstructures {including the various degrees ol syminctry), which
so far have only pantially been applied to synthetic composites, and a promising future
seems to lie ahead for the observation of {and lessons 1o be learned from) the

reinfarced structures that appear in nature. a field comumonly wermed biomimetics.



It is an interesting fact that many natural forms of reinforcement possess a nanometric
dimension  whereas most current synthetic  composites include fibers in the
micrometer range. Expecled benefits of such “miniaturization”™ would range from a
higher intrinsic sirength ol the reinforcing phase (and thus ot the composite) to maore
cllicient stress transfer, o possible new and more flexible ways of designing the
mechanical properties of yel even more advanced composites. First these arguments
are reviewed, and then the concept of siress transfer leading to the principle of
reinforcement is discussed. This is followed by specific materials aspects and by a

short account of possible future forms of reinforecement [2].

Alihough many definitions of "composites™ are available, they can be described as
materials comprised of two or more constituents with very distinet compositions,
structures and properties separsled by an interface. The aim in producing composites
is to combine different materials in a single device with properties that cannot be
abtained from the individual compenenis, Theretore composiles for optical, structural,
electrical, opto-electronic, chemical and other applications arc casily found in modern
devices and systems, During the past 30 vears, there has been a substantial
development of composiltes for structural applications. "The main suppart of this
tendeney is the possibility of producing composites with high mechanical properties
and low density that can replace traditional materials such as steel and wood. The
combination of high performance palymers with high modulus-high strength ceramic
or polymer {ibers allowed the production of composites with a group of proportics per

weight superior than thosc of steel, aluminum and others [3].

Another important feature of composites is that they can also be easity designed to il
in a specific application due 1o the capability of having their properties lailored by
changing one of a scrics of variables. Some ol these variables arc the type,
concentralion, size, shape and orientation of the constituents. Amang these variables,
the shape and the orientation of the reinforcing agent are the components of
recognized importance in the design of composites. The influence of the aspect ratio
of short fibers on the properties of composites is well dgocumented and diclates the
overaf] stress transterability phenomenon. Free fiber ends do not contribule to stress
transfer. Steess is bullt progressively from the fiber ends up to a cerlain length {(fiber

critical size) where the stress transferred 1o the fibers reaches the characteristic



niaximum value for a specific system [3].

Slructural composites are engineering matcrials made of oriented reinforcing fibers
dispersed in a metallie, ceramic or polymer matrix. The use of compasites moved
[orward in components of aircrafis and space structures duc mainly to project
flexibility, easy processing, lower density (0 ~ 2 g.om™), as well as high mechanical
sirength and modulus. That mateher the reguirements of the structures during service
[4, 5). I'his turns the composites particularly attractive as substitutes of the merallic

alloys for high demanding acronawtical and space applications 4],

The aim of this work is to evaluate the effect of fiber mat orientation on the propertics
and mechanical behavier of composites. . However, the properies of composilcs
depend on other factors, such as the molding techniques, liber orientation and curc

cyeles,
12 OBIECTIVES

The cure objective of this rescarch work i3 (0 evaluate the effect of orientation of
elass fiber mat and the dimension of orientation in cpoaxy matris on mechanical
properfics.  Mechanical characlerization was carricd oul on coupon  specimen
sandwich plates manufactured by hand lay vp process. In addition. comparison of
performance is made based on parameters like manufacturing methods, fiber
architecture, resin cle. To achicve lhc- main objective, the Tollowing sleps are also the

imegral parts of this research objective:

I. Manufacturing GFRP* plates using hand lay-up in conjunction to compression
molding.

2. Preparing coupon specimen [tom plates manulfactured by open hand lay up {HLU)
process,

3. Conducting lension tesls on coupon specimens o Tind mechanical propertics as per
ASTM standand.

4. Comparing stress-strain behavior of ditforent fiber archiwecture, effvct of 3D

reinforcement of glass fiber mats cle.



1.3  ORGANIZATION OF THESIS

Chapter 1: general Introduction and background on plastics, reinforced composites
and their comparative discussion over conventional materials and detailed objectives

of the research waork.

Chapter 2: highlights literature data available on GFRP composites and description of

previous rescarch worlds done over GFR composites.

Chapler 3: Summary of constituent materials and manufacturing methods vsed for
fabrication of composites. Constituenl materials ineiude fiber and resin mateiy with
their detailed description. Further, briet information about each manufacturing
method used is provided. Steps involved in coupon specimens’ preparation are listed

in the end.

Chapter 4: Deseribes about composite specimens manufacturing method used is
provided. Steps involved in composite specimens’ preparation are die design; molding

process and sample specimen preparation are also described.

Chapter 5: Describes the testing machine and the experiments conducted for
mechanical characterizalion al specimen level. In addition, step wise procedure of
gach test method is listed followed by equations and plots required for property

determinations.
Chapter 6: 1t contains comprehensive sumumary of results and data analysis for various
test methods, Stress-strain and load-dellection behaviers are thoroughly studied with

tabular and graphical presentations. Effcet of various parameters is discussed.

Chapter 7: Dctailed resuits and their relations are discussed. Result predictions are

then compared with experimental data for various orientations,

Chapter 8§ Conclusions and recommendations for future work are prescated.




CHAPTER 2

LITERATURE REVIEW

This chapler {ocuses on eritically reviewing of available literature on mechanical
propertics of fiber reinforced polymer composites as well as the constituent materials
such as fiber and matrix. Some of the previous research works over fiber reinlorced

composites were also described briefly.

0 INTRODUCTION

The evoltion of composile material has replaced most of the conventional material of
constriction in automobile, aviation industry cie. Fiber reinforced composites have
been widely successful in hundreds of applications where there was a need for high
strength materials. There are thousands of custom formulations, which offer FRPs a
wide variety of lensile and Mesural strenpths. When compared with traditional
materials such as melals, the combination of high strength and lower weght has made
FRI* an extremely popular choiee for improving @ product’s design and performance

[6].

2.2 FIBER REINFORCED COMPOSITES

Fiber reinforced composite components consist of rigid fibers embedded ina

comparatively solt matrix. The {ibers can be dircctional or non-directional, long or
short. The matrix joins together the individual fibers so as to make them resistant to
shear forces. In general, the mechanical propenies of the matrix are siemificantly
poorer than those of the [ihers. Owing to the differing fiber directions of orientation,
fiber composite structures exhibil an anisolropic or in some cases quasi-isotrepic
behavior. Three main oroups of composites can be distinguished with respeet 1o the

type ol matrix matcrial;

»  Polymer Matrix Composites; ‘The most commen eolmposite materials, mostly

used for light weight structural applications,



-

Melal Matrix Compaosites: Used for special applications. e.g. for engine parts
in the autometive industry, for which high temperaturc performance with low
thermal distortion and specific tnbological properties, ¢.g. wear resistance, are
required.

Ceramic Mairix Composites: Used in high temperature appiications such as

brake discs and heat shiclds,

For a given combination of strength, stitfness and energy absorption capacity, parls

made of fiber reinforced composites are often lighter than if they were made of

conventional lightweight construction materials, and they are therefore mainly applicd

in .load bearing structures. The other main advantage is design freedom in particular

for shell-like structures, ¢.g. dome-shaped companents.

The tollowing are the design parameters [or polymer matria composites:

‘type of [iber and matrix: The properties of the fibers and the matrix and the
adhesion between the Llwo componcnts determine the properies of the
compaosite material.

Fiber volume [raction: Since the fibers mainly determing the strenglh and the
stiffness of the part high fiber volume fractions must be achieved for load
bearing structures. The manulacluring processes mainly give limitations, e.g,

Mow stop due to low permeability Tor liquid composite molding processes.

Length and orientalion of [ibers: Stiffhess, sirength and crashworthiness can
be increased by using longer fibers and orienting them parallel (o the dircelion

of loading.

Although significant improvemoents have been made over the [ast 30 vears to the fiber

malerials as well as those of the polymer matrix, polymer matrix composites have

[ailed (o make the breakihrough ke applicatton in mass production. The reasons are as

follows:

*

Designing is not straightforward because of the anisotropy of the material and
the difficulty of characterizing its mechanical properties.

Material and manufacturing costs are high.



s The necessary quality control procedures are both complex and difficult to
apply.
* There is no elTective standard method for repairing the componcnts,

+ There is a limited plan or system [or recyeling the material.

Thus fiber reinforced composile matcrials have not been able to oust conventional
lightweight building materials, Nevenheless liber composite technology has been
used successfully in two arcas. These arcas differ, especially in terms of product
quality and costs:

o Ili-tech applications such as acrospace, Icisure and sports, where the market
will bear a high price lo save weiglt. The main requirement in this area is high
rigidity in conjunction with the lowest possible weight.

&  Low-tech laminates such as glass-fiber reinforced polyester laminates that can
be used for prototypes, hand production in smail lots or efficient automated
processes like chopped fiber spray or [ilnnent winding of simple geometries.
Possible applications are in producing silos. ship hulls or hang-on parts for

automolive use,

In recent vears the automotive industry has showing increasing inlercsl in composite
technologies. o particular, [iber-reinforced composites seem (o have an advantage
over conventional lightweisht materials such as abuminium or magnesium lor making
structural and semi-structural parts for sport and Juxury cars in small and medium
praduction runs. For this scale of production the low tooling costs compared to those
for conventional sicel parls more than offsets the higher operating cost. and the
areater design freedom allows the manufacture of highly inlegrated structures that

replace assemblies of smaller parts {7].

2.3 MECHANICAL PROPERTIES OF FRP COMPOSITES
Mechanical propertics of FRP composite are dependent upon the ratio of fiber and
matrix maletial, the method of manufocture, the mechanical propertics of the

conslilucnt materials, and the filer oricntation in the matrix, Mechanical properries of



olass tiber composites manufactured by dilferent fabrication methods are shown in

tables below.

