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ABSTRACT

Fiber reinforced polymeric composite materials have recently gained widespread
use in military, transportation, energy and civil engineering applications. Resin Transfer
Molding (RTM) and Vacuum Assisted Resin Transfer Molding (VARTM) process have
become important in the manufacture of these types of composites. In those techniques,
use of fiber preforms offer some distinct advantages. Using thermoplastic binders that
bond the fabrics together allows the plies to be consolidated into near net shape preform.

In the present work, glass preforms were consolidated by application of heat
and pressure over plies of the glass fabrics that were coated with various concentration
of thermoplastic polyester binder. Composite laminates with and without binder were
fabricated by utilizing VARTM technique. The peel strength of the preforms with
various binder contents was measured to determine the optimum binder concentration.
The highest peel strength was obtained from preforms that were prepared with about 9
wt.% of the binder. Preform compression test was also performed using universal test
machine with preforms composed of eight plies of glass fabrics with binder (3,6 and 9
wt.%) and without binder. It was observed that the binder has significant effect on the
degree of preform compaction. The highest thickness reduction and therefore fiber
volume fraction of the preforms was reached via 3 wt.% of binder. The flexural strength
and modulus, compressive strength and modulus through ply-lay up and in-plane
loading directions, apparent interlaminar shear strength, mode [ interlaminar fracture
toughness of the composites with and without binder were measured to evaluate the
effects of the binder on the mechanical properties of the composite plates. It was found
that the flexural strength, mode I interlaminar fracture toughness of the E-
glass/polyester composite system decreases 30 and 40 percentage, respectively due to
the presence of 3 wt.% and 6 wt.% of binder. On the other hand, the flexural modulus of
the composite increases while the apparent interlaminar shear strength remains almost
constant by the introduction of the binder. The ply-lay up compressive strength and
modulus were found to increase up to 3 wt.% of binder and decrease upon further
addition of binder. The same findings are valid for the compressive strength and
modulus through in-plane loading direction. Ballistic test was performed on E-
glass/polyester composite panels according to NATO standards 2920 using 1.1-gr.
fragment-simulating projectiles (FSPs) to evaluate the effects of the binder on the



ballistic performance of the E-glass/polyester composite laminates. The ultrasonic C-
scan test method was used to monitor the extent of the damage on the panels due to
ballistic impact. It was seen that the damage on the ballistically impacted composite
panels decreases with increasing binder. A model matrix material was prepared adding
various concentrations of the binder to the reacting resin system in order to follow the
extend of binder dissolution within the matrix resin. It was found that there is no
complete dissolution of the binder in the matrix resin.
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Fiberlerle mukavetlendirilmis kompozit malzemeler, askeri, tagima, enerji ve
ingaat mihendisligi uygulamalarinda son zamanlarda artan bir kullamim alam
bulmaktadir. Regine Transfer Kaliplama (RTK) ve Vakum Destekli Regine Kaliplama
(VDRK) teknikleri, bu tip kompozitlerin {iretiminde 6nemli duruma gelmigtir. Bu
proses teknolojilerinde, 6n gekillendirilmis elyafin (fiber preform) kullanmimi bir takim
avantajlar sunmaktadir. Fabrikleri bir arada baglayan termoplastik baglayicilarn
kullanimi, katmanlarin net sekilli preformlarin konsolidasyonuna izin vermektedir.

Bu caligmada, cam preformlar degisik termoplastik baglayict konsantrasyonlari
ile kaplanmuig fabrik katmanlarinin 1s1 ve basing uygulamasi ile elde edilmistir.
Baglayict igeren ve igermeyen kompozit laminalar (VDRK) teknigi kullamilarak
Uretilmistir. Farkli oranlarda thermoplastik baglayict igeren 6n sekillendirilmig cam
elyaflarin ayrilma mukavemeti optimum binder konsantrasyonunu belirlemek igin
Sl¢iilmiistiir. En yliksek ayrilma mukavemeti baglayic1 orammin agirlikga % 9 oldugu
preformlarda elde edilmistir. Ayrica preform basma testi universal test cihazi kullanarak
8 katmanda olusan ve baglayic1 igeren (% 3,6, ve 9 ag.) ve igermeyen preformlar ile
gerceklestirilmistir. Bunun sonucunda, baglayicinin preform kompaktlanma seviyesi
tizerinde olduk¢a Snemli etkisinin oldugu gdzlenmigtir. En yiliksek kalinlik azalmasi ve
bdylece fiber hacim oranimin % 3 ag. baglayic: ile ulagilmugtir. Baglayicinin kompozit
plakalarin mekanik 6zelliklerine olan etkilerinin belirlenmesi igin, baglayici igeren ve
icermeyen kompozitlerin egme mukavemeti ve modiilti, Mode I laminalar aras1 kirilma
toklugu, laminalar arasi akma mukavemeti, ply-lay up ve in-plane yiikleme ydniinde
basma mukavemeti ve modiili Sl¢tlmiigtiir. Kompozit egme mukavemeti ve Mode 1
laminalar aras1 kirtima toklugunun % 3 ag. oraninda baglayicimin bulunmas: ile sirasiyla
% 30 ve 40 oraninda azaldify gbzlemlenmistir. Diger yandan kompozit efme modiilii
plastik baglayici miktarina baglh olarak artarken akma mukavemeti hemen hemen sabit
kalmaktadir. Hem kompozit ply-lay up basma mukavemeti hem de modiilid % 3 ag.
baglayiciya kadar artmakta ve daha fazla plastik baglayic1 eklenmesiyle birlikte azalma
egilimi gostermektedir. Aym sonuglar, in-plane yoniinde basma mukavemeti ve modiilii
degerleri i¢inde bulunmugtur. Thermoplastik baglayicinin E-cam/polyester panellerin
balistik performansina olan etkilerin degerlendirmek i¢in, NATO 2920 standardina gére
1.1 gr fragment simule eden mermiler kullanilarak balistik test gergeklestirilmistir.



Tahribatsiz C-scan ultrasonik muayene .testi kompozit panellerin {izerinde balistik
testten sonra olusan hasar oraninin saptanmasi i¢in kullanidmugtir. Sonug olarak plastik
baglayicmin oramnin artmastyla panellerin iizerindeki balistik hasar oranimin azaldi
g6zlemistir. Thermoplastik baglayicinin reaktif regine sisteminde ¢dziinmesini takip
edebilmek amaciyla, reaktif regine sistemine gesitli oranlarda thermoplastik baglayic
eklenerek bir model matriks malzeme hazirlannmgtir. Sonug olarak thermoplastik
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baglayicinn regine igerisindeki ¢Oziiniirligiiniin simrh oranda oldugu gézlenmigtir.



TABLE OF CONTENTS

LIST OF FIGURES
LIST OF TABLES
Chapter 1.INTRODUCTION.....c.uiuiiiiiiitrnieaciauenreneieencereneseansesnsnns 1
Chapter 2. FIBER-REINFORCED POLYMER COMPOSITES..................... 4
2.1 Matrix MaterialS. .....ooouinmiiiiiieiniiiiiiiiiii i eceeerae e eas 5
2.1.1 Polyester Resif......coviiiiiiniiiiniiiiiiii it e e 7
2.2 FIber Materials. ... ccuuvvnreniiiiiereeeeeeneiieeeeennesnteeereeeraennennnss 7
2.2.1 Glass Fibers..coicuiuieiiiiiiiee i i et ire e eeae e een 9
2.2.2 Fiber Reinforcement Architecture ..........cccceeeviieininininnnnn, 10
Chapter 3. LIGHT-WEIGHT COMPOSITE ARMOR......cccocviiiiiiiniininannn. 11
3.1 Ballistic Impact Performance of Fiber Reinforced Polymer
COMIPOSIEES. e envrniiienertieiertieeeetneeeenetenereenrareasnaneaeansens 13
3.2 Energy Absorption Through Fiber Reinforced Polymer Composites
Upon Ballistic Impact..........coeveiiiieieiiieiiiiiiieiieiieneene 16
Chapter 4. FIBER REINFORCED POLYMER COMPOSITE MANUFACTURING
METHODS. ... oiiiiiitiiiiiiiies cetreeeii e eereseeasareanrnaaasnens 20
4.1 Wet-Lay up/Spray-Lay up.. ...ooeeiiiiiiiiiiiioiiiininieneecnnnenennns 21
4.2 Prepreg Lay-Up....covviniieiiiiiiiiiini it era st aeneeeana 22
4.3 Compression Molding .........coeveiiieiiiiiiniiiiiiiniiiiincienenenn. 23
4.4 Filament Winding........oceeiiieniiiininanniniineniiiieerenieeneeeneanence o 25
4.5 PUIIUSION. .. oottt einiieeeieieee e et teaeenenanenntnsaaanesnaansnnen o 27
4.6 Resin Transfer Molding (RTM)......cceiiiiniiiiiniiininiiiiineieenennnn. 28
4.7 Vacuum Assisted Resin Transfer Molding (VARTM)........c.........e. 29
Chapter 5.FIBER PREFORMING .......ccieieiuiiiieiiiiieiiiiieeeiaieieeeneiaennnn. 31
5.1 Advantages of Fiber Preforming..........cccocvuiuiiuiiiiiriiiniiennnn 31
5.2 Fiber Preforming Techniques.......ccocveiieiniiiiiiiiiiiiinininnennnn. 32
5.2.1 Cut and Place Preforming.........cc.ooeveviiiviniiinniiianinnennn.. 32
5.2.2 Directed Fiber Preforming.........coceoeieiiiiiiiiiiienineiinennnnn. 33
5.2.3 Textile Preforming.........ccooouiiiiiiiiiiiiiiiiiiiiiir e ciiceenans 33
5.2.3.1 Braided Preforms.........cceeeueveiiiiineiiiinininiiannnnn. 34
5.2.3.2 Knitted Preforms........cccoeviimiiimriieiinnieiininennnnnn. 34
5.2.3.3 Stitched Preforms.......cccvvvirieiiiiiiiiiiiiiiiiieene 34
5.2.3.4 Woven Preforms.......ccceevieiiiiiiiiiniieiiiiinaennns 34
5.2.4 Use of Preforming Binder .........cc.coooviiiiiiiiiiiiiiiiiiinaienn. 35
5.3 Fiber Preform Compressibility........cocveniiiiiiieneniiiiiiiiiieninnns 36
5.4 Effect of Preforming Binder on The Final Properties of the
COMIPOSILES. «.euieinineninieieeiereiietetienentereerereteenrenrasassonsos 39
Chapter 6. EXPERIMENTAL.......ccoiuiitiiiiieiiiiieeeinreeentneacenenrnnacnns 43
6.1 Materials. ..couuinieiiiiieiiierereiieeeeieeeeeenreeeerenenaeteaeenanaas 43
6.1.1 Binder Characterization..........coceeeeererereruiieneeecenaenrnnanas 44