Table 2.1: Typical mechanical properties of glass fiber composites manufactured by
difterent fabrication methods [8]

Tensile Tensile Flexural Flexural
Mecthod Strength Modulus Strength Modulus
(MPa) {GPa) {MPa} {MPa}
Hand Lav-up G2-144 4-31 110-53510) §-28
Sprav-up 124-335 §-12 §3-190 5-9
BEIM 138-193 3-10 207-310 §-15
Filament - .
. 330-1380 10-50 680-1723 J4-48
winding
Pultrusion 275-1240 21-41 517-1448 21-41

Table 2.2 Properties of chopped strand glass fiber reinforced composites (9]

Property In chopped strand mat
Gilass conlent 2343
Sottening or melting point °C 750-800
Specifle gravity 1.4-1.6
Tensile strength, M 76-1 6l
Tensile modulus, MPa 3.6-12
Flexural strength, MPa 14{-268
Flexural modulus, MPa (.8-14
Compressive streneth, MPa 120-18¢




#Mechanical properties also depend on reinfuorcement forms-continuous. aligned [(ibers:
woven  fabric; and aligned or randomly distributed  discortinuous [ibers. In
unidircetional fiber composites, fibers are straight and pacallel. They are considered
orthotropic materials because thgy have two orthogonal planes of symunelry. Te
eslimale extensional Young's modulus For unidirectional fiber composites, the

following relationship between moduli of matrix and fiber can be used:

E] = ‘l'rIEI" + 1""rm E‘II'I Eli] (21}

Where ¥y and ¥, denote volume [Factions of fiker and matrix, respectively [10].
Modulus in iransverse direction and shear modult in the 1-2 and 1-3 planes (1-0 2-,
and 3- directions denote longitudinal, width, and thickness. respectively) are strongly

dependent of the fiber distribution.

I he stress-strain behavior of FRP composites has almost linear relationship; and they
do not vield plastically, Mowever, non-lincarity can also be obwerved due to
formulation of small crack in resin, fiber buckling in compression; fber debonding,
viscoclastic deformation of matrix. Mbers, or both, Therefore, vield point in composite
materials denotes the departing from finearily in stress-strain relationship. The axial
tensile and compressive strengths are dominated by MTber properties because they
carry most of the axial load. Their stiffuiess is higher than that of matrix. The other
strenpth values. which are olten lumped into transverse strength properties, are
influenced primarily by matrix strength characteristics, fiber-matrix interfacial bond
strength, and the inlernal stress concenlration due to voids and proximity of fibers.
When fiber breaks under tensile load, the mairix resists the displacement by shear
stress on lateral surface of the fibers. In compression, matrix helps stabilize the tibers,

prexenting Lhem from comipressive buckling at low stress level.

In discontinuaus fiber composites, the orientation of fibers depends on relative sizes
ol [bers and part, resulling in 2- or 3-dimensional [Ther orientations. In addition to
factors alfecting the properties ol unidirectional composile, fiber length and diameter
often affect the properties of discontinuous composite, Variability is apparent in
discontinuous compaosites because Miber orientation and volume [raction are difficult

to controt in manufacluring process. In general. (iber volume fraction for
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discontinuous [ber composites lends o be lower than that for continuous and fabric
composile, hence lower mechanical propertics. The following cquations can be used

to estimate the Young's modulus of discontinuous fiber composite,

For paralle! discontinuows, Eo=d& ¥ Er+(1-V} LGy Fg. (2.2)
lutth( p
é, _j_ lunh()
P

(B 1)
(G, [-1

d\ E; kk‘h'J{:vJ,.]l

where o and ! are bulk diameter and length of Tibers, respectively {10].

For 3-and 2-dimensional random discontinuous fiber, there are 1/ and 176

coefficients in front of the fiber contribution term.

Region with significant amount of [iber curvature is likely to be the source of part
failure because of their low strength propertics. However, strength of disconlinuous
fiber composiles is ditficult to predict than that of continuous composites due o
complexily of fiber orientation. There arc three potential causes of failure of FRP
composite. First, failure can be caused by cmor in the design process of FRD
cn;npmilu material or structure built from FRP composite. Second, error during
fabrication and processing of FRP composite can cause failure Third, failure can be

caused by fracture, which depends on type and orientation of fiber reinforcement [10].

One arca that the weight efficiency and controllable properties of the FRC are crucial
is the aerospace industry. This is because much portions of the structure in aircrafi
structures designed Lo be load carrying capacity compenenis are made of thin flat or
curved panels. Examples of these componenls arc aircrafi stabilizers, fuselage
seclions, missile nose and body scctions. These compuonents are subjected to both
mechanical loads such as lateral pressure and edge compression loads and therma!

load. As thesc loads are responsible for failures such as yielding and buekling failure.
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it is imporiant 10 study the stale of stress beside other behaviors such as vibration,

buckling and post buckling of FRC plates [11].

2.4 ENERGY ABSORPTION UNDER TENSION

When a force is applied to a material there is work done in the sense that a foree
moves through a distance (the deformation of the material). This work is converted Lo
elastic (reconvertible) encrgy absorbed in the creation of new surfaces at the cracks in

the material and surfaces [12].

Traditionatly metals are used in many applications for their good energy absorption;
however, the design ofien tends to be heavy. Linked to a demand for lightweight and
fuel efficiency in vehicles there s a move toward the use of composite compongents.
Properly designed composiles can absorb a significantly greater amount of energy por
untt mass than metals [13-16]. Mewls tend to absork energy by local plastic
deformation; whereas composites exhibit more complex mechanisis. Most composite
materials are britile and absorb energy via a combination of fracture mechanisms such

as matrix cracking. delamination and fiber breakage [17].

2.3 STRUCTURAL BEHAYIOR OF FRC

‘[ he structural behaviors of FRC can be optimized by using the correct combinalion ol
FRC parameters such as lamination angle, mumber of layers. aspect ralios el
However the improvement based on this optimizalion procedure is rather fully
utilized. One method that ean give improvement to structural behaviors is by
employing passive treatment such as using structural stiffeners. This however can
override the weight efficicney advantage obtained [rom using the FRC. Researchers in
the last decade have tum o now material technology such as the smart materials as an

active ireatment for improving structural behaviars of FRC plales.

Shape memory atloys (SMA) composile is either a polymer matrix composite or a
metal-matrix composite that hag the structural integrity of the composite material [18].
Most importantly the constraint of the matrix allows the gencration of the high

recovery stress (hat no conventional materials can provide [19].
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2,6 EFFECTS OF FIBER ORIENTATION ON COMPOSITE
PROPERTIES

An imporlant characteristic that all composile parts have in common is the elfect of
fther grientation on the final propertics of the part. The properties of the part in the
direction of fiber oricntation and transverse 1o it are significantly different |20]. The
graph in Figure 2.1 demonstrates this effect. It is clear that the clasiic modulus is
munch higher when a stress is applicd in the direclion of fiber orientation than when it
is applied fransverse to it Mayer {1993 [217 claims that there is progressive damage
1o the material a stresses below Lthe ultimate. The first sign of damage is transverse
fiber debonding through separation between the resin and fiber perpendicular to the
load direction. This occurs typically at 0.3% strawn and 4 stress level of about 30946 of

the lensile strength.
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Figure 2.1 Stress-strain graphs with fibers oriented in the direetion of strain and
transvorsal 1o strain [20].
A single parameter f, can be used 1o present the distribution of fiber orientations. This
condition halds rue when all the fiber are all in paraltel planes as in thin layers. When
all oricntations are cqually likely, this parameter becomes 0 and when all the {ibers
are perfectly aligned along a reference direction, ¥, becomes 1, When the fibers are all
aligned at right angles to the reference direction. f is -1[22]. 'The variations of f,

properties from § to 1 are represented in Figure 2.2,
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Figure 2.2 Variation of £ properties correspondingly from 0 1ol [22].

The strength of a fiber composite clearly depends upon the orientation of the applied
load with respeet o the direction in which the fibers are oriented as well as upon
whether the applied load is tensile or compressive. The following sections present a
diseussion of failure mechanisms and composite constituent property relations [or

gach of the principal loading conditions [23].

Given ihe orientation of fibers in most of the composites currently used. entirely in
the plane of the laminate, panel edges are particudarly sensitive 1o loads, which cause
in-plane and out-of-plane shear stresses [24-28]. The rupture of the link berween
plies, interlaminar cracking. is more commonly known as delamination. This mode of
rupture is important for many marine structures and frequently defines the useful limit
of these matertals. The risk of delamination iz also critical in many aeranautical

applications, particularly afier impact, and has been ihe objeet of many studies [29].



Impact loads are olten present in marine structures {slamming due to wave loading
and more concentrated impacts (dropped object. floating object impact) |30]. Sellars
[31] has studied the conditions, which define slamming as a violent impact of water
on the lower hull. ‘The duration of slamming is very short, measured as milli-seconds
[32] Military vessels, such as anti-mine vessels, may also be loaded by caplosions.
cither underwater or air blast. As a result of their low interlaminar strength transverse
impact loading can cause cracks and delamination in composites and stitfence
debonding [31]. During impact, the energy absorbed can create a large damaged zone
{matrix cracking, fiber breakage, fiber debonding and delamination), "I his damage can
cause a reduction in strength and residual stiffmess without visible degradation of the

component |28, 33- 34|,
2,7  EFFECT OF STACKING SEQUENCE

YW hile highly orthotropic slacking sequences may be optimal wilh respeel to elobal
lgading and wdiffness based design, stiess concentrations as high as 7 or 8 have been
detcrmined for mthotropic laminates containing holes, Laminate stacking sequence
allows the designer to tailor laminates Tor applicd Joads and this possibifity las beon
uscd extensively in the design of composite joints. Slacking sequence has been shown
o influcnce the strength of joints significantls with respect 10 both strengeth and
tatlure mode. Collings [35] in his carfier work o0 joinls in CFRP discoversd that
while slacking sequences had a lesser eflecl on shear-out and pet-section strengths,
beariing strenuths wers wensitive to staching scquenee, Subequent research has shown
that all fatlure modes are dependent on stacking sequence. Arneld |36] and Tamada
[37] eapressed (he imponance of i plies on the bearing snenpth wish Hamada
proposing that the strength was dependent on the degree of inteclamvinar fraeture
versus [iher huckling in fhe 0% plies. The pseudo-clamping ciftet vhiained (rough
cimploying plics af 90" to the load dircetion at the outer surfaces, has been shown both
experimentally [36, 38, 39] and numerncatly |38, 40] Tor both glass [ber reinforced
plastic (GEREY and CFRP luminates.

Applying 90" plics atl the owter surlace acts in reducing inerlaninar normal stresses
apd impedes delwmination. ln contrast to much ol the published literatore, Hamada

[38] foumd that the highest joint strengths were achicved through adopting outer i
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plies in hig study of the offects of stacking sequence on the streagth of quasi-isotropic

[aminales.