6.2 Preform Consolidation and Characterization of Peel Strength and
Compaction Behaviour........coceiiiieiniiiniieiiiiiiiiicienrenenes 45



6.2.1 Preform Consolidation........ocvvviiiviieenrereeerernrecersennnesces 45

6.2.2 Preform T-Peel Test.....cccvevnieeieiiiiiniiiiiiiiiiniiniininnien 45
6.2.3 Preform Compaction Test.........cccevviriniiiiiiniiiiiiins cenennnnns 46
6.3 Composite Fabrication.........ccccuvuviieniieiiniiiiiininiiiienen venee 47
6.4 Matrix Burn-Out Test.......cueueniueernererninininiieirieninininiienenenes 48
6.5 Ballistic TeStiNg..cueuiuerrneriienerraeninieiaraiienirtaenenenenennns 48
6.5.1 Ultrasonic C-scan Test......c.cceeueeieieieiniieinieniiecainnnn 49
6.6 Mechanical Property Characterization...........cccuecuruucennnnenne. 49
6.6.1 Flexural Tests......covveuenenerrnererureruimniiiienieneneinenenenenns 49
6.6.2 Short Beam Shear (SBS) Test...occeeriiiiiiiiiiiiniiniiininnnen 51
6.6.3 Double Beam Cantilever (DCB) Test......ccoovveeiiiiniiinnnn. 51
6.6.4 Compression TestS......c.coeeveiiininiuiniiiiiiiiiiiineeeennnn. 53
6.7 Microstructure Characterization ...........ocoveivneiernininiinriinenans . 53
6.8 Determining the Interactions Between Preforming Binder and
Matrix Resin...cociiiiiiiiiiiiiii et 53
Chapter 7.RESULTS AND DISCUSSION ......cviiiiiiiiiiiniieneieennen, 55
7.1 Peel Strength of Glass Preforms.........ccoooiiiiiiiiii, 55
7.2 Effect of binder on Preform Compaction..........ccoeeivininiiiennnnn. 56
7.3 Effect of the Binder on the Ballistic Performance of the
(073] 111 oo 11 SO PP 58
7.4 Effect of the Binder on the Mechanical Properties of the
COMPOSIIES. .. eueveenenctrneneeenininrattiiieaerrtsieieaeraaraesesnssanns 63
7.4.1 Flexural Strength and Modulus..........cccoviiiiiiii. 63
7.4.2 Interlaminar Shear Strength.........c..cooiiiiiiiiiiiin 63
7.4.3 Interlaminar Fracture Toughness ........cccoocveeieiiiinciininnn 64
7.4.4 Compression Properties of the Composites..........cc..cuuee.. 67
7.5 Interactions between Preforming Binder and Matrix Resin........... 76
Chapter 8. CONCLUSIONS AND RECOMMENDATIONS....................ee 82

REFERENCES...... ittt eie e e s eaaes 84



LIST OF FIGURES

Figure 3.1
Figare 4.1
Figure 4.2
Figure 5.1
Figure 5.2
Figure 6.1

Figure6.2
Figure 6.3
Figure 6.4
Figure 6.5
Figure 6.6
Figure 6.7
Figure 6.8
Figure 6.9
Figure 6.10
Figure 7.1

Figure 7.2

Figure 7.3

Figure 7.4

Figure 7.5

Figure 7.6

Schematic of Integral Composite AImor .......c.ccevuvviieininnnnns 12
Schematic of RTM Process.......ceviuiiiiniies cenriineiiiiinsnnnnnnn 27
Schematic of VARTM Process.......cccovviiinieiiiiiiinieninnnann. 30
An example to the preformed structure.........cocevevenvnennnen.e. 35
Influence of Preform Compressibility on Microstructure............ 36
Gelation time as a function of CONAP and MEKP

WeEIght PETCENAGE. ....euveiiencniniieniniiiinieriitieinreieearaenensenanans 43
Chemical Structure of ATLAC-363E binder...........cococvemmnnn.n. 44
DSC profile of the ATLAC 363E polyester preforming binder...... 44
Schematic of Preform Consolidation...........ccccocvviiininininnnannn 45
Photo showing Peel Test Configuration..........cccocvvviiiiinininnnnn. 46
Schematic of VARTM....cciiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiniceneee, 47
Schematic of Ballistic Set up....cccvevveeiiiiniieiniiiiinniiininns 49
Photo of Flexural Test Configuration..........cccceeeveiivenininennns 50
Photo showing SBS specimen under load..........coevienennannna. 51

DCB test sample under load and configuration of test set-up.........52
Average peel strength of the specimens as a function of binder
weight percentage.........ccoveeeenrvecrnresnenne 56
Preform thickness per layer as a function of fabric pressure for various
binder content (A, B,C,D refer to initial thickness of the preforms with
0,3,6 and 9wt.% of binder, respectively)....... 57
Photos showing the ballistic impact damage on front and back face of
VARTM processed composite panels. (a and b — panels without binder),

................

(c and d — panels with 3 wt. % binder)........ccocevviinininiiiin, 59
C-scan imaging of the ballistically impacted panels (a, b refer to

0 and 6 wt.% of the binder, respectively ).......cccovvuvrrnininenen. 60
Cross sections of the impacted panels with various binder
CONCENTALIONS. e vvrneieaceereanarasareecacecsssarssssesvacnsorssessasson 61
Optical micrographs from the cross-section of E-glass/polyester
composite panel (with 3 wt. % of the binder) after ballistic

impact showing delamination and intra-bundle cracking............. 62



Figure 7.7 Optical micrographs from the cross-section of E-glass/polyester
composite panel (with 3 wt. % of the binder) after ballistic impact

showing fiber fracture and buckling around cavity region......... 63
Figure 7.8 Flexural strength and modulus of the E-glass/polyester composites

as a function of binder weight percentage..............cccecineeennnne. 63
Figure 7.9  Apparent interlaminar shear strength of the composites as a function

of binder weight percentage.............cccceiiiiiiiiiiiiiiiiiin, 64
Figure 7.10 Mode I interlaminar fracture toughness as a function of crack

EXUEIISION. .t eueuaneneeeenentneeerneeararasseeesestensncnessenrssancnes 65
Figure 7.11 a SEM fracture surface micrographs of DCB specimen with 0 % wt.

(01l )11 1o [ S PP PTN 66
Figure 7.11 b SEM fracture surface micrographs of DCB specimen with 3%wt.

of binder.......cocvevernrnininieieneininens eerereeneneeernrnenrnenanans 67

Figure 7.12 Ply lay up direction compressive stress vs. strain response of
composites without binder............cccociiiiiiiiiiiinin, 68
Figure 7.13 Ply-lay up direction compressive stress vs. strain response of
composites with 3 wt.% of binder...........c.cooiiiiiiii 68
Figure 7.14 Ply-lay up direction compressive stress vs. strain response of
composites with 6 wt.% of binder............oooiviiiiiis ciinnne. 69
Figure 7.15 In-plane direction compressive stress vs. strain response of

composites without binder..........c.cccocviviiiiiniiiiiiiiininnnn. 70
Figure 7.16 In-plane direction compressive stress vs. strain response of

Composites with 3 wt.% of binder..........cccvviiniiiinniiiiinn 70
Figure 7.17 In plane direction compressive stress vs. strain response of the
composites with 6 wt.% of binder..............oiviiiiii 71
Figure 7.18 The strain at maximum stress values as a function of binder weight
percentage for the ply-lay up and in-plane loading directions...... 71
Figure 7.19 Ply lay up direction maximum compressive stress and compressive
modulus as a function of binder weight percentage.................. 72
Figure 7.20 In-plane direction maximum compressive stress and compressive
modulus as a function of binder weight percentage.................. 72
Figure 7.21 Fracture surface of compression composite specimen without binder

loaded in ply-lay up direction....... 73




Figure 7.22

Figure 7.23

Figure 7.24

Figure 7.25

Figure 7.26

Figure 7.27

Figure 7.28

Figure 7.29

Figure 7.30

Figure 7.31

Figure 7.32

Figure 7.33

Fracture surface of compression composite specimen with 6 wt.%

of binder loaded in ply-lay up direction.............ccooeninininis 73
Fracture surface of compression composite specimen without binder
loaded in in-plane direction..........ccoeveveieinvnniennnnnnn. eeenan 74

Fracture surface of compression composite specimen with 3wt.%
binder loaded in in-plane direction........c....cocvevuivininiiiiannene. 74
Fractured surface SEM micrograph of polyester matrix polymer
without binder........ocoviiiiiniiiiiiiiiii e
Fractured surface SEM micrograph of polyester matrix polymer with
12.85 wt.% binder.....ooviiiiiiiiiiiiii e
Fractured surface SEM micrograph of polyester matrix polymer with
12.85 wt.% binder. The undissolved binder particles are visible