[t has also been reported [417 that plies of simifar origntation should be dispersed
throughout the laminate wnd not “blocked” in order to achieve higher bearing stecngth.
Thus the most ellicient laninates, considering all possible failure moedes. have 2
dispeised |9, » £ 45 4 |s yuasi-isovopic stacking sequence. Cross-ply laminaes
have been studied in tension by Marshall [31) and in bending by Chen and 1 ee |29]
with both authors in consensus that [99.:00, 7] ¢ laminates ealibil kigher ultimate joint

strenglh compared o [0 M| 5 tarminates,

2.8  STITCHEDV3-DIMENSIONAL LAMINATES

Delaminations in impacted laminates are mainly the result of low through-the-
thickness shear strength. The reason for this is that the fibers in traditional laminates
are only oriented two dimensionally; there are no fibers running through-the-thickness
which can carry 12, TvZ or o7 stresses that result [rom transverse impacts. Therelore
one way that researchers have attempted to improve impact performance is by placing
fibcrs in the z-direction of laminate. The preferred method of placing {ibets through

the thickness is stitching.

Figure 2.3 Different Stitching Patterns [42]

To fully understand just how the stitching alTeets the behavior of a composile one
must {irst understand the basic mechanics behind a slitched composite and more
specifically how a delamination crack propagates in a stitched composite. A study by
Sharna and Sankar. 1995 [43] examined mode I and mode [} crack propagation of

composiles with different stitch densities, It was Tound for mode | crack propagation
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that stitches first debond from the surrounding resin and then fracture as (he crack
propagates. The propagation of a mode I crack for z traditional 2-D laminate in a
double cantilever beam (DCB)Y was pradual and steady. The separation of the layers
advanced progressively as the ends were pulled apart; the stitehed composite’s crack
front on the other hand progressed Imermittently as individual stitches fractured. For
mode 1] crack propagation ihe unstitehed laminate eaperienced a sudden catastrophic
fallure while the stitched composite had steady crack propagation. Both the Gy and
G values were higher [or stitched eomposites and increased with increased stitch

densily.

The improved Gy and Gyic values that stitched composites displayed in the end noteh
flexural (ENF) and double cantilever beam (DCR) have led researchers 1o the
conelusion that stitching would reduce delamination area and improve residual
strength. These assumptions have borne themselves out as can be seen in the
following studies [44-49]. From these studies many common trends emerge. The first
and most significant o (hese trends has to do wilh the ameunt of damage that
accumulames in stitched composites as compared to baseline specimens. The DT is
higher in stitehed specimens than in baseling laminates. In bascline laminates a large
load drop immedialely follows the DTL whereas in the stitched specimens the load
has a saw tooth profile of small load drops and increases aller the DTL. This saw
tooth appearance is the result of the propressive fracture of stitehes as the
delamination crack tip propagates along a ply interface. The stitches therefore absorb
the impact encrgy through strain and [racturs, restrict the growth of the delamination
crack Lip and eventually arrcst the propagation of the delamination much sooner than
in traditional laminatcs. This has the overall clcct of significantly reducing the
delamination arca of an impacted specimen. The stitched composiwe is also stiffer
after the 1XTL than the baseline laminale with the lead increasing 1o a higher
maximum load at a lower deflection than in bascline laminates. 'the density of the
slitehing also affects the impact performance of specimens. Generally the rule is that
the higher the stitch density the bemer the impact behavior but there does seem 1o be
an optimum stitch density [or impact performance. Damage accumulates, as the
stitches get closer together: the needle must move or break the main 2-D fibers, which
cause not only fiber fracture but alse distartion of the original fiber architecture that

can alfect the load carrying capacily of the laminate, Therctore for stitch densilies
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above the optimum density damage and discontinuity introduced into the [iber

architecture overshadows the strength gained by an increased number of fibers,

The virgin and residual strenglh of a stitched composite, as with traditional laminates,
is dependent upon the type of lpading that it is subjected to. The virgin tensile
capacily of a stitched specimen is aclually lower than that of an equivalent non-
stitched laminate. The meason for this is the alorementioned [iber damage and
archilecture distortion that takes place as a consequence of the stitching progess. The
distortion of the fibers reorients them in a different pamern than was originally
intended and produces voids, which are filled by resin causing stress concentrations
within the laminame itself. The result is that the virgin tensile capacity decreases with
an increasc in stitch density. The increase in post-impact residual tensile capacity of
stitched faminates is only marginal at best, The real advantage of stitching comes with
the compression after impact (CAI strength. This eoes about becavse CA] strength,
as mentioned above, is driven largely by the stability of the laminale. To optimize the
CAl capacity of a composile the aforementioned optimum stitch density should be
used. The stitching not only reduces the initial delamination area it also restricts the
resulting sub Jaminates from buckling individually and heips the laminate ¢t as a
whole. This comes about from the stitching that crosses the ply interfaces improving
the 1C value and restricting the delamination crack tip from propagating and making
the sub-laminates less stable, This greally increases the stability of the laminate as a
whotle and improves he overall buckling capacity, The arientation ol the stitching can
alsa play a role in the residual strength of a laminate. For optimum capacity the
stitching should be aligned with the direction of the load to reduce the fiber damage

and distortion in the direction of the load.

.9 PREYI(US WORKS

291 Research Works on Tensile Loading of FRP

The behavior of the fiber-reinforced composite materials has been experimentally

studied in many aspects mostly under tensile and strain rales has been experimentally

studied in many aspeets mosily under tensile and compressive load by the Split



Hopkinson Pressure Har {(SHPB)} method, as it gives the properties of the test materials

over @ wide range of strain rates [30- 32].

[n attempt to determine the moechanical properies of composite malcrials under
dynamic ensile loads. a review of techrigue was given by Harding and Welsh [53]. In
the standard tensile version of Ko[sk_:.' bar apparatus theanput loading bar become the
weigh bar tubc within which the output bar slides frcety. Dynamic stress sirain curves
for unidirectionally reinforced carbon epoxy composite in which failurz occurs in less
thar 30 ps at a mean strain rate of about 400 87" and for woven reinforeed glass/epoxy
composiles with the thne o {allure approach 10 ps and the average strain rale was

around 1000 s” were presenled and their validity wos established by the authars.

Toward this ohjective, pardo and hatiste [54] perlormed tension wests ol unidirectional
L-glass/palyvester composite specimens on a Schenck high strain rate hydraolic test
machine to investigate the eftect of strain rate on the tensile strength of material.

Haves and Adams [55] conducted various tests at various tests speeds and toad levels
ta churaclerize the tensile impact behavior and rate sensitive materials properies of

unidirectional glass/cpoxy and graphitc/cpoxy composites.

Peterson and pantano [56] tested five different materialy and wltimate strength; fature
sirains and cffective modulii for each material were investigated as funetion of strain
rate under dry and wel Lest conditions. The authors got a diflerent type of results here

in terms of failure strains for the materials Losted,

Barre and Chotard [57] studied the tclrlsi]e dynamic behavior of glass {iber reinforced
polyester and phenolic resins in order to find the ellects of strain rate on the
mechanical properties of composite malerials produced by resin transter molding
{(RTM} and pultrusion processes and had the results that the dynamic elastic modulus

and strength increascd by a ratio and the shear modulus measured with oll-axis and

+435 coupons produce dilferent eflects.

Staab and Gilat [38] studied that maximum normal siress cxperienced by glass/epoxy

angle-ply laminates is higher for dynamic than for quasi-static loading conditions. 13ut



fibers dominate the laminate properlies in case ol high rate loading, Authors also

mentioned that the failure patterns change with [iber oricntations.

On the basis of the loading unloading tesls, energy analysis of unidirectional fiber
reinforced epoxy under tensile impact, Yuaruning and Xing [59] proposed a coated
fiber bundle model and it can be used for other unidirectional brittle tiber reinforced
cesins.

Liftshtz and Leber{60] investigaled interlaminar tensile strength and modulus of two
material sysiems namely PW E-glassfepoxy and unidirectional carbon epoxy of 30-32
mm thick plates and found that both strength and modulus were rate sensitive and

increase with loading rates.

Hou and Ruiz |61] tested CFRP T300/¢14 laminates and found that specimens
remained virwally linear elastic up to failure and tensile modulus and strength in 0"
direction were rate dependent and tests on £45 specimens gave non-lincar stress strain
STFESS CUTVES,

Majzoolki and Saniee [52] used the high rate tensile testing apparatus called “Instron
testing machine” for testing of R2000 Glass/Bpoxy specimens and obscrvations
showed that there is <ignilicant increase in failure strength and reduction in failure
sirain in dynamic tests compared 1o the static tests. Also the rate of the increase of

siress versus strain slowed down as ply angle increased.

Shenoi and Makarov [62] deall wilh experimental investigation ol unidirectional glass
fiber-reinforced composite materials to delermine the mechanical properties of
Unidirectional E-Glass/Epoxy composites. The conclusion trom the results here was
also the same that there was significant increase in ultimate strength and modulus of

the material.
2.9.2 Rescarch Works on Fiber Orientution in Composites

Research carricd out by Lluli [62] shows that fiber lay-up of 0-90" of glass/epoxy is
better than £ 435° by 40%. Similarly the difference with respect to glass/polymer is

about 50%. Another study by Farley [63] on glassfepoxy. carbonfepoxy and
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Kevlarfepoxy composite with respect to the fiber orientation showed significant
difference when these materials were subjected to energy absorption trends. Further
studies conducted by Hamada et al [64] showed that hybrid reinforeed composites with
both carbon and dyneema fbers/epoxy had & docrcase in their cnergy absorption
cai::abilit}r with an increase in fiber oricntation to the longitudinal axis of the tube,
Another study of varving angle orictation of lay up done by Berry [63] on waven
elass fabric/polvester showed that composites with the warp and wefi directions ol 45
io the tensile axis was 30% less when compared to composites with warp and weli
direction parallel to the axial 0% and haop 90" dircetions. This is due too more fracture

and material deformation.

Ramalkrishna et al [66] studicd composites with fiber orientations of 0% +5° +10°,
+15° 420" +25° and +30% with respect to the axis of the composiles. He determined
that the specific enerzy absorption capability of the composile is a function of the

angle of the fiber orientation.