IN MICTOGIAP. ..ceiuitiiiiniiiiiiiiiiii it 76
The typical compressive stress and strain response of the model
specimens without binder.............cooiiiiiiiiiiiiniiiiiini, 78
The typical compressive stress vs. strain response of the model
specimens with 6.5 wt.% of binder............c...c.coiiiiiiinnll 78
The typical compressive stress vs. strain response of the model
specimens with 12.85 wt.% of binder.............cccoevieieiiaiiin. 79
Strain at yield values of the model specimens as a function of weight
percentage of the binder.............c.cooiiiiiinn 79

Yield stress and compressive modulus of the model specimens as a
function of binder weight percentage.........ccceveiieiiiniiiaann. 80
The viscosity values of the resin/binder blends (6.5 wt.% binder)

stirred at room and at elevated temperatures............ceoeeeeercvecerecenees 81



LIST OF TABLES

Table 2.1 Examples for the application of fiber reinforced composites........... 5
Table 2.2 a The properties of the typically used thermoset matrix material in
COMPOSIteS Processing.......occovuiuiuiinieiiiiniiniriiiininniiienaens. 6
Table 2.2 b The properties of the typically used thermoplastic matrix material in
COMPOSIES PrOCESSINEG. .. uiureieirersiarreresonteernreeasaasasarancasananes 7
Table 2.3 Properties of some fibers and conventional materials.................. 8
Table 2.4 Composition of glass used for fiber manufacture....................... 9
Table 6.1 Charecteristic of composite panels fabricated with VARTM process
for balliStiC tEStING......c.coouerinecisnreressrccserierttssnsesesesssanasnecssossase 48
Table 7.1 Ballistic delamination data for the composite panels with various
concentration of preforming binder........cccccecereeeereereerereenrnreecsancsnnne 59



Chapter 1

INTRODUCTION

Fiber reinforced polymer composites have recently become more popular
engineering materials to be used in many industrial areas such as marine bodies, aircraft
structures and armor for ballistic protection in military applications. This interest is due
to their outstanding mechanical properties, impact resistance, high durability and
flexibility in design capabilities and lightweight. Composite materials are playing a key
role in the development of polymer composite/ceramic integral armor systems that
contain multiple layers of glass fiber-reinforced polymer composites. For these
applications, sized glass fibers are being employed with especially epoxy, vinyl ester
and polyester resin systems.

Liquid molding processes such as Resin Transfer Molding (RTM) and Vacuum
Assisted Resin Transfer Molding (VARTM) techniques are preferably used to fabricate
affordable polymeric composite structures. These techniques provide higher fiber
volume fraction, better surface quality and microstructural control as compared with
traditional techniques such as spray up and hand lay up. The main processing steps in
RTM or VARTM are/ placement of the reinforcing fabric into a mold cavity or on a flat
tool, resin infusion, curing and demolding. There are some advantages of using fabric
preforms that can be prepared in the shape and dimensions of the desired part prior to
infusion process [1-4]. These include ease of handling and mold replacement of
reinforcing constituent. Composites with higher volume fractions can be obtained from
compacted preforms. Use of preforms offers significant potential in cost savings in
terms of composite manufacturing duration. Furthermore, preforms may improve the
control of dimensional specifications and fiber alignment of the final cured composite
part.

Preforming can be done by weaving, knitting, braiding or stitching. The most
recent technique to consolidate fiber preform systems is to introduce a thermoplastic
binder between reinforcement fabrics to supply brief compaction [1,5]. Thermoplastic
binders offer potential to make net shape thermoformable preforms to keep integrity of
fibers during mold assembly. Preforms can be fabricated by uniformly spreading and
then melting the binder onto the surface of the glass mats. The desired number of



binder-coated plies can be stacked together under application of heat and pressure. It
was shown that final composite properties and microstructure depend to a great extent
on compaction of the fiber preform to the designed thickness [6]. In addition, it was also
shown that the distribution of plastic binders over the glass fabric surface affects the
degree of compressibility of fiber preforms. Binders are desired to bond fibers together
so that it is possible to tailor the properties of the composites at the interlaminar regions
between the layers. In addition to chemical compatibility and reactivity of the binder
with matrix resin as well as fiber sizing, physical properties of binder such as melt
viscosity, wettability of the glass fabric and solubility in the applied matrix resin may
significantly affect the properties of the final composite part. Dissolution of the binder
may directly cause an increase in the resin viscosity. This is an important parameter on
the composite processing because permeability of the resin through the binder path
depends upon the degree of dissolution of binder in the matrix resin [7,8]. Binder
properties such as modulus or the area of the binder coverage on the fibers have been
found to have some considerable effects on fabricating net-shaped preforms with
reduced springback [4]. It has been revealed by several studies that the presence of
préforming binder has some significant effect on the mechanical and physical properties
of the polymeric composites [1-8]. Furthermore, it was shown that the chemical
compatibility of the binder with the matrix resin and fiber sizing is an essential for those
composite properties.

The objective of this study is to investigate the effect of a thermoplastic
preforming binder on the physical and mechanical properties as well as ballistic
performance of the E-glass/polyester composite. Another objective is to develop
techniques to fabricate fabric preforms with optimized characteristics.

In the present work, glass preforms were consolidated by application of heat
and pressure over plies of the glass fabrics that were coated with various concentration
of thermoplastic polyester binder. Composite laminates with and without binder were
fabricated by utilizing VARTM technique. The peel strength of the preforms with
various binder contents was measured to determine the optimum binder concentration.
Preform compression test was also performed using universal test machine with
preforms composed of eight plies of glass fabrics with binder (3,6 and 9 wt.%) and
without binder. The flexural strength and modulus, compressive strength and modulus
through ply-lay up and in-plane loading directions, apparent interlaminar shear strength,



mode I interlaminar fracture toughness of the composites with and without binder were
measured to evaluate the effects of the binder on the mechanical properties of the
composite plates. Ballistic test was performed on E-glass/polyester composite panels
according to NATO standards 2920 using 1.1-gr. fragment-simulating projectiles (FSPs)
to evaluate the effects of the binder on the ballistic performance of the E-glass/polyester
composite laminates. To our knowledge, there is no work reported in the literature
revealing the effects of a preforming binder on the ballistic performance of the
polymeric composites. The ultrasonic C-scan test method was used to monitor the
extent of the damage on the panels due to ballistic impact. A model matrix material was
prepared adding various concentrations of the binder to the reacting resin system in
order to follow the extend of binder dissolution within the matrix resin. Moreover, the
viscosity measurements of the matrix resin with and without binder were performed in
certain time intervals at room and elevated temperatures. Furthermore, to replicate the
effects of thermoplastic binder on the compressive mechanical behaviour of the
thermosetting matrix, compressive tests were conducted on the model matrix resin with
and without binder.



Chapter 2

FIBER REINFORCED POLYMER COMPOSITES

Composite materials consist of two or more physically and chemically distinct
materials in such that the properties of composite are superior and unique in some
specific respects, as compared to the properties of its individual components.
Composites are in general composed of matrix and reinforcing constituents as well as
fillers [9]. Reinforcements for composites can be fibers, particles, or whiskers. Each of
these materials has its own unique applications {10,11]. Fibers have usually high
strength and modulus and serve as the principal load-carrying member. Fibers are most
commonly used in high performance polymer composites. Some particulates including
glass beads, calcium carbonate, mica, etc. are added into the matrix to produce
particulate filled polymer composites. Matrix materials are generally polymers,
ceramics and metals. The matrix holds the reinforcement together and acts as a load
transfer medium between fibers and keep them away from any environmental damage
tﬁét could initiate the fracture [12]. The matrix also keeps the fibers in a desired location
and orientation, separating fibers from each other to avoid mutual abrasion during
periodic straining of the composite. In fiber reinforced composites, both fiber and the
matrix retain their identities in most of the cases. It results in unique properties that can
not be achieved with either of them acting alone.

Reinforced composites may be classified based on the nature of the matrix
material as polymer matrix composites (PMC) metal matrix composites (MMC) and
ceramic matrix composites (CMC). PMCs have wider applications as compared with
MMCs, and CMCs due to their unique properties such as low density and cost and easy
handling. Moreover, they have high strength and stiffness, impact resistance, and
durability and design flexibility depends upon the properties of the composite
constituent. For those reasons, engineering metallic materials are currently being
replaced with PMCs in structural designs. Selected examples with comments for the
applications of PMCs in various industries are given in Table 2.1 {12].



Table 2.1 Applications of fiber-reinforced polymer composites [12].

INDUSTRY EXAMPLES COMMENTS
Aircraft Doors, elevators, rudders - Usually result in 20 to 35%
savings over metal parts
Aerospace Space shuttle, space station - Great weight savings
-High dimensional and thermal
stability using carbon / carbon
composites
Automotive Body frame, chassis components - High stiffnes
engine components, drive shaft, - Good surface finishing
exterior body components,etc. - Lower weight
Marine Hulls and masts for boats, spars - Weight reduction
- Economy in fuel
Sporting goods  Tennis racquets, golf club shafts - Weight reduction
bicycle frames, skis, canoes, etc. - Vibration damping
- Design flexibility
Chemical Pipes, tanks, pressure vessels - Weight savings
- Corrosion resistance
Military Helmets, portable bridges, - Weight savings
armour plates. - High stiffness and impact
damage tolerance
2.1 Matrix Materials

The polymer matrix materials can be classified as thermoplastic and thermoset
polymers. These two polymer types differ in their respective intermolecular structures
that the thermoset materials are crosslinked in their final state, and the thermoplastics do
not exhibit any crosslinking. The thermosets are generally liquid resins, which are cured
with application of heat and chemical reaction to achieve the crosslinking of their
molecular structures, while the thermoplastics are solids that can be melted, formed, and
then cooled to achieve their final solid form. The matrix materials in fiber composites
are extensive and vary in a wide range of properties. The chief polymers used in high



performance fiber reinforced composites are thermosetting resins with low molecular
weight species and low viscosity. The property requirements for a matrix material are
different from those for a reinforcement [10,11]. Matrix materials usually have
relatively low modulus and strength and high ductility values as compared to fibers.
Therefore, fracture toughness and crack propagation resistance in Mode I and II are
commonly used to assess the potential of a matrix for use in damage-tolerant
composites [9]. Moreover, the matrix determines the thermal stability of the composite.
When the composite is under a compressive load, the matrix plays a key role in
preventing micro buckling of fibers that is a major compressive failure mechanism in
continuous fiber composites [13].

Composite performance is related to the following matrix properties; elastic
modulus, yield and ultimate strengths under tension, compression or shear, failure strain
or ductility, fracture toughness, durability or resistance to aggressive organic liquids and
moisture, thermal and oxidative stability. When selecting a particular resin for a specific
composite application, the processability of the matrix with appropriate viscosity must
be also taken into consideration. Curing procedures can induce the defects in the form
of. delamination and flaws, voids, fiber debonding, wrinkles, inclusions, broken fibers,
fiber misalignment and residual stresses. All of these factors determine the performance
of the final composite part. Tables 2.2 (a) and 2.2 (b) show the properties of the
typically used thermoset matrix and thermoplastic matrix materials, respectively [2,4].
In this study, the matrix material used to fabricate composite parts was chosen as a
polyester resin. Brief information about polyester resin is given in the following part.

Table 2.2 (a) The properties of thermoset matrix materials typically used in
composite processing [11].

Property Units Epoxy Polyester
Density Mg/m® 1.1-1.4 1.2-1.5
Young's modulus GPa 3-6 2-4.5
Tensile strength MPa 35-100 40-90
Compressive strength  MPa 100-200 90-250
Elongation to break % 1-6 ) 2
Shrinkage on curing % 1-2 4-8




Table 2.2 (b) The properties of the thermoplastic matrix materials typically used in

composite processing [11].
Property Units Polypropylene Nylon 6.6 Polycarbonate
Density Mg/m’ 0.90 1.14 1.06-1.20
Young's modulus GPa 1.0-14 1.4-2.8 2224
Tensile strength MPa 25-38 60-75 45-70
Elongation to break % >300 40-80 50-100
2.1.1 Polyester Resin

The term polyester resin is used to describe a class of thermosetting resins
consisting of an unsaturated backbone dissolved in a reactive monomer [13]. The most
common backbone for the polymer is a saturated acid, an unsaturated acid, and one or
more glycols. The most common reactive monomer is styrene. The polyester backbone
polymer is synthesized by condensation polymerization. Polyester resins are commonly
categorized as ortho and iso resins depending on the nature of the saturated acid portion
of the backbone polymer. The difference between them is that, as the saturated acid
portion of the backbone polymer, ortho and iso resins use orthophthalic acid and
isophthalic acid, respectively. Ortho resins are used in contact molding such as marine
applications, while Iso resins are used in matched die-molding, corrosion resistant
applications and gel coats. Unsaturated polyesters are in general used where a good
balance is required between the mechanical properties and chemical resistance at
moderate or ambient temperatures [10]. The unsaturated polyesters are cured by adding
free radical catalyst or initiators such as methyl ethyl ketone peroxide, plus an
accelerator such as cobalt naphthenate and diethyl aniline. Anhyrides can be used to
avoid the problem of by-product formation.

2.2 Fiber Materials

A wide variety of fiber materials are available for the polymer composites. The
most commonly used fibers in polymer matrices are carbon, glass and aramid type
fibers [11]. Although they are relatively more expensive, boron fibers also find some
applications in military and aerospace applications. Alumina, silicon carbide, silicon
nitride and other ceramic fibers and metal wires have still limited use as well [15]. High



strength and high modulus carbon fibers are manufactured by treating organic fibers
with heat and tension, leading to a highly ordered carbon structure. The most commonly
used precursors include rayon-base fibers, polyacrylonitrile, and pitch. Organic fibers
like aramid and polyethylene is a class of the fibers based on the high strength and
stiffness resulted from fully aligned polymers [10]. Aramid fibers are a generic term for
aromatic polyamide fibers. As an example, Keviar® developed by Du Pont Corp., is
composed of poly(1,4-phenyleneterephthalamide). Two forms, Kevlar 29 and Kevlar
49, are available. The aramid fibers have an elastic modulus over twenty times greater
than that of conventional polyamide (nylon) fibers [5]. Aramid fibers with high specific
strength absorb much more energy than brittle fibers and widely used in lightweight
armor and other impact-resistant structures [11]. Another example to organic fibers is
polyethylene fibers produced from high-density polyethylene by solid state drawing.
Like other polymer-based high performance fibers, the transverse and longitudinal
compressive strengths of PE fibers are far from being satisfactory. Many of these fibers
can be fabricated with a wide range of properties. The unique combinations of
properties available in these fibers provide the outstanding structural characteristics of
fiber-reinforced composites. Table 2.3 shows the properties of some fibers and
conventional bulk materials [12].

Table 2.3 Properties of some fibers and conventional materials [12].

Material Tensile Modulus (GPa)  Tensile Strength (GPa) Density (gr/cm?)
E-glass 72.4 35 2.54
S-glass 85.5 4.6 248
High modulus carbon 390 2.1 1.90
High tensile strength carbon 240 2.9 1.77
Carbon 190 2.6 1.76
Boron 385 2.8 2.63
Kevlar®49 130 2.8 1.45
Keviar®-29 60 2.8 1.44
Steel 210 034t02.1 7.8
Aluminium alloys 70 0.14 t0 0.62 2.7
Tungsten 350 1.1t04.1 17.30




2.2.1 Glass Fibers

Glass is an amorphous material that consists of silica (SiO;) backbone with
various oxide components like calcium, boron, sodium, iron and aluminum to give -
specific compositions and properties [12]. The most common reinforcement for polymer
matrix composites is glass fiber. Glass fibers can be produced in either continuous
filament or staple form. In the production of these fibers, the glass is melted and the
melted glass flows through small orifices to form the fiber filaments. The advantages of
glass fibers include low cost, high tensile and impact strengths, and high chemical
resistance. Moreover, the three-dimensional network structure of glass filament exhibit
isotropic properties in contrast to those of carbon and aramid fibers that have
anisotropic structures [1,9]. The disadvantages include relatively low modulus, self-
abrasiveness, low fatigue resistance.

Glass fibers are typically classified based on their compositions. This includes
electrically resisted E-glass, chemically resisted C-glass and high tensile strength S-
glass. Table 2.4 shows the composition of these types of filaments [11]. E-glass is the
most commonly used glass because it draws well and has good strength, stiffness,
electrical and weathering properties. C-glass has a borosilicate composition. It has a
higher resistance to chemical corrosion than E-glass but it is more expensive and has
lower strength properties. S-glass is more expensive than E-glass but has higher young's
modulus and is more temperature resistant. For that reason, it is often used in advanced

composites where strength is a premium.

Table 2.4 Composition of glass used for fiber manufacture [11].

Composition E-glass C-glass S-glass
Si0, 52.4 64.4 64.4
Al,Os, Fe;05 144 4.1 25
Ca0 172 13.4 -
MgO 4.6 3.3 10.3
Na0, K;0 0.8 7.6 0.3
Ba;0; 10.6 4.7 -
BaO - 0.9 -




2.2.2 Fiber Reinforcement Architecture

In the utilization of textile composites, an integrated approach from
microstructural design and textile preform processing to performance characterization is
indispensable [14]. This integrated approach exploits the intrinsic relation between the
textile preform manufacturing technique and its resultant fiber architecture. For that
reason, fiber reinforcement architecture associated with a suitable manufacturing
technique is quite important in the design of the final composite properties. Reinforcing
geometries of the composites can be roughly grouped by the shape of the reinforcing
elements, including particles, continuos fibers or short fibers. By considering the degree
of continous fiber reinforcement in the thickness direction, textile preforms can be
categorized as 2-D and 3-D [12]. 3-D can be further classed according to manufacturing
techniques: woven, non-woven, braided, stitched and knitted [15]. In other words, sets
of parallel continous fibers are often embedded in thin composite layers, which are
assembled into a laminate. Alternatively, each ply in a laminate can be reinforced with
continous fibers woven or knitted into a textile preform produced in the width and
length of the finished composite structure [6]. Due to a variety of textile fiber
architecture existing, composites may differ in fiber volume fraction, fiber type, fiber
aspect ratio, fiber orientation and possibly fiber hybrizidation. So, it is really important
to identify the structural element and the loading via the fiber reinforcement orientation
and volume fraction. All these parameters enable one to determine which fiber preform
manufacturing technique should be employed in the corresponding design of the final

composite part.
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Chapter 3

LIGHTWEIGHT COMPOSITE ARMOR

Composite materials are playing a key role in the development of integral armor
systems that meet multifunctional requirements such as ballistic protection structural
integrity, damage tolerance and multi-hit performance for military vehicles, structures
and personnel protection. Integral armor is based on hybrid composite technology that
employs various types of special and complex material constituents [17-19]. These
systems include combinations of polymeric, metallic and ceramic materials and their
reinforced composites with different configurations. The characteristic that all such
systems have in common is that they employ two or more components in the
corresponding configuration designed to give optimum ballistic performance [18]. What
is meant by optimum ballistic performance is the best protection possible at minimum
weight with best possible mechanical integrity. So, any integral armor configuration
must include the mechanical integrity following ballistic impact. Density of the armor
as well as armor bulk is a critical issue on the mobility of the armored systems. Ceramic
backed by composite (glass or kevlar reinforced plastics) or metal (aluminum, titanium,
hardened steel or their foams etc.) plate armors are becoming the subject of many
investigations because their performance together against small or medium caliber
projectiles is good enough when the areal density is a design condition.