Thus Tron all the above mentioned studics we can say that the angle or ply orientation
is inversely proportional to the length of the longitudinal cracks. This results due to the
increase of fracture toughness with increase in the angle, which in turn resists the
growth ot the crack. Lhereby resulling in higher energy absorption for (he coemposite

material.

210 SUMMARY OF LITERATURE REVIEW

From the Biterawure of the reinforced composites and the previous research works of
different researchers, it was found that the mechanical properties and the structural
behavior of the reinforced composites greatly depend on several fuctors such as
1. Manufacturing process: Hand lay up, Spray up, RTM, Filament Winding.
Pullrusion ete.
2. Type of reinforcement: Glass fiber, carbon fiber, Kevlar efc
3. Type of orientation:0°,90°45%, random orientation, unidircctional, bi-
directional, stitch and sequence of orientation ete.

4. Loading system: lensile, ransverse, bending and compression etc.
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It was also evident that orientation of fiber and the dimension of orienmtion are the
important factors for superior mechanical properties of reinforced compaosites. “Lhe
tvpe of orientation of reinforcing Nbers largely inMuences strengil, modulus, stiffness.
ioughness and absorption energy etc. But few researchers did work on it and no

researcher worked specially on the 3D orientation of reinfercing gloss fiber mat.
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CHAPTER 3

MATERIALS USED AND MANUFACTURING PROCESS

This chapter deals with a brief descripiion of constituent materials such as type of
malrix, fiber, classification. and composition, emphasizing the constiient material
propertics and their individual eontribution lowards properties of composites. Also, an
overvicw on the some of the manufacturing technigues available is discussed. Further,
details of the types of mats and resins, and processing methods employed for

fabrication is provided.
3.1 CLASSIFICATION OF POLYMER MATRICES

Polymer matrices lypically are of lwo types: thermoplastic and thermosetting
polymers, Thermoplastic polymers have the ability to regain their original stale upon
addition of heat i.e., above the glass transition tempcrature. While, thermoseming
polymers undergo chemical reactions during curing which cross-linking of the
pohymer molecules Lakes place. Once cross-linked. thermoscts become permancntly

hard and simply undergo chemical decomposition under excessive heat.
3.2  USE OF THERMOSET COMPOSITES

Even though thermoplastic resin have many advanlages such as longer shell life.
higher strain to [allure, ability to be repaircd, reshaped and rcused, use of
thermoplastics intruduces problem of fiber penctration inte the matrix, high malrix
viscosily causing dealignment of reinforcing fbers, as well as void tormation within
the final composite product. Thermesetting polymers, on the other hand, have greater
abrasion resistance and

dimensional stability compared to thermoplastic polymers. Hence, for the past few
decades, fiber reinforced composite matctials are being fabricated using thermosetling

matrices.

Thermosetling resins include epoxies, polvamides, phenolics, polyesters, vinyl ester

ote. One of the most generally used thermoseming materials is epoxy resin,



321 Epoxy Resin

Epoxy resins arc a high strength polymer with low viscosily, which allows good
welting

of the fbers. The ability to infuse under low pressure helps to prevent fiber
misalignment during processing. Also, these resing exhibit low shrink rate reducing
the tendency of internal stresses and especially large shear stresses of the bond
between cpoxy and fibers afier curing [67]. They offer good adhesion to ihe subsirate
which leads to high resistance at the fiber/mafrix interface and, consequently, high

mechanical properties as shown in the table 3.1 below,

Table 3.1 Tvpical Properties of Cast Epoxy Resin (at 23°C) [68]

Specific gravity 1.2-1.3
Tensile Strength, MPa (psi} 35-130 (8000-19000)
Tensile modulus, GPa (10 psi) 2.75-4.10 (0.4-0.593)
Poisson’s ralio 0.2-0.33

Coe[Ticicnt of thermal expansion,

50-80 (28-44)
10° mim per “C (107 in.fin. per "F)

Cure shrinkage. %o 1-3

However, their main drawback is slow processing, comparcd to other resin types such

as polyester. due to their comparatively higher viscosity and lenger gl times [69].

There are a variety of cpoxy formulations awvailable [or composite structures. The
most commoen basic epoxy resin is derived from the reaction of bisphenol-A with
epichlorchydrin, It is called the diglyeidy! ether of bisphenol-A (DGEBPA or epi-bis
types) [70]. American trademarks for this type resin include DER- 332 {Dow) and
Epon 828 (Shell). The general siructure of the epoxy is shown in Fig. 3.1. Such epi-
bis epoxics are liquid at room temperawure, others have increased viscosity, and some
are solids that melt at about 150" € (302™ F). Generally, the higher the melting point
of the epoxy, the less curing is needed. Cured properties of the various cpi-bi resins
arc similar. However, toughness increases as the melting point of the unrcacted epoxy

iz tncreased.
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Fig 3.1. Epoxy Structurc
322 Resin/Hardener systems

Mesin systems are usually composed of two pams; namely resin and hardencr, or
cross-link apent, which initiates the curing reaction. ‘The choice of resin/hardencr
system depends on the application, the process sclected and the properties required.
For difficult larpe parts, a slow hardener will be preferred in order to allow the resin
to Rully impregnate the rcinforcement before gel initiation. In general, Cycloaliphatic
diamines such as isphoroncdiamine, bis-p-aminocyclohexylmethane and 1, 2-
diaminccyclohexane is used as cpoxy resin curing agents for both ambient- and heat-
cure epoxy resin systems, While they have advantages such as epoxy resin hardeners
{light colors and good chemical resistance), they have the disadvantage of slow cure
at low temperatures. In this research, bis-p-aminecyclohexylmethane, which is
commercially avaitable. used to harden epoxy resin both in ambient and heat cure
temperature, In this study bis-p-ominocyclohexylmethane was used as hardener in

resin mix cure at ambient temperaiure.

3.2.3 TFiber types

In composites materials, fibers are used W reinforce Lhe matrix. A large variety of
Lypes

exist offering a wide range of mechatical characteristics, such as high strength, high
sliffness and relatively low deasity, In this worl, E-glass {lbers were investigaled;

table 3.2 presents their main mechanical and physical properties.



Table 3.2; 'vpical properties of L-glass and carbon Mbers [09] [71] {72].

Properties E-(ilass (Carbon
[122][80] [ {00} [92][80] | [100]
Density [e/c"] 2.60 2.55. .75 | 1.75
Young's modulus E; [GPa] g2 2.60 237 240
Transverse modulus Ezs [GPa)] 72 85 22 -
Polsson’s ratio vz 0.22 - 0.3 -
Longitudinal tensile strength [GPa) 2.6 - 3.93 4.0
Elongation to failure [%4] 3.4 344 1.7 .67
Coclficient of thermal expansion [K'a10™] 4.8 4.8 1.4 0.5

3,231 Glass fiber

Glass [ibers are obtained from a compound of silica (Si02) to which metal oxides are

added. As shown in figure 3.2, these lwo constifuents are melted together al a

temperature of 1500°C, The molten raw materials are then fed into bushings of

several

hundred holes, from which [laments arc drawn and cooled with water before finally

being combined as strands and wound on a forming package.
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Flpure 3.2 Manufacture of glass fibers (reproduction of |69].
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Usuglly, glass filaments are wider than carbon filaments; their diameters arc in the
range

of Sum to 24pum. Also, as for carbon fibers. a surlace treatment such as an aqueous
solution can be applied. Glass fibers are preferably used for low cost applications
requiting relatively high tensile strenglh properties. However, thelr usc is limited duc
te low stiffness, low fatigue, and poor resistance to environmental conditions, For
these measons, they will be used in low and medivm performance composite
applications. The composition of glass can be varied depending on the requirement of
the end product. Some of the dilTerent glass compositions available are L-glass, S-
rlass, C-plass, A-glass, 13-glass, L-glass, and M-glass, E-plass is mostly used due 1o

its low-alkali Composition and superior insulation propertics.

3.2.4 Reinforcement Formms

As the glass filaments are extremely fragile, they are supplied in a wide variety of
reinforcement forms, such as strands, rovings, yarns, milled fiber, chopped strands,
continuous or chopped mats, woven fabrics, braided fabrics, knited fabrics ete.
Malerials

used for reinforecments are designed to serve the fabrication process and end product

requirements[69].

3.2.4.1 Unidirectional

Tapes, Tovings, Wow sheets, are considered as unidirectional {ibers, Fibers are aligned
paraliel to eacl other in one direction or another direetion, and have maximum
performance along the aligned direction. Unidircetional fabrics are also available
whergin

the majority of fbers run in one direction {warp}, while polyester or Kevlar thread or
some other fow-grade matcrial is made to run in the other direction {weft) in order 10
hold

the warp fibers in pesition. Usually. the contribution of well fibers s negligible.
Typically, the density of unidirectional fabrics Is very low; hence requires more lay-

ups for most af the applications.
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3.2.4.2 Multidirectionad Fabrics

Multidirectional fabric based laminate composiles are replacing  umidirectional
laminates  primarily duc to beter performance  in different  divections. In
multidircctional type of plics. fibers can take different forms of architecture such as

woven, stilched {koatted), or braided.

e Stitched Fabrics
Stitched fabrics are one of the mostly used fabrics in structural applications, as they
are non-crimped, and also provide better oricntation with the increase in the lay-up.
They are produced by assembling the lavers of aligned fibers. The tiber orientations
available arc 0, 90, and £ 45 direction. The whole lay-up is then sewn together,

allowing high modulus in tension and bending.

s Coatinuous Strand Mats (CSM)
Continuous strand mats are made from fiber glass strands randomly looped fibers. are
held together with a binder. Il has pood wet-cut (in case of thermosets), tailored to
ditferent shapes, and has good physical properties. Though CSM is used lor varicty of
applications, it is used in combination with woven rovings, woven fabric, stitched
fabric etc, to gain adequate stability and for betler desirable properties. They assist in
obiatning desired properties mainly in transverse direction of the end-product. Owing
10 all the above. in this study, multidircctional L-glass fabrics were uscd. For
compatison purposes, unidireclional. cross ply, tri-directional with CSM, and
quadridirectional with and without CSM were the stitched [abrics utilized. A
continuous strand mat is produced by randomly oriented fiber reinforcement being

placed together [73].
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Figure 3.3 Continuous Strand Mat (CSM)

3.3 DESCRIPTION OF REINFORCEMENT

Fabrics used for this study were continuous chopped strand mats (CSM) and roving
cloths [RC) glass fiber.

The sample specimens used to examine to determine mechanical properiics of faur

different npes of reinforcement are deseribed in the table and figures below.

Table 3.3 Types and reinforcement of composite samples

Sample | Sample - .
Type D Fiber Type Reinforcement Type
Chopped . . Four
A TLA strand mats CSMILST;C;?:ESMESM horizontals with
{CSM) vertical layer
B TLB Chopped | appiosmrcsmicsM+Csm | Five orizontal
strand mats layers
Chopped Four
C TLC strand rr.lats CSM/ICSM/RCICSMACSM honzuntal::: wilh
ﬂl'ld I'(]\-’ll'.lg aoneg I'ﬂ\-'ll'lg
cloth (RC) cloth
Chopped Four
D L | STERmAS oo RCICSMRCICSM | MoTizontals with
and roving one roving
clath cluth
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Figure 3.4 Glass fiber mat reinforcement of Type A (1'1A) composite sample

\ Honronial

Layverof
CSM

Figure 3.5 Glass fiber mat reinforeement of Type [ (TLD) compesite sample
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Figure 3.6 Glass liber mat reinforcement of Type C (11.C) composile zample
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Harizontal N .
; 1 f

Woven RM

Figure 3.7 Glass fiber mat reinforcement af Type D {TLD) composite sample
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34 MANUFACTURING PROCESS

There are wide varictics of manufacturing processes practiced starling from hand

lay up technigue 1o automated mass production systems like filament windings, ete.
The

manulacturing processes are classified as open mold process, and closed mold

process.

3.4.1 Open Mold Process

Includes spray-up or hand lay-up processes, lhese are the simplest and oldest
processes. Each ply is either spraved with resin or brushed on the top and botiom of
the fabric. thus wetting oul the laminate, In order to remove excess resin, & sgUCCZe IS

used after laying up the fabric.
3.4.1.1 Haod Lay-Up.

Fand lay-up is onc of the most common low-to-medivm volune RPC production
processes. [ typically involves manual application of general polyester liquid resins to
reinforcement. such as glass fiber mats or woven roving, that are laid against the
smoeoth surface ol an open mold. Serrated rollers or squeegees drawn across the
preparation help to.release any air that may be entrapped in (he reinforcement
matertal, Chemical curing, often induced by a calalyst additive, hardens the resin and
reinforcement into a structural form that is exceptionally strong for its weight. The
resin offers a uniform matrix for the reinforcing matcrial in much the same way that

conerete does when used in conjunction with reinforcing bars made ol stecl [74].

The mold is the primary piece of equipment necessary for the hand lay-up process, os
Figure 3.8 illusirates. Prior to hand lay-up production, the mold {which is ofien itselfa
composite) is sprayed with a tinted gel-coatl and allowed to partially curc. The gel-
coat side of the final product takes on the color of the pigment used 1o tint the gel-coat
and has a smooth surface and decorative finish, much like that provided by high
quality paint. The appearance and texture of the other side is rough and abrasive,

unless corrective measures, such as applying a tightly woven sall cloth to the back

T
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surface prior Lo curing, or sanding the back-surface after curing are performed. [n

moast applications of hand lay-up, only a sinale finished side is required. |74]

Resin —— Feinlsament

Figure 3.8. Hand Lay-up Processing [74]
3.4.2 Closed Muold I‘-rucess

Inctudes mesin dransfer molding, pullrusion, vacuum bag molding, compression
molding. injection molding. autoclave molding, Mament winding etc, These processes
take place in a c¢losed chamber. The liquid resin or prepreg form may be handled

manually or pumped inlo the eontainer for the curing step.
3.4.2.1 Compression Molding Process

This is the oldest and most commonly used process in automobite industry. Typically,
a compression mold is a vertically orientated hydraulic press consisting ol two platens
and the force. The mold in the shape of the part to be molded is to be placed in
berween the two platens. where it is compressed (under pressure) depending on the
part geometry, The mold is clusedlunder pressurc. compressing the material for
several hours until il is cured (in this study). The curing is done either at elevatcd
temperature or reom lemperature, At elevated temperatures, the heat ol the mold

softens the resin under pressure and forms the shape of the mold,

For this study, hand lay-up in conjunclion with compression molding process was
used [or the fabrication of composite plate, This process produces a composile plate

with uniform thickness, good fiber wet-out and negligible porosity. Schematic



diagram of compression molding process used for the fabrication of composite plate is

shown in Figure 3.9,

Pressure

Top Place

Botiom Plate

Pressilaw

Figure 3.9 Schemalic Diagram of Compression Motding Process

For each of these processes, the chosen composite materials, including all resing,

reinforcements, [iller. and additives, are compressed into a desired shape in a matched
die by keeping a suitable amount of load approximately 100kgs. The composite
feedstock is then held in place while the resin marrix quickly cures into its permanent
hardened shape. Significant differences amemg ihese processes detenmine Lheir
suitability for a given application. The following scctions offer brief descriptions of

each of the main high-volume molding processes. [74]
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CHAPTER 4
EXPERIMENTAL PROCEDURE

In this chapter, the design and manufacturing process for the molding die and the fest
specimens are described. The manu{aciuring process was carricd out at dt‘p:!.rl.l':'ltnl.ﬂi
mochine 100ls labiratory. The dimensions of the test specimens and method of testing
used in this research were delermined using the American Society for Testing and
Maicrials (ASTM) standards.

The tensile specimens were designed in accordance with ASTM 133039 standard (12].
Actording o the siordand, the specimen should be 8 "dog bone” shape. ASTM
standard D3039 |11] is the suandard for polymer mawrix compaosites. The dog bone
shape was chosen to ensure that 1the samples would break in the pauge arca. D3039
ceulions that ssmphes should be individuslly mokded or if cin {rom & panel care must
be taken to avoid 8 rouph finish from the cut or delamination as a result of poor
cutting meihods.

4.1 DIE DESIGN

The method used o create the tem coupons wos to use 3 compression molding
process, 8 panel aboan 30cm by 30cm was created and the specimens were cut from
the panel. This is sccomplished using 8 mold shown in Figure 4.1 to ligure 4.3.

Thickress
¥ Support (S mm) -
X l,,,_Supp-url(lI mm)
- . iy, K
Opening "l_ A \ : {1 MCKNEss 3 mm)
(I mm}
Suppon

Plawe

Horizomial — 4
Muo: Supporting d (Thicknees,
Plate (0.5 mm} 5 mm)

Figure 4.1 Bottom part af Mald for 3D reinforcement of fther (First Approach)
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Top Resin Mix
lLayer Maintaining

(ll rnr:':;s Plate (¢.5 mm)
8 n
Flat Mate Plljn]::zu
{Thichness (Thickress,
5 mm) 5 mm}

Figure 4,) Complcte Mold for 31} reinforcement of fiber (First Approach)

Severn! approaches were ndopied to make a dic beforc molding of composites (as
seen in the Appendix A). The die is designed specinlly for vertical reinforcement of
fiber mats. The die consitis of two parnts: the base and the upper cover. Sininless steel
sheet with the plane surface of difTerent thickness was used in dilTerent approach,
Severnl problems appear during malding of composites by these dies.
The main problems are;

s “Therc was a liftke possibility to place malaie paper for casy release of mokded

composiie plate.
s  The sealing problem of liquid resin mix.

» Air voids entrapping.
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Al the final approach, & die consisting of Lhree parts ic., the base plate consisting of
four holes at the four corners, the upper plate and a frame of rod iron is prepared to
maold composile. The plates are made of stainless sleel and arc with slightly greater
dimensions than the required molded composite plate as shown in the figure 4.4 to

figune 4.8 below.

L.

Fipure 4.4 Botom part of mold for 302 reinforcement of fiber (Final Approach)

Figure 4.5 Top pan of Mold for 30 reinforcement of [iber (Final Approach)

37



Figure 4.6 Flat bar for matncaining consiant thickress of molded composite plate
(Final Approach)

Fipure 4.7 Rod Iron frame for vertical onieniation of plass mat {Final Approach)

Figure 4.8 Complete Die for Creating Large Flat Composile piates (Final Approach)
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There are four stands of same length (6 cm) welded at the four corner of the
rectangular rod iron frame so that the riame can seat on the hase plate. Four stainless
stee| bars are provided to keep tlic accurale thickness of molded composite plates. e
bars arc of nearly same length of the base piate and adjusted to the outer sides of the
base plate. The bars are of 25 mm wide and 4.6 mm thick, The rod iron rame is kept
separate and it is removed afier molding. Malale paper was used fo scparate the
molded compasite plates easily from the mold. Tt was applied as an inside layer of
hoth (top and bottom} parts. The advantage of the final die as appeared in the Hgure
4.5, was that all types of oricnmation of [Iber in any direction mat were possible. Since
the parts were scparable, it was easy to compress the mold with a desirable after the

end of molding.

42  MOLDING PROCESS

As a lirst siep. both parts were wrapped with papers tightly so that clean, smooth and
plane surfaces can be provided. The malate papers for both parts were cul with
slighlly greater dimensions than the mold plates and one paper was place on the lop ol
the hottom flat surface and wrapped with the plawe. The use of Malale paper prevents
the resin from

sticking on to its surface while curing. so the composite can be easily removed from
the

mold. Four steel bars in wrapped with paper were placed firmly with the help of tap
around the bottom wrapped such that the desired rectangular area to make a mold was

obtainad

The areal density of each type of fiber mats was measurcd and noted [or fiber volume
fraction analysis. The fiber mats of both epes (C5M and BM) were cut approximately
300 mmX260mm (length X widih). Proper care was taken when handling the glass
fiber mats, so as 10 avoid damage and distortion of fibers. For manufacturing of 30D
reinforced compasite samples, the C8M was cul slighily larger than the dimension of
the composilc plate from which sample specimens were cut and the verlical laver mat
for this bype was also cut with the same dimension of thickuess of the melded 3D
reinforeed composite samples. Clean and non-sticky brush and serrated rollers were
used in order o coat resin on the mat. Lpoxy resin was then initially weighed and

poured into & beaker and mixed with initialor in appropriate propertions (20: 3} as per
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material safely and data sheet, where the quantity depends on the size of the plate

prepared. The resin/hardencr mix was agitated properly pricr to apply.