Figure 3.1 illustrates an example for a muilti-layered lightweight integral armor
design [20]. As seen in the figure, the design of the integral armor consists of a
combination of thick-section structural composite, ceramic tiles, resilient rubber, fire
retardant laminate liner and a composite durability cover. Also, each constituent has
unique tasks affecting the ultimate mechanical properties and ballistic resistance of
integral armor. Table 3.1 shows the task of each integral armor component [21]. In such
composite armor systems, the main role of the ceramic tile is the erosion and rupture of
the projectile. When a ceramic is impacted by a projectile a compressive wave travels
from the front to the rear face at the speed of sound, then it reflects back and becomes a
tensile wave which breaks the ceramic in tension while traveling towards to back face
[19]. Therefore, the involved back up plate is desired to delay the initiation of ceramic
tensile failure initiating at the ceramic/backing plate interface and allows more
projectile erosion [24]. The front plate to back plate thickness ratio and impact velocity
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is important to investigate the mechanism of penetration process. However, the design
of armour is really complex and need many sophisticated tools. The complexity of the
system analysis lies in the fact that different deformation and failure mechanisms
contributing to target perforation occur at different stages of the penetration process.
Therefore, the design of the composite armor systems is based on the brief
understanding of impact events. For that purpose, empirical methods are the most
widely used ones because they offer reliability, but they are extremely expensive and
the results do not give enough information: the history of the projectile, the trends when
changing the configurations or the phenomenological process cannot be obtained in
detail with the experimental approach. So, recently simulation techniques are widely
employed to optimize the parameters to develop advanced armor. Such models have
been checked both with ballistic tests and numerical methods to predict if good
agreement is existing between them. J.G Hethorssonn et al. [17] studied the optimum
thickness of two component composite armors (ceramic/reinforced plastic) using
Florence model. He found that Florence model gives an valuable estimate of
optimization of two components for a given areal density. Lee [18] investigated the
ballistic efficiency of ceramic/metal composite armor systems against 40.7 gr. steel
projectiles. In this study, the optimum thickness ratio of the constituents is found to be
2.5 and there is no significant difference between the ballistic performance of the two

component armor systems when the thickness ratio is varied from 1.5 to 3.

Integral
Armor
Solution

Ceramic Tile @8 Ceramic Tile

- Polymer composite

Figure 3.1 Composite integral armor design [20].
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Table 3.1 Task of each integral armor components [19].

Armor Constituents Task
. For outer shell comprising glass
Durability Cover }
reinforcement
For absorption of the initial kinetic
Ceramic tiles
energy of the projectile
Ethylene propylene diene monomer For muiti-hit damage tolerance

. . . The primary structural load bearing
Thick section composite structural
component, glass fiber with

laminate . .
appropriable resin matrix.
Electromagnetic mesh interference For electromagnetic shielding
~ Flammability protection for fiber

Phenolic laminate liner ) y
reinforced composite structural laminate

3.1 Ballistic Impact Resistance of the Fiber Reinforced Polymer Composites

Fiber reinforced polymer composites have demonstrated in a number of military
applications that they can replace metals, ceramic and other ballistic materials. They can
also take important place in integral composite armor systems with different design
configurations, as stated in the previous section. These composites offer superior
strength, ballistic resistance and significant weight savings [21-27]. Due to ease of
fabrication, complicated components can have ballistic resistance without paying a
weight penalty associated with coupling fixtures. The ballistic performance coupled
with reduced weight is the primary factor for a number of composite applications. The
combination of toughest resins such as epoxy or polyesters with lightweight reinforcing
ballistic fibers such as glass, kevlar or aramid has shown good ballistic potential against
fragmentation.

Fiber reinforced polymer composites respond differently to ballistic impact as
compared to ideal materials such as metals in which the fundamentals of the mechanics
of high strain deformation are based [22]. Ballistic failure modes for metal structures
result in localized damage extension. Consequently, residual integrity of metal-based
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armored structures is not a major issue. On the other hand, glass-reinforced plastic
laminates demonstrate the large ballistic damage zones so that the extent of the damage
and residual strength of glass reinforced plastic structures must be concerned in armor
design.

The composite absorbs the kinetic energy of the fragments by stopping them
through micro damages such as debonding and macro damages such as delamination. In
brief, as the projectile proceeds through the target, the early phase being dominated by
acceleration of target material, compression and crushing ahead of the projectile, and
the latter stages being characterized by macro and micro fractures such as delamination.
The delamination failure mode is the major life-limiting fatlure process for composite
laminate in terms of damage tolerance [23-25]. This is because delamination can induce
the strength and stiffness loss, local stress concentrations, and a local instability that can
cause buckling failure under ballistic compressive loading. Delamination also may
result in a redistribution of structural load paths. In summary, the process of the
penetration and perforation of composite materials is extremely complex, involving not
only the in-homogeneity and anisotropy of the material, but also complicated dynamic
and thermal effects, finite displacement and rotation with inelastic strain, fracture and
tearing, etc. [26]. Studies of ballistic penetration of fabrics and composites have
examined fiber response, mechanisms of deformation and failure as well as energy
absorption and dynamic loading [24]. Despite elucidating many characteristic features
of fabric and composite behaviors, no single model has emerged which allows a
quantative description of the ballistic perforation process [27]. On the other hand, the
ballistic limit Vsp is critical parameter used in modeling of energy absorption of such
targeted systems. Probabilistic in nature, all definitions of the Vs, refer to the threshold
velocity dividing penetration and non penetration events [28]. In most recent studies,
considering Vsp many authors have developed thereoatical and numerical methods to
analyze the dynamic plastic behavior of composites with various approximations, some
of the results agreeing well with experimental observations. However, most of the
methods are far complicated and are not suitable for use at the ballistic design state.

E.P. Gellert and co workers [29] examined thickness dependence of perforation
of GRP composites for three projectile nose shapes by measuring ballistic resistance
and examining sectioned and perforated specimens. An interesting attempt was made to
analytically understand deformation process by comparison with observations on
metallic laminates. For this purpose, GRP targets were constructed from woven roving
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E-glass of 11 plies (4,5 mm 27% resin), 22 plies (9 mm, 28-29wt% resin), 33 plies (14
mm, 27wt% resin) and 44 plies (20 mm, 29-30wt% resin) of a nominal 608 g/m? cloth
and vinyl ester resin. Hardened steel penetrators were fired from a commercial stud gun,
and impact velocity was measured by the interruption of electromagnetic fields. The
ballistic limit Vs for each target combination was calculated as the average velocity of
impacting penetrators that just perforated and were just stopped by the target. Targets
were impacted no more than four times, with the impacts spaced so that any
delamination produced did not overlap with delamination damage from previous
impacts. Because the penetrators of different geometry were of slightly different
masses, the projectile kinetic energy to just defeat the target was calculated from the
ballistic limit data, and this was plotted as a function of target thickness. So, the results
from different penetrators can be compared to each other on the same scales. They
concluded that energy absorption is largely independent of projectile nose geometry for
thin GRP targets and thicker targets are more efficient ballistically against blunt
projectiles.

N. Tarim and co-workers [30] have made an study on a new light-weight
armored car-body manufactured from polymer based composite materials bonded to an
Al-substrate as an alternative to the conventional steel product. Al-substrate thickness
was 0.7 mm. Glass fiber prepregs were impregnated by epoxy resin using the hand-lay
up method. In an experimental group; 6, 12, 18, 22, 28 and 36 layers of glass fiber
prepregs were produced and (Al) was bonded on to both sides of these glass fiber
groups. Ballistic impact tests then carried out on specimens with Al-substrates. During
the ballistic testing at least 5 firing were performed to the plates and among the touching
points of the bullets at least 4 diameters distance of a bullet was maintained in the
investigation. They found that the thinner composite plates have higher elasticity than
the thicker ones in the ballistic testing. The bending and tensile strength were increased
with the increments of composite layers. The velocity of the bullet is decreased with the
increment of the layer numbers. In contrast, output is obtained as the opposite behavior
of speed. Another result is that the depth of trace of the bullets are decreased with the
increment of the layer numbers. Also, there is a direct proportionality between speed
and the trace depth for all layer numbers. In addition, the penetration depth is increased
with the increment of bullet speed.

E.DeLuca and co-workers [31] described and quantified ballistic impact damage
of S-2 glass fabric reinforced plastic laminate panels by measuring laminate strength
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after ballistic impact. They tested the S-2 glass fabric reinforced plastics with two
different size of fragment simulating projectiles at various velocities below the limiting
velocity of perforation. The impacted specimen were examined by computed
tomography to determine the extent of damage in the specimens. Prior to testing
ballistically damaged plates, compression tests were conducted on ten undamaged S-2
glass fabric reinforced panels. They explored correlation of the residual strength with
ballistic impact and damage parameters. They found that if the specimen size were
different, the trend of strength degradation might be the same but the absolute value of
strength degradation in percentage would be different.

A.P. Mouritz [32] studied whether the effectiveness of stitching in increasing the
damage resistance of polymer composites against ballistic projectiles was better than
unstitched one. For this purpose, E-glass reinforced vinyl ester composites stitched in
the through-thickness direction with thin Kevlar-49 yarn were impacted with a bullet.
He observed that the amount of the delamination damage to the composite caused by a
ballistic projectile was reduced slightly with stitching. Stitching was highly effective in
increasing the damage resistance against ballistic loading. The increased damage
resistance was due to the stitching raising 60 % of Mode I interlaminar fracture
toughness of the composite. He also found that the flexural properties of the stitched
composites are similar to the properties of the unstitched laminate when damaged by a

ballistic projectile because the amount of delamination damage was similar.

3.2 Energy Absorption Within Fiber Reinforced Polymer Composites Upon
Ballistic Impact

Upon ballistic impact, fiber reinforced polymer composites retard the projectile
by reducing its kinetic energy, creating large conical damaged areas through some
micro and macro failure modes. All of these failure modes are together responsible for
the absorption of energy to different extends. The relative energy absorbing capability
of each failure mode depends upon the basic properties of the target as well as the
loading mode. In general, failure modes such as fracture of the matrix result in low
absorbed energy whereas failures involving fiber/matrix frictional sliding and
debonding result in significantly greater energy dissipation. The energy absorption of a
ballistic projectile in a composite material is a complex combination of striking
velocity, energy dissipation during the penetration, projectile characteristic and the

16



material properties of the target. For that reason, it is really necessary to quantify the
energy absorbed by each of the mentioned mechanisms to efficiently design composite
materials for ballistic protection. Several attempts are therefore made to develop a
model for energy absorption of polymer composites at certain ballistic speeds.
However, it is really difficult to get a theoretical energy absorption model of composites
upon ballistic impact, results of which are reasonable with experimental ones.

S.S. Morye and co-workers [33] developed an energy absorption model of the
composites under ballistic impact. In developing the model they made the following
assumptions. The projectile is rigid and remains undeformed during the impact (this was
confirmed by experiments which showed that the projectiles retained their shape and
mass after impact). The energy lost in overcoming the frictional force between
projectile and composite is negligible and also the heat generated during the
projectile/composite interaction is negligible. The failure mechanism of the composite is
uniform across its thickness. The energy absorbed in delamination is neglected.
Three major components were identified as contributing to the energy lost by the
projectile during ballistic impact, namely the energy (Erg) absorbed in tensile failure of
the composite, the energy converted into elastic deformation (Egp) of the composite and
the energy (Exg) converted into the kinetic energy of the moving portion of the
composite. These three contributions are combined in the model to determine a value

for the ballistic limit of the composite V.

The energy lost by the projectile during impact is calculated using following equation

t (.2)

Er =" m(Vs —V*)

where V; is the strike velocity of the projectile and the Vi is the residual velocity.
If the energy absorbed at the point of tensile failure of the composite per unit volume is
Ec, then the total energy absorbed by tensile failure Etr is given by the equation.

Er=EcV (3.3)
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where V is the volume of the composite strained to its tensile failure and calculated
from the equation,

V=4Rc DT (3.4)

where D is the projectile diameter, T is the composite thickness and Rc is the radius of
the cone formed on the back face of the composite. So the final equation becomes,

Err =Ec 4R¢c DT (3.5)

The energy absorbed in elastic deformation of the composite at a strain of £ can be
obtained from the area under the stress/strain curve of the composite. Kinetic energy of
the cone formed on the back face of the composite upon ballistic impact is;

E, = %mV (3.6)

According to the model, the energy lost by the projectile is equal to the total energy
absorbed by the composite.

Er = Etotat (G371

1 . 2
SV = Ey T V},:J—;EW (3.8)

The model gives a good agreement with the experimental data and the measured
values of Vsp, More information is available in the paper. However, this model is very
simple and assumptions are not valid in every cases. _

G.J Czamecki {34] made a study on developing a set of simple energy-based
algorithms capable of economically and accurately estimating the Vso of composite
laminates. With the assumption that a fixed amount of energy, equal to the Esp must be
absorbed by the laminate in order to achieve projectile penetration, any change of
impact energy (E;) above the Eso must therefore equal the change of the projectiles

18



residual energy (Er) plus the spall energy (Es). From this point of view, they get the
formula,
Ei-Eso=Egr+Es 3.9

During evaulation of this equation, he followed three different procedure were
followed. In procedure 1, the spall’s energy is assessed by assuming the average spall
velocity is the same with projectile residual velocity. In procedure 2, spall energy is
ignored. In procedure 3, thé kinetic energy required for penetration is assumed constant
regardless of projectile mass. They found that the theoretical Vs prediction for the case
2 were better matched to the experimental Vso values, as compared to the other
supposed models.

B. Wang and co-workers [28] evaluated the penetration resistance of fiber glass
reinforced plastic plates under ballistic impact carried out using 7.62 mm armor piercing
rounds with 759.54 m/s. Composites were made of E-glass fibers and chopped mats
using epoxy and vinyl ester matrix. In parallel, a slow penetration test using a fabricated
bullet profile was carried out to enable a comparison of the damage mechanism and the
energy absorbing characteristics of the composites under the two different loading
conditions. They observed that even though there are some differences in the failure
mechanisms, the amount of the energy absorbed by the materials is quite close for the
two different loading conditions. Thus, from the energy absorption point of view it is
feasible to use the slow penetration test to predict the ballistic limit of the target. They
declared a semi-empirical model to describe the resistant force at each penetration stage,
from which the energy absorption can be calculated and the residual velocity of the
projectile predicted approximately. They also found that the greatest kinetic energy
absorbed per unit of plate areal density was recorded for the specimen consisting of

layers of chopped strand mat in vinyl ester resin.
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Chapter 4

FIBER REINFORCED POLYMER COMPOSITE
MANUFATURING METHODS

There is a number of manufacturing methods that are commercially available and
optimized for the composite materials to be processed. The manufacturing technology
for thermoset composites is quite different from that for thermoplastics. Thermoset
composite manufacturing methods principally involve placing the uncured material into
or onto a mold so that the material can be shaped into the final part [9].

4.1 Wet-Lay Up/Spray-Up

Wet lay up is one of the oldest but still one of the most commonly used methods
to manufacture composites [35]. In wet-lay up, fabric or mat is laid into or onto a mold
which is treated with mold-release agent. Then, catalyzed resin is applied either by hand
or spray. In hand lay up technique, the resin is worked into reinforcement with a hand-
held roller, which compacts laminate and removes voids and air bubbles. The
reinforcement layers are satisfactorily impregnated and stacked together one bye one.
This sequence is repeated until the desired thickness is obtained. The layered structure
is then allowed to cure to get the cross-linking of the resin. To get better uniformity, the
reinforcement is prewetted with the resin before being layed into the mold. The dry
fabric and liquid resin can be weighed to obtain specific fiber/resin ratio. This method
helps preventing the formation of resin-rich and resin poor areas caused by vertical
drainage [36]. To prevent the composite from sticking the mold, a mold release is
applied to the mold.

For many commercial applications, a layer of catalyzed resin is applied to release
coated mold and is allowed to cure to the gel state before the dry or saturated
reinforcement is applied. This resin layer, called the gel-coat, forms a protective surface
layer through which fibrous reinforcements do not penetrate. Specially formulated gel-
coat resins are generally used to improve the flexibility, weatherability and toughness.
The spray up method is similar to hand lay up process except the method of applying
the resin and reinforcement. Instead of using cloth or mat, the spray up method uses
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roving that is chopped and then blown into the mold. The resin and initiator are sprayed
into the mold simultaneously with the chopped fiber. Although much of the manual
work of wet lay-up is reduced by employing spray up, manual rolling still may be
required and may be important in the final compaction of the laminate to remove voids
and to improve impregnation. Since spray up gives faster production cycles, it is useful
for fabricating very large structures and parts with rather than complex geometries. The
physical properties of the final composite parts by spray up method are not as good as
those by hand lay up. Characteristics of the wet lay up methods can be considered as
follows [9];

e Require small capital investments

e Typically use resins that crosslink at room temperature with little or no
applied pressure and that are tolerant to variations in processing temperature.

e Use simple tooling due to modest crosslinking requirements

¢ Labor-intensive process

e Very ;:ost effective for short production series and prototype production

e Suitable for any size structures, notably very large.

e Evoke worker health concerns due to the active chemistry of the resin.

Due to low capital and high labor costs, wet hand lay up is used for products
manufactured where the requirements on structural and environmental properties are not
excessive, typically meaning low to moderate loads and ambient temperatures.
Applications include; motor and sailing yachts, high — speed passenger ships, storage
tanks.

4.2 Prepreg Lay Up

Prepreg is a reinforcement that has been pre-impegranated with resin, which is
cured slightly to increase viscosity to facilitate easy handling and lay up with prepreg
lay up technology [35]. Superior composite part with higher performance can be
produced with less resin and fiber handling difficulty. The prepreg is normally produced
at a facility dedicated to the manufacturing of prepreg by using a method that permits
better control of the resin /fiber ratio. The fibers are usually arranged in a unidirectional
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tape or a woven fabric, impregnated with catalyzed resin, partially cured and then rolled
up for the process. Prepregs are used in applications where part performance is critical,
since the prepreg lay up method is more precise than the wet lay up method. At a
composite manufacturing, prepreg tapes already provided with the matrix resin are
profiled and cut to specific dimensions and shapes, laid up ply-by-ply into a mold and
then cured. This technique usually requires vacuum bagging and often autoclaving. The
prepregs typically are leathery and have a slight tackiness so that the layers will not
slide over one another during lay up. They should also be conformable to the mold so
that parts with complex shape may be produced. Characteristics of the prepreg lay up
method can be considered as follows [9].

e Requires medium capital investments.

o Uses resins that require increased temperature, vacuum and often
externally applied pressure to crosslink an intended and that are fairly
intolerant to variations in processing conditions.

¢ Labor intensive

e Suitable for short production series and structures of any size.

Prepreg lay up is the most suitable for manufacturing products in short series
where the need for good exceptionally properties can motivate the high costs. Lay up of
prepregs directly onto the core is common in the aerospace industry , where applications
include; vertical and horizontal stabilizers, control surfaces, landing-gear doors, rotor
blades.

4.3 Compression Molding

Three types of matched die molding are existing; preform molding, sheet molding
compounds (SMC) and bulk molding compounds (BMC) {35,36]. These three methods
utilize the same type of high pressure molding equipment, but differ in the form of the
material that is placed in the molds to form the part. The materials most commonly
molded by these techniques are fiberglass. The fiber lengths generally preclude the use
of this technique for high performance parts. The equipment is a hydraulic press that is
fitted with both male and female dies. The dies are generally made of hard metal and



can be highly polished and chrome-plated in order to get a fine finish. The pressures
developed by press can range up to several hundred thousand kilos, which is useful for
obtaining good part uniformity and compression of the voids that may develop.