Initially resin mix was applied on the malate sheel using brosh. A layer of mat was
then placed on wp of resin mix layer. The serrated roller was used to ensure proper
wet oul and compaction, and removal of any cntrapped air in the mat. Then a second
layer of resin mix was placed on top of the first layer, and the above procedure was
repeated up to five layers of mats. In case of 3D composite, the vertical layer of CSM
was clipped by two longitudinal sides with the rod iron bar (as seen in the figure 4.2).
Several vertical lavers of CSM were clipped (o prepare 8/9 samples [rom the molded
composite plate. An appropriate amount of resin was poured on the last lop layer. It
was then covered with a malate sheet and, the flat top plate of stainless steel was
placed on ithe top to ensure a good flat surface. The whole set up was placed on a flat
plane surface and was loaded with a weight of approximately 100 kgs and kept for 24
hours, until it was cured al mom temperature. After room temperature curing, the
molded plaics were cured in & woven at the constant ternperature approximately
100°C for 5 hours. About 40 composite plates with different fiber architcctures and

thickness were prepared using the above compression molding process.

Procedure for the manufacturing of composite plate was carried in a fume hood with

exhaust svstem. Gloves, respiratory mask and glasses were used for safety purposes.

4.3 SPECIMEN PREPARATION

Four dilferent types of test specimens were prepared for this test. The [inal product
{composite plates) obtained by using hand lay up molding process has uneven edpes
due to resin oozing out during compression. Henee, the edges of the molded plates
were trimmed off. ‘The cxcess veriical ribs of the CSM in the 3D molded composite
plate were machined ofT with the milling operation as can be scen in figure A7
(Appendix-A). The plates were cut into sample specimens using round power saw,
depending an the dimensions requited for tension test. The edges of Lhe samples were
made smocth with the help of grinding operation and polishing with emcry papers.
Sample specimens prepared [rom the plaes were dog bone in shape and cut in

longitudinal direction as per ASTM 3039 slandard specilications using carbide tipped
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band saw. The geometry and shape of the sample specimen is appeared in the figure
4.3 below,

250 mm i
e ¥ 24 mm l i _-L

.--"""rrrrr_—

1‘.

| T

_4 |‘_|*— 150 mm T —" r_ _T
40 mm Top View 10 mm

I, 250 mm |

* il
! | _'L
_T

Front View

Figure 4.9 Geometry of Specimen

The Ober archilesture, manulactiuring and dimensions ol each specimen used and the
type ol lesting wore carricd oul in the laboralory of the university. All of the

specimens of ditferent types woere manufactured wilh a thickness of around 5mun.

Specimens were labeled in accordance with the type of testing, {iber architecture and
specimen number, The required dimensions such as width, thickness and gage length
were measured at various locations using digital Vemier calipers and average value

was considered and noted Tor calculailion and analysis of resulis.

4.4 EXPERIMENTATION
The mechanical testing mainly includes tension test. Tension test was performed on
coupen level samples, The tensile test of diflerent types specimen manufactured for

mechanical characterization was carried out by using Instron Model3369 scrvo-
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hydraulic material testing machine at the materials and metallurgy laboraiory in the
university. Additionally, physical properly characterization such as fber content was
tested manually at the departmental laboratory. The testing cquipmenis used and

procedure are briefly discussed in the next scctions.

4.4.1 INSTRON MODEL 3369 SERVO-HYDRAULIC MATERIAL TESTING
S5YSETEM

Instron-3369 has a maximum load capacity of 30-kN (11 kip) and is used to conduct
broad range of testing such as compression, tension, bending, shear, and fatigue. The
applicd load rate is uniformly maintained by cleetronic control pancl. Typical
equipment
setup is shown in Figure 4.2, Some of the important components of Instron System
arc
listed below.

Strengrh-Testing Machine

Hydraulic System

Control Tower

Control Console

This cquipment was used to carry out bending tests on coupon sample. For all

bending

test samples, dimensions were approximately kept conslanl. The samples used were of
the average dimensions 250mmil132mm{WixSmm(t). Load and defonmation data

were collecled.

The unil consists of a two-column load frame with a movable crosshead. Auxiliary
hydraulic lift cylinders regulate the position of the crosshead. Hydraulic colwmn
clamps

fix the crosshead in the desired position. A load cell is mounted on (he crosshead. The
force applicd to the specimen is sensed by in-built sirain gage type load ccll placed on

the

stationary top cross-head. wherein the analog signals from the load ccll are amplified
and

converted inlo a digital signal. The machine is operated by the control module of the
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compmnter, where ihe readings are disptayed and arc saved and siored for annlysis
vsing IX vemion software. ‘The displacement is determined from grip position. The

dncn were evaluated for mechanical propertics.

Figure 4.10 Insaron Model 3369 Servo-hydraulic Material Testing System

4.4.2 TFESTING METH{DOLAXCIES

GFRP sample specimens were subjectad 1o tension kaeds, o determine the mechanical
propertics. Axial tension tests were conducied on GFRP laminates manufectured by
hand sy up mecthod. This et determines tensike strenpth and modifus. All the tes
were carried out as per ASTM D3039 standard. The specimens subjecied to tension
1es1 were of the size 250mm x32mm. Thickness of test specimen vareed from 3. 5mm
to 5.5mm, depending on manufacturing method. A minimum of 24 hours curing time
was atlowed for the bonding agent to fully cure before testing the samples. Simin
gAges were mounted axially along the lenglh of specimen. All the tension test
specimens were wsied with Instron 8501 Mechine by meintaining loading mte mearly
eensiant. Datn of load versus stmin were recorded. These dats were then reduced for

strexx versus strain curve. The slope of lincar portion of stress versus stmin plot is
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referred to as modulus of elasticity. a measure of stiffress of a material. Results and

comparison Tor different sets of sample are summarized in Chapter 5,

Coupon specimens with ditferent fiber erienlation (symmerric and non-symmetric),
manufacluring method thand Iay up), resin matrix {epoxy) were (ested in longitudinal
direction, Standard procedure listed by ASIM 3039, was followed for all the

samples. All lension specimens were tested in Instron 3369 Machine.

4.4,2.1 Stepwise Procedure for Tension Tests

I. Width and thickness of test samples were measured at three different locations.
Cross sectional area was calculated from average width and (hickness.

Il. Tension specimens were centrally alipned between the jaws ensuring uniform force
distribulion.. During the test, loading rale was manually maintained constant, All

the samples were tested till failure.

HI. Data were recorded for load versus strain variation during the test. Experimental
values of lensile strength and stifToess were calculated.

Data analysis and results are discussed in detait in Chapter 3,

4.4.2.2 Tension Test Caleulations

Tensile strenzth T = Pan /B
Tensile modulus E..=cie
Where,

P - Applied lead on the specimen (kgs)

w - Averape width of specimen (mm)

t - Thickness of specimen (mm)

A =W » T =Cross-sectional area of the specimen (mm”®}

Ess — Calculated from slope of elastic zone of Stress ¥'s. Strain curve
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4.3 FIBER CONTENTS

As strength of composite typically is in direct proportion with liber content, a
quantilative measure of fiber content [s cssential. There are many standard meihods to
determine FYT for FRP composites specified by ASTM such as ASTM D3171.1n this
research work, non-destructive method is applied. In order to determine Aber content
in the composite sample, Areal density of cach type of glass fiber mat i measured.
Lach type of composile sample comalns five horizontal layers of plass fiber mats. The
average dimensions of sample were measured with help of Vernier caliper. A layer of
dry mat of each type of glass mal with the same dimensions of sample is measured.
As a layer of CSM is reinforced vemically with other five horizontal layers and
positioned longitudinally at the middle of the 3D composite sample archilecture, this
layer is also measured with nearly accurate dimensions of the respective sample. The
weight of a sample of each type was then measured. With these quantities, fiber

content was calculated.

4.5.1 Fiber Volumc Fraction Calculations

Length of Specimen - L in mm

Width of Specimen - W in mm

Thickness of Specimen - T in mm

The surface area of the sample-LW mm?

Average area of a horizontal layer of mat-Ay mm”
Average ared of @ vertical reinforeed layer of mal-Ap mm-
Areal density of glass fiber mat-wp mn/em®

Areal density of CSM-0.06 gm/cm’®

Areal density of roving mat (RM)-0.046 pm/em®

Density of glass fiber — py in gmicc (2.552 gm/ec) (Barbero, 1998)
Density of epoxy resin —py in gmice (1.2 — 1.3 gm/ee)
Average weight of the CSM-0.1 gm/icm?2

Average weight of the Roving mat per sq.mm-0.08 pmicm?
Average welght of samplc — Ws in ¢m

Number of Hortzontal layer-Ng

Number of Vertical layer-Ny



We/pr
Fiber ¥olume Fraction, V=

Weipr + (I-wo) pm

Where, Vi represents the weighl percentage of Mber volume content present in the

composite sample,

Sample Calculations:
Sample type-B
Samplc ID-TLB
Number of lavers-3
L=2500¢cm
W=32cm
T=0.5cm

M =2.552 g/cc

Pr= 1.2 gmicc

Wy =48 gm

W= [(Ny A+ Ny Apd X wil csa + [(ND Anc+ Nv Apd X wi ra =15.04 gm [q.
f4.1)

So, V=21.08%

46  STRAIN ENERGY UNDER TENSILE LOADING

Strain energy per viit volume is oblained by calculating the arca under the load-
elongation curve in order to get the strain energy of the specimen. About 40 coupons
were ested in tension direction iLe., longitudinal direction. From each test, stress-
strain or load deflection curves were generated to determing the mechanical properiics
of glass liber reinforced composites. Descriptive statistics of the experimoental data
including modes of failure, and development of theory based on the data are detailed

in Chapter 5.
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CHAPTER 5

EXPERIMENTAL RESULTS AND DISCUSSION

51 INTRODUCTION

In this chapter, a delailed analysis of experimental data is presented. As described
earlier, specimens were subjected to tension test as per ASTM 3039, standards. Tn
addition, a summary of stress-strain behavior and load-deflection bebavior is
presented and tabulated, ‘Test resulis of coupon laminate and sandwich panel are

shown [n subsequent sections.

512 SPECIMEN LEVEL

Composite laminates of different plass fiber mar orientation were tested for their
meechanical properties. Sample specimens with desired dimensions were prepared for
testing under tension, Stress-sirain curves are then plotted to obtain iensile stress and
tensile modulus. Similarly, load deflection behavior was plotted for the tension

TES[HITSE.

53  TENSIONTEST

Composites specimens prepared for this study differed in their fiber and f{iber
otientation method. Objective of this tesl was to compare the efllecet of various
paramneters on tensile properties of composite materials manufactured by hand lay up
{HLU) methods. Stress-sirain behavior is shown [ur cach set of specimen. Tensile

stress and lensile modulus are then caleulated and tabulated for cach of test.

54  DETAILS OF LAMINATES

Fiber architectures considered for this study are:
Type A: 3-D orlentation of chopped strand glass fiber mat consisting of 5 horizontal
layers and onc vertical | layer with 90° pasitions of horizontal layers.

SHCSM-1 VCSM {Longitudinal)
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Fipure 5.1 Type A 3-1), SHCSM-1VCSM {L.ongitudinal)

Type B: 5 horizontal lavers of chopped sirand glass {iber mat. This is designed as “B™
SCSM (Lomgilwdinal)

e
Epoxy
Motrix

Figure 5.2 Type B (TLA), SHCSM (Longitudinnl)

Type C: 5 horironia) Iayers of chopped strand glass fiber met consisting of | mving
mats. CSMACSM/PM/CSMCSM (Longitndinal)

48



Figure 5.3 Type C {11.C), 41 {CSM-1HRM (Longitudinal}

Type D: 5 horizontal layers of chopped strand glass fiber mat consiging of 2 roving
mats, CSM/MRM/CSMMM/CSM (Longitwdinal)

Strand -
Ma1

Woven
Roving
Mai

Epoxy
e TEnwrasse— ey | Matrix
Figure 5.4 Type [} {TLD}, JHCSM-2HRM (FLongitudinal)
Type R Composite samphk of cuoed mtinhardencr mix for base mechanical

properiics.

All the sampk composites were {abricated with cpoxy resin using hand lay up

motding process.

49



5.5  TENSION TEST DATA ANALYSIS

Over 40 specimens with different fiber architectures and thicknesses were tested in
longitudinal direction. Samples are labeled according o the type of tabric. specimen
number, direction of loading, and thickness. For instance, sample labeled as TLAIL
implies, Tension test of composite specimens In longitudinal direction (in terms of

sample preparation), sample number being 1.The test was done at room temperature.

Zero degree unidirectional laminates of Smin thick were fabricated. Stress-sirain
curve of each unidirectional composite coupon specimen under tension in longitudina!
dircetian is shown in Figure and tabular form. The stress-strain curve lor sach type of
sample composile is in almost same manner. 1L is scen that, the stress-strain curve Is
separated into two portions such as elastic region and plastic region. The mechanieal
characleristics such as steength, modulus of elasticity, plasticity. stress-strain
relationships of each type of sampie are described both in tabular and in graphical

form below.
5.5.1 TProperties in Elastic Region

Table 3.1 Tension test results for glass/epoxy composites

Sample | Sample | Avg. | Avg. | Area | Yield | Yield | Modul | Yield | Fiber
Type I Width | Thick {m:} poinl | Siress U5 Strain | Cont.
{m) ness Load o I e {%0)
{m) P ] (MPa) | (GPa)
107y | ey | 10 | (kN)

R TLR | 23.46 | 3.87 | 9072 | 1.429 | 15752 | 2.594 | 6.067
B TLI3 24.20 5.62 136.0 | 2909 | 21.388 | 3.864 | 5.535 12]1.08]
C TL.C 23.88 | 5010 | 122.0 | 2,615 | 21.436 | 3.676 | 5.833 | 19.862
D TLD | 23.70 | 425 | 1010 | 2376 | 23.520 | 4.768 | 4.933 | 19.975
A TLA | 23.83 | 457 | 1090 | 2532 | 23,227 | 3,168 | 7.333 | 22.220
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IFigure 5.5 Siress-Strain of dilTerent smmple composite in Elastic regton
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Figure 5.6 Yicld Stress of diferent types Sample
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Modulus, O Pe

{TLA) took larper encrgy o initiale crack and hence hed greater yield strein ns

ﬁ -
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Types of Sampke
Figure 5.7 Modulus of Elasticity of difTeremt types Semple
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Figurc 5.8 Yicld Strain of difTerent types Sample in Elasiic megion

i is revealed from wable 5.1 and figure 5.5, that the siress-simin of all vpes of
composite samples, oxcept type A (TLA) is almost lincer up to the yield Point. Type
A (T1.A) provided slightly non-linear viscoclastic form. Type A composite sample
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appeared in figure 5.8. This was happened duc to the larger shear stress and

discontinuous architecture of fiber mats. The shear stress of type A {TLA) under

tensile loading distributed among the horizontal layers of CSM and this shear stross

was Lhen ransfermed w the verical layer of CSM. The type 1D (T1.D), on the other

hand. had lower vielding strain as appeared in figure 5.8.In case of type D (TLD),

crack initisted in matrix earlier than type A {TLA). Though there was a combined

reinforcement of continuous RM atong with CSM. the earlier yiell point of type D

{TLD) occurred due to poor wet ability of RM and non-homogeneous bonding of

fiber matrix interfaces. ‘The woven RM was also not so porous as CSM. But the yield

stress and the modulus of type A (TLA) composite sample is lower than type D
{TLD) as found in lipure 5.6 and 57.

552 Properties in Plastic Region

Table 5.2. Tension est results for plassicpoxy composites

Type | Avg. | Avg. | Area Max. | Elong | Max. | Modul | Strain | Fiber
Width | Thick lLoad ation | Stress | -us Al Cont.
{m) ness P a Eun Max. {%a)
(my | (m) (m) Load
(107 | 10 | x w0 | &Ny | x10) | (MPa) | (GPa} | me

[ 2346 | 387 | 9072 | 47 453 | 5420 | 1.794 | 30.20
E; 2420 | 562 | 1360 | 10595 | 412 | 7790 | 2787 | 2747 | 21.08
C 2388 | 500 | 1220 | 10085 | 4.35 | 8267 | 2.854 | 2897 | 19.86
D 2370 { 425 101.0 2.55 367 | 8466 | 3465 | 2443 | 1998
A | 2388 | 457 | 109.0 | 10.72 | 549 | 98.35 | 2.689 | 36.58 | 22.23
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Figure 5.9 Sircss-Strain propertics of dilTerent types Sample in Plagtic region
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Figure 5.12 Fracture Strin of different types Sampice in Plastic region

Since the siress of all composites increesed proporitonally with the strin up to the
frecture point due to the contribution of the fiber sirength and appearcd &5 lincar
mannet, the slope of the siress-sirain was referred as plastic modulus in the plasic
region. The ullimate strength of the composites was also referred as frecture strength,
This wos because that the compoesites were failed suddenly by reaching fracture paint.
As can be seen from the Figure 5.9, the stress-strain is alse linear almost to the
frecture loxd. From table 5.2, it is found Lhat the type A (TLA) had the maximum
stress (fmcture) beyord the yield point. After the yield poinl type A (TLA), like other
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composites showed brittkeness in nature, as can be appeared in figure 5.9, But 1hose
composite samples were fctured 2t difTerent level of elongation and sirnin erd T0LA
hat higher fmecture sirain which are revealed in figure 5.12.The modulus of type A
{TLA) is lower then type D (TLD) due to higher fcture strain that can be seen in
figure 5.12.

553 Enerpy absorption calculation

Table 53. Crack initiating energy (Elastic region)

Typesof | Sample ID |  Creck Llengation | Absorbed | Fiber
sample initiating {x 10°%) encrgy | conlent
load, (kN) {m) U] (*a}
R TLR | 428987 0.91 0.650
B TLH 2. 908828 0.83 1.207 21.081
C TLC 2615235 0.875 1,144 15 862
n TLD 2175512 0.74 0879 [9.975
A TLA 2.531780 1.1 1.392 22,229
I | m—— T30
1.4 - 1,207 =1
13 | _ k144
=
? 0.8 -| 0.65
=
& os |
0.4 - | .
02 - |
'ﬂ ""I-" d T .
- . . .
R nu Types !}h‘gnrrpt: FLD TLA

Figure 5.13 Crack initiating energy ehsorption of dilTerent types of sample.
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Tablc 5.4. Fracture encrey {Plastic repion)

Types | Crack | Fracture | Elongation | Absorbed | Fiber
of initisting | load. Y (x ID‘J’} frocture content
samphke load, CnerRy (%)
{(kN) {kN) (m) U]
R 142899 | 4917 3619788 11 48557
B 21,9088 | 1D.5946 | 3.2B9465 2221078 | 21.081
C 261524 | 10,085 3.469963 22.03468 | 19.862
D 237551 | 855 2.92487 15.97785 | 19.975
A 25078 | 10.7197 | 4386625 | 20.06464 | 22.229
» 29.064 04
10 i
E 25 - 2221078 22.034468
PELR 15.97785
£ 15 § 1148557
E .
w
TLR TLH nC T TLA
Types of Samph

Figure 5.14 T'racture enerpy ebsorption of dilTeren types of sampke.

Table 5.5. Total energy absorpiion ol differem types ol Semple

Types | Crach | Fracture | Elong | Absorbe | Absorbed Total | Fiber
initiating | load. | ation | dencergy | frecture energy | comt
load, {x 10" | (Elastic CneTEy absorpli
region) {(Plastic on
region

(k) (kN) 1 {m) (5 1) (n__1_{%)
R F429 2917 4.53 0.65 11486 12,136
B 2.909 10.595 | 4.12 1247 22211 23418 21,081
C 2.615 10.085 |4.345 | 1.144 22,0345 23.119 19.862
D |2376 8.55 3.665 | 0.879 15.978 16.857 | 19.975
A 2502 10,72 | 5487 | 1.392 29.065 30457 | 22239

37




33 l ] " 10.457
30 4
a5 |; 23418 23.179
- E
? 20 1 16,857
S 154 120306 |
10 {
54
I N
0 — . . -4
TLR LB e TLD TLA
Types of Samplke

Figure 5.15 Total encrgy absorption of different types of mmple

Enitialization of creck cither in fiber or mairix deperds on energy absorpiion that can
be calculsted from the vicld lood and the respective clongrtion, Type A (TLA)
composile sample absorbed higher enerpy to initiale crack ns it is appeared in table
5.3 and figure 5,13, Type B (T1.B} and 1ype C (TLC) absorbed nearly same amount of
encrgy in this repard.