In preform molding, a dry mat of the reinforcing material is preformed to the
approximate shape of the part and placed into the open mold. Resin is added to the
preform, and the mold halves are then pressed together and heated to cure the part.
Sheet molding compounds (SMC) process consists of chopping glass fibers onto a sheet
of plastic film on which a mixture of resin-catalyst-fillers have been applied. Another
film, which also has the resin mixture applied onto it, is placed on top, and the sandwich
of resin mixture and chopped glass is passed between compaction rolls to wet the fibers
and thoroughly mix the constituents. The material is then cured slightly and rolled up. A
typical SMC incorporates 30-50% fibers, 25% resin (generally polyester) and 25-45%
filler ( generally clay, alumina, or calcium carbonate) [11]. Some care must be taken
with SMC because it has already had initiator added and therefore, kept refrigerated
until use. After aging, the SMC material has a leather like texture. When it is to be
molded, it can be cut off the roll, the plastic film backing removed, and loaded into the
compression molding process. This technique, for instance, widely used in production
of car bodies.

Bulk molding compounds (BMC) has a similar composition to SMC, but the
fiberglass content is slightly lower and lengths are shorter. BMC is usually mixed in
bulk rather than as a sheet and is employed in a log or rope form. BMC is molded by
placing a weighed amount of the material into the lower mold. The molds are then
closed, and pressures, temperatures, and cycles are much like those for SMC.
Advantages of match die molding can be considered as follow.

e Both interior and exterior surfaces are finished

e Complex shapes( including ribs and thin details) are possible.

s Production rate can be high

e Labor costs are low.

e Minimum trimming of parts is needed.

e Products have good mechanical properties and close part tolerances.
e Good consolidation of parts.
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Disadvantages of match die molding process;

e More equipment is needed than for lay up.

e Molds and tooling are costly compared with lay up molds.

e Transparent products are not possible with SMC and BMC.

e Molding problems (trapped water, etc.) may cause surface imperfections,
such as pitting or waviness.
SMC and BMC have limited shelf lives.

4.4 Filament Winding

A continuous band or tape of resin-impegranted fibers is wrapped over a
mandrel to produce a hollow part. A large number of fiber roving is pulled from a series
of payoff devices, collimated into a band through the use of a textile thread board or a
stainless steel comb, passed into a liquid resin bath and a wiping device, and then
wrapped over a mandrel. Either the mandrel or the application head can rotate to give
the fiber coverage over the mandrel. Although the rotating mandrel is far more
common, simultaneous rotation/translation of both mandrel and application head
permits filament winding of complex non-uniform shapes [11,13].

The process which incorporates the resin impregnation as part of the winding
process is called wet filament winding. The process which uses prepreg tow as the
winding medium is called dry filament winding. In wet winding, fiber tension is
controlled by the fiber guides or scissor bars located between each payoff device and
the resin bath. A wiping device is normally a set of squeeze rollers where the clearance
gap between rollers can be adjusted to control the resin content. The traversing speed of
the carriage and the winding speed of the mandrel are controlled to provide the desired
winding angle patterns. A helical winding pattern is created with a rotating mandrel and
a translating a carriage. By adjusting the carriage speed and the mandrel rotation rate,
any wind angle between near 0 and 90 can be achieved. For a circular mandrel rotating
with a constant rotational speed, N (revolutions per minute) and a constant carriage feed
of V, the wind angle is given by;

0 =2aNr/V
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where (1) is the radius of the mandrel. A constant (0) can be maintained in a thick part
if the ratio N/V is adjusted from layer to layer.

Most standard matrix resins can be used for filament winding, provided that they
are low in volatile content and have proper viscosity characteristics. Viscosity of the
resin should be high enough so that resin dripping in the mandrel can be avoided and
yet low enough so that good fiber wet out can be achieved. Resins such as epoxy,
polyester, etc. can be used for filament winding. The parts can be left on the mandrel
and a mold is placed over the part for autoclave curing, In some cases, parts can be
simply oven cured. The effects of gravity may be minimized if the part is rotated while
being cured. Characteristic of Filament winding [13];

e Parts of widely varying size may be produced.

e Non-cylindrical shapes can be made.

e Panels and fittings for reinforcement or attachment can be easily included in the
winding process.

s Low void content and good fiber/resin ratio can be achieved.

e Parts with high pressure ratings can be fabricated.

Some applications of filament winding include pressure vessels, fuel and water
tanks, rocket motor cases, pipelines, automotive drive shafts, and helicopter blades. In
sporting goods, the filament winding process is used also to manufacture tennis rackets
from prepreg sheets. The sheets are formed by slitting the wound shape parallel to the
mandrel axis or at an inclined angle to provide adequate normal and shear strengths to

the tennis rackets.

4.5 Pultrusion Method

Pultrusion is a continuous fabrication technique used to produce constant cross
section composite structures. The process involves pulling resin—impregnated fiber
reinforcements through a preformer and a heated die to cure the resin. Pultrusion differs
from filament winding in that filament winding places the primary reinforcement in the
hoop direction, while pultrusion has the primary reinforcement in the longitudinal
direction [36]. The heart of the pultrusion process is the impregnation of the fibers with
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the resin and the shaping of the material into the desired shape. In most pultrusion
processes, the dry fibers are pulled through a resin bath which has several mechanical
rollers or other devices to assist in assuring that the fibers are well wetted. The wetted
fibers are then pulled through a die or forming bushing. Alternately, the dry fibers can
be formed by passing them through a die and then into a cylindrical chamber made of
perforated metal through which the resin can be forced to wet the fibers. Three curing
methods are traditionally associated with pultrusion. The most common of these
methods is called the tunnel oven method in which the part is usually gelled in the die
and fully cured as the part travels through the oven after exiting the forming die. The
second curing method is called the split die. In this method, two female molds are
brought up against the part as it exits the die. The third one is called die curing. It
involves the rapid curing of the part while it is still in the die. The mechanical properties
of the pultruded parts are generally good compared with similar parts made by other
methods. However, parts made from all unidirectional material have very poor
transverse strength. Advantages of pultrusion [13];

e _ Pultrusion has a much higher material usage (95%) than lay up (75%) therefore, it is
more productive in time and material.

e High throughput rate

e High resin contents available

Disadvantages of pultrusion

e Part cross sections must generally be uniform

e Problems can arise when resin or fibers accumulate and build up at the die opening.
This can increase the friction to the point that the equipment will be jammed or the
fibers will break.

e Voids can result if the dies are run with too much opening for the fiber volume.
4.6 Resin Transfer Molding

Figure 4.1 shows the schematic of the RTM process [37]. In RTM, a mold is
loaded with dry reinforcement materials. Reinforcement material can be originally in

the form of roving, mat, fabric, or a combination. Individual fabrics or fiber preforms
may be used in a RTM mold [1-8,38]. However, preforms prepared in the shape and
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dimensions of the final composite part prior to infusion process would be employed
rather than individual fabrics in a RTM mold. The preform is being normally pre-
rigidized by using a small amount of fast-curing resin or employing other techniques
such as stitching, knitting or use of binder between fabric layers before being placed in
a RTM mold. The preform must not extend beyond the desired seal or pinch off area in
the mold to permit the mold to close and seal properly. Resin is injected into the mold
cavity where it flows through the reinforcement preform, expelling the air in the cavity
and impregnating the reinforcement. When excess resin starts to flow from the vent
areas of the mold, the resin flow is stopped and curing begins. Completion of curing can
take from several minutes to several hours. When the cure process ends, the part is
removed from the mold, which is prepared to accept another preform. The cured part
may require a postcure to complete the resin reactions. RTM offers the promise of
producing low cost composite parts with complex structures and large near net shapes.
Relatively fast cycle times with good surface finishing and appearance are easily

achievable.

Preform Loading
% =
Fabric g e Molding
@ & Ny Resin Injection

Preform
Resin Curing

Figure 4.1 Schematic of RTM method [37].

Structural Resin Transfer Molding (SRIM) is a derivative of RTM process. Once
the mold has been closed, the resin and the crosslinking agent is injected separately into
the mold and reacts quickly within the mold to cure fully within a few seconds. This
chemical reaction proceeds as the resin penetrates through the preform and, therefore,
SRIM requires fast fiber wet-out and air displacement. Through impregnation of
reinforcement is quickly followed by complete cure of resin. The resin rapidly becomes
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too thick to permit resin flash through vents. SRIM parts normally do not require
postcuring. Advantages of RTM and SRIM Method [9-13];

o Very large and complex shapes can be made efficiently and
inexpensively through the use of preforms.

e Surface definition is superior to lay up. In addition, using matched tools
for the mold one can improve the finish of all the surfaces.

¢ Production cycles are much faster than with lay-up.

e One or both mold surfaces can be gel-coated to improve surface
performance.

¢ Mechanical properties of molded parts are comparable to other
composite fabrication processes

e Volatile emissions is low because RTM is closed mold process.

Disadvantages of RTM and SRIM;

The mold design is critical and requires great skill. Improper gating
or venting may result in defects.
‘o Properties are equivalent to those with matched die molding and not as
good as with vacuum bagging, filament winding or pultrusion
¢ Control of resin uniformity is difficult. Radii and edges tend to be resin
rich.

e Reinforcement movement during resin injection is sometimes a problem.

RTM and SRIM have become popular in the automobile, acrospace, military and
sport industries; RTM for short to medium sized production series and SRIM for long
series. The major reasons for this interest are that complex parts may be economically
produced in one step using low cost moulds and that the parts may have high-class
surfaces. In the manufacturing of sandwich composite parts for the vehicle bodies, they
both find widespread use.
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4.7 Vacunm Assisted Resin Transfer Molding

The most commonly used derivatives of the RTM is Vacuum Assisted Resin
Transfer Molding (VARTM) process. It has been widely used for application in both
commercial and military, ground-based and marine composite structures. The process
has some advantages over conventional RTM. For example, the matched metal tool
commonly found in RTM is replaced in the VARTM process by a formable vacuum bag
material and the vacuum provides the dual advantage of the pressing the layers together
by simultaneously withdrawing the excess volatiles [9.35,36]. Vacuum pressure is
selected in the range 0.01-10 KPa.

VARTM technique similarly consists of four steps; loading the dry fabrics into
mold cavity, resin injection, curing and demolding. Figure 4.2 shows the schematic of
VARTM process. A preform or individual fabrics are placed in a flat tool. Then, a peel
ply material that permits resin flow through and separation of the parts from the
processing constituents is placed over the fabrics. Peel materials are generally Teflon-
treated nylons. A distribution (resin transfer) media is next applied on top of the peel
ply to aid the flow of the resin over the surface of the fabrics. There are several types of
distribution media in various pore geometries such as sphere or triangular to achieve
designed resin permeability. The bleeder material (Vacuum transfer media) is a mat that
absorbs the excess resin. Common bleeder materials are surface treated polyester mat or
felt. It is important that the bleeder material has good absorption qualities and does not
compact under vacuum pressure. The barrier is layer that limits the upward movement
of the resin and prevents resin from reaching or clogging the breather and vacuum lines.
Finally, vacuum bag that can be made of any plastic film material that is strong enough
to hold a vacuum is applied through the sealing tape or sealant around the mold. The
resin is injected via vacuum through single or multiple inlet ports depending upon part
size and shape.

The most common problems associated with VARTM are material quality and
bag leaks. Bridging is also a common problem in VARTM. Bridging occurs when the
shape of the part does not allow the VARTM materials to press against all of the part
surface. So, these areas can not be compressed properly. To overcome such problems,
as well as the pressure gradient caused by the vacuum pressure, gravity and capillary
flow effects must also be considered [S]. The preform infiltration time is a function of
the resin viscosity, the preform permeability and the applied pressure gradient [6].
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The' infiltration time can be greatly reduced by utilizing a distribution medium with a
higher permeability than the preform. Consequently, the resin flows in the distribution
medium first and then the infiltration process continues through the preform thickness.

Distribution media

Sepalrator film

Vacuum bag

Vacuum
distributer

Resin
distributor

Bleeder

Figure 4.2 Tllustration of VARTM processing.
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Chapter 5

FIBER PREFORMING

In RTM and VARTM processes, holding fabric reinforcements together and
undeformed to the final shape is a key issue. Cutting and shaping the individual layers
of the reinforcement fabrics via various curvatures of the tool surfaces is very time
consuming [39]. Employment of fiber preforms is the obvious advantage of RTM and
VARTM methods. The recent trend in order to handle the fiber reinforcement in a rigid
form as a single unit in the mold is the use of fabric preforms. A preform is a pre-shaped
fiber form in which fibers arranged in one, two or three dimensions in the approximate
shape and dimensions of the final composite part. A variety of preforms can be
produced by automated manufacturing methods using braiding or weaving techniques
{40]. Interweaving of the roving or yarns serves as the means to hold the preform
together. An alternative new approach is the application of a binder material onto dry
fiber plies at various concentrations and bonding of fabrics together by melting and
resblidiﬁcation [1-8].

5.1 Advantages of Fiber Preforms

The use of preforms offers some superior advantages [41]. Preforming fixes the
fibers in a desired orientation and it may improve the control of dimensional
specifications and fiber alignment of the final part. Another advantage is that fibers can
be easily obtained with shape and dimensions of the part prior to composite processing
[39-44]. Preforming also presents the opportunity to combine a variety of fiber
architectures and materials within the same part. As a result, preforming makes possible
to locally tailor the microstructure of the final part to meet the structural intricacies of
the global and local loading conditions. Thus, preforms allow composites with higher
fiber volume fraction (V¢ and can enhance the part performance properties. Many
studies showed that use of preforms has significant effect on the physical and
mechanical properties of the composites. In addition, use of preforms has significant
potential in cost savings in terms of composite manufacturing time. The cost and the
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process time of RTM and VARTM processes can be reduced by employing preforms,
which result in throughput increase for higher manufacturing.

5.2 Fiber Preforming Techniques

Preform refers to all of the reinforcement materials placed into the tool prior to
resin injection. Preforming is associated with converting the dry, unimpregnated yarns,
roving and fabrics into the complex three dimensional precursor of the part prior to
composite processing. So, the preforming methods provide a mechanism to develop the
configuration of the part in itself microstructure. The most common preforming
techniques includes [39-45];

a) Cut and place

b) Directed fiber preforming
¢) Textile preforming

d) Use of preforming binder

5.2.1 Cut and Place Preforming

With this method, random fiber mat, either chopped or continuous, and
directional reinforcement, primarily woven or knitted fabrics, are cut prior to the shape
of the final part. By trial and error hand shaping, the reinforcement is arranged into the
female side of the mold cavity [41]. This method is extremely labor intensive and
preform cycles time of several hours are existing. The large quantities of the material
that are wasted make hand preforming an extremely expensive method for liquid
molding processes. However, there are some distinct advantages of using the cut and
place preforming method. High performance components may be formed as a result of
the precision by which the fibers are laid down and through the inclusion of directional
reinforcement. Furthermore, geometrically complicated preforms may be developed
with that process.
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5.2.2 Directed Fiber Preforming

In this technique, the preform is usually made by spraying chopped
reinforcements onto a perforated screen. A vacuum applied to the rear of the screen
holds the reinforcement in place until some resin, which is sprayed along with
reinforcement, has time to cure [45]. After a post cure, the preform becomes an easily
handled. Directed fiber preforming appears to be the method of choice for producing
preforms for RTM and VARTM. However, there are some drawbacks to this process.
Only glass fibers can be used with the direct preforming process. A primary concern
with this system is volume fraction of fibers within the preforms; above 28 %, which is
very low, is not achievable. This shows that directed fiber preforms tend to have a great
deal of entrapped air. Thus, they must be pre-compacted to arrive at the desired
thickness for higher performance. Other issues that are crucial is preform to preform

weight variation and glass weight consistency.

5.2.3 Textile Preforming

Textile preforming including braiding, knitting, stitching and weaving have
become gradually popular for the development of preforms for RTM and VARTM
methods. Using the advanced CAD/CAM simulation programs, complex shapes of 3-D
processed textile preforms are sometimes directly formed to be used in liquid molding
processes [40-43].

5.2.3.1 Braided Preforms

In its original form, braiding is a textile process in which yarn bundles are
intertwined to form a continous flat or tubular fabric. Tubular fabrics are much more
common in the composites industry. These fabrics are formed by laying down yarns
onto a mandrel that moves through the center of the machine’s cross section at a
predetermined rate [42-45]. With the feed and braiding rate varied , the yarn can be
deposited at angles ranging from 10 to 85 relative to the mandrel direction. Circular
braiding is ideal to develop a preform for high aspect-ratio parts like snow skies, tennis
racquets and helicopter blades. Some recent studies showed that complex cross-
sectional preforms can be produced in 3-D with multi-layer interlock braider.
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5.2.3.2 Knitted Preforms

Knitting is a process through which looped yarns known as stitches are
interconnected to form a fabric. The two simplest technique for developing a knitted
fabric are warp and weft knitting. Warp knitting involves the conversion of the yarn into
a looped structure in the warp or machine direction, while weft knitting forms loops
across the width of the fabric or the weft direction. Although not a mechanically
efficient use of fiber reinforcement, knitting offers a versatile way of manufacturing
complex 3-D shapes. The primary types of directionally reinforced knitted fabrics
include multi-axial warp knits (MWK) and weft-inserted warp knits (WIWK) [45].

5.2.3.3 Stitched Preforms

Stitching is the simplest way of fabricating 3-D textile preforms. Stitching is
primarily used as a means of adding through-the-thickness reinforcement to a 2-D
reinforced preform. Because of their layered nature, 2-D reinforced preforms have low
damage tolerance, especially in-plane fiber damage that results in a degradation of the
in-plane mechanical properties of the composite. Thus, stitching can be locally used to
decrease the extend of delamination and increase the through the thickness properties of
the composites. The types of the stitch geometry are the chain, lock and tricot stitches.
Stitching has benefits that it can be added locally, as required in areas of high
interlaminar stresses, and it is possible to vary the pattern, type, or material that is
stitched to arrive at the desired performance level. The application of stitching dry fiber
preforms is for structural component of aircraft.

5.2.3.4 Woven Preforms

The process of weaving is suited for the production of flat panels and woven
fabrics have been used for a number of years in two dimensional laminated composites.
However, these composites exhibited poor impact resistance, delamination strength.
Furthermore, typical 2-D weaves only possess fibers in the zero (warp) and ninety
(weft) degree directions, reducing in-plane shear properties. To improve the impact and

interlaminar properties, some extensions have been made to the basic form of weaving
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so that it is possible to produce 3-D reinforced woven composites. The two main

techntiques to develop these preforms are angle interlock and orthogonal weaving.

5.2.4.5 Use of Preforming Binder

To consolidate well fiber preform systems, the key is to supply brief compaction.
The use of binders helps in obtaining net-shaped thermoformable preforms with desired
fiber volume fraction, which are critical for the fabrication of high performance parts.
The binder also needs to provide adhesion between the fiber layers so that preform
keeps its integrity.

The two most common types of binder are low melting thermoplastics and
uncatalyzed thermosets. Binder is either applied by spraying over the fabrics with
solvent in which it dissolved or applied by spreading in powder form onto fiber mats
with sifter apparatus. Spraying the reinforcement fabrics with a dissolved binder is
better than use of powder in that the binder is present in small pockets on the fiber
bundles rather than being evenly spread across the fibers [1-5]. Powders are uniformly
applied per specified concentrations and melted to one surface of a continous roll of
fabrics. This binder-coated roll of fabrics can be thought of as a very low resin content
prepreg that can be made into ply kits using conventional cutting equipment. Preforms
can be easily made by stacking plies as desired and forming to near net part geometry
using inexpensive tooling with moderate heat and pressure [39-44]. The ideal binder
should be able to eliminate any springback of the fiber layers after preforming in order
to control the preform dimension. The presence of the fiber however affect the
permeability and fiber wetting of the preform in the mold filling process, as well as
mechanical