The [mciure encrpy amd the tolal encrpy absorbed by cach types of composite mmple
provided the mimilar rend of resull of elystic region and T1A composite sample
herein absorbed higher everpy as it is seen in Lable 5.4, 5.5 amd figun: 5.14 to 5.15.

254 Pointa where chanpe ol slope ocenrred

The curve is & bilinear curve (Figure 5.5 and Figure 5.9). which implies that therc is
only one location where the chonge of slope mointy oocurs. Herein, point where
change of skope occurmed is -defined as the vield point. Beyond the yield point, the
elongation and the stroin rate of type A (TLA) decrease with respect to the koads and
streases, The (it change af slope location point in Lhe stope is hypothesized 10 be
due to matrix micro crecking of layers and the specimen till remained intan with
matrix micro cracks until sudden fractiure of Lhe samples into (wo pans. Since all of
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the composites foiled at the pick point of the load, the ultimate strengih of the
composite was referred os frociure strength, After the (ailure, the load suddenty
dropped. The first modulus was ohtained up to the point where flirst chenge of slope
occurred was referred &5 eladic modulus. The plastic modulus was obtined at the

frocture point.
5.6 CORRELATIVE FFFECT OF STRENGTH, STRAIN ANTY MODULUS

A lood bearing device or component must pol disort 5o much under the ection of te
service stresses that its functions did not impair, nor must 0 fail by rupume, thmough
local yielding may be {olerable. Therefore, high modulus and high sirengih, with
ductility, is the desired comtribution of atiribuies, Bul, in case of polymer matrix
composite, it is diflicuht to provide all of te propertics in the desired kevel,

The properties such as siress, steain and modules provide relationships among cach
oaher, As the modulus is deflined by the mtio of stress and strain, the moduius of the
materials directly depends on the stress end strain of the materials In this thesis work,
a combined eflect of siress ond simin waos found. These comelative effecis arc

described with the help of graphical presentation.

ﬁ.= -y = T T T EEN N —TT o ="|2n

100 Modukn, G

+ 8D

8
Sirength MPe
>

Modplhun GPe

1 40

20

Figure 5.16 Modulus-Strength relationships of diTerent types of sample
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Figure 5.7 Modulus-Stmin relmtionships of differont yypes of ssmple

Az seen in the ligure 5,16 and 5,17, the modutus of each bype of composite is higher
in the ¢lamic region than plestic region. This is because of lower stmin mie with
respect o siress in clastic region, which can be referred as stiffness. The modulus of
sample composite TLD is higher due 1o higher siress and lower siroin wherens the
modulus of sample composite TLA is lower than TLD doe to higher strmin. The viekd
strength of both TLA and TLD is approximately same. But the frecture strength of
TLA is higher than any other 1ypes and it is prdually increased with the strain, It is
evideni that TLA provided ductile natere in both repions. This is due to the vertical
reinforeement of CSM. Ht is therefore found that the ductility of the GFR composite
can be improved by the addition of vertical reinforcement of plass fiber mat in the

[iber architexcture.



5.7 EFFECT OF ENERGY ABSORFPTION ON MODULUS
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Figure 5,18 Energy-modulus relationships of difTerent types of sample

As the stress of type A (TLA) was increased faster than siress beyvond the yield poinL,
the absomiton of energy is increased with the increasing of arca under stress-sirnin,
which is revealed in figure 5.18; that is why, the modulus of type A (TLA) is not
increased. In case of ype D (TLD), as the siress-simin mitio is higher dur to lower
sirmin rate, the area under stress-strain curve s amalker than thal of A (TLA) and
herce [ (TLLY), ehsorbed lower energy then olbers. N1 is therefore found that the
maodulus of the composite (thermaoset) is reterded with the increasing of absorption of
CICIgY.
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58 FEFFECT OF ENERGY ABSORFTION ON STRENGTH
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Figure 5.19 Encrgy-Strength relattonships of difTerent types of sample

Strce the absorption of energy is cakeulated from the area under stress-simin curve,
the emoumt of energy absarbed for strain is directly propontiona) (o the siress and the
strain causes due to loading. As the stmin of type A (11.A) is increased with the
incrensing of stress, the ahsorbed enerpy of A (TLA). in cither region, is increased
higher than nther types of composite, which can be appeared in figure 5.19.In case of
tvpe D (TLD), the crerzy absorpiion is lower due to lower simin. The ebsorption of
enetyy is also referred as the icughness of the composite material.
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59  EFFECT OF ENERGY ARSORPTION ON STRAIN
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Figure 5.20 Crergy-Strain relationships of different types of Sample

The strain of the composite alTeas both the modulus and absorption of energy. The
ahsorpiton of energy to resist frecture under cerain load is pmportional to the simin,
s reveaked in the figure 5.20

510 EFFECT OF ORIENTATION

Based on the resuls, it is evident that the direction of the orentation and types of
glass fiber mat affected the tensike propertics of the GTR composite significzntly. The
main facus of this project was to evaluete the eMects of 3D oriemation of glass fiber
mat on mechanical propenics of composite. It was observed that vertical orieniation
of CSM increase the teasile sirength and strain energy while decreasing of modulus.
The modulus of GFR composite can be increised by addition of roving mat.

5.10.1 Strength
From the experimental results af the sample composite, it was observed that the yield

sirenglth of type A, B, C and [ was improved by 4745%, 35.78%. 16.08% end
49.31% respeciively over epoxy mairix ond the frocture strength of type A, B, C and
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D was also inereascd by 81.46%, 43.73%. 52.53% and 56.2% respectively over epoxy

matrix.
5.10,2 Strain

The smin of type B, C and D was decreased by 8.77%. 3.86%, 18.69% and 9.04%,
4,(7%, 19.11% in both clastic region and plastic region respeetively whereas the
strain of type A was increased by 20.87% and 21.13% in both elastic region and

plastic region respectively over epoxy matrix,
5.10.3 Madulus

The modulus of type A, B, C und D composites was increased by 22.113%, 48.96%,
41.71%, 83.81%% and 49.89%, 55.35%, 59.09%, 93.14% over epoxy matrix both in

elastic region and in plastic region respectively.
5.10.4 Energy Ahsorption

The tvpe A, B, € and D composites absorbed 114,153%, 85.69%, 76%, 35.23% and
153.05%, 93.37%, 91.84%, 39.11% higher energy than epoxy matrix both in elastic
region and in plastic region respectively. The otal energy absorption by type A, B. C
and D composites was 150.96%. 92.96%, 90.99%, and 38.90% higher than epoxy

matrix respectively.
511 FIBER VOLUME FRACTIONS

Tensile properiies such as strength of & composite are (ypically in direct proportien
with fiber content. In this project, the volume fraction of type A, B. C, D
approximately 22.229%, 21.081%, 19.862%, and 19.973% were measured
respectively. The areal density of CSM is higher than RM and it was measturcd
experimentally in laboratory for each types of mat. Modification of the manufacturing
technigue incrcases the fiber volume. It the fiber content is increased, the lensile

strength will increase significantly.
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CHAPTER ¢

CONCLUSIONS

In this thesis, mechanical properties of chopped fiber reinforced compaosite structures
with 30 orientation of Nber mats, were determined and compared with other 1vpes of
prientation of glass Ober mals. The orientation of Ober (3D CSM) sludied in this
thesis for elastic modulus. maximum stresses, and strain at maximuns siress provide a
significant improvement in compare wilh other orientations and cpoxy maltrix. It can
be concluded from the resulls that the verlical orientation of C8M in longiludinal
direction along with horizontal layers improves the mechanical properties such ay
tensile strength, of the GFR compesites. In this research work, it was experimentally
found that ultimate strenoth (referred as fracture strength} of type A (TLA) was
81.46% higher than epoxy matix whereas type B (TLB), C (TLC) and & (TLE) had
43.73%, 32.53% and 56.2% highcr ultimate strength over epoxy malrix respoctively.
Il was, thercfore, predicted that the lensile strength would be increascd with the
increising of number of oricnlation o verlical layers of CEM. Thouglh the ductility of
the composile malerials is most desirable. it is complicated 1o achicve. In this thesis, it
was observed that the use of vertical layer of CSM in composites provided larger area

under stress-straln curve than other types of orientation.

The manufacturing process and design of die to mold the composites are also the vital
factors, which affect the mechanical properties of the molded composites. The air
voids formation affects the structural quality and properties of lhe composite
malcrials. The 3D architecture of CSM was complicated and some Tactors such as air
voids formation, chemical bonding appear due to poor reinforcement of fiber mats,
The formation of voids and poor wet out of fiber mats depend upon the types of the
fiber mats. Though woven mat of continuous glass fiber provides higher mechanical
properties than chopped strand mat, the woven roving mat in this research provided
lower strength and toughness due 1o poor wet out of mats and easy entrapping of air.
The quality of epoxy resin and glass fiber mat alse largely attects the properties of the
molded composites. In this rescarch work, epoxy resin and glass fiber mats (CSM and

Woven Roving Mat) used which were available in local markels.
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To produce the data in this thesis, tensile test based on ASTM standards for plastics
and composite testing were carried out, 'fo manufacture the specimens. an open hand
lay up {HLLD process was used alompg with compression process. The molded
composite plates were compressed on a flat aligned table using a heavy toad
{Approximately 100 kgs). The HIU process was chosen becawse it is an allordable

mcthod for manufacturing composite structures.
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APPENDIX A
3D SAMPLE PREPARATION

ot L‘g

3D rein I"enl ol C5M mat fverlical layers¥Initial inal)
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Figure A3 3D reinforcement of CSM mat (vertical layers){Second trial)

Figure A4  Dic design lor 3D reinforcernent (Final trial)

Figure A.5 Malzte paper
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Figure A.7 3D reinfarcement of CSM mat (vertical lnyers)Final trial)
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Figure A.8 Wooden board for laad supporting (Final trial)

Figure A.9 Normal curing under pressure {Final tnal)
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Figure A0 Curing oven with thermometer.

Figure A.11 Milling operation to remove extra verrical ribs of CSM
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Figure A.12 Samples for fonsile tost
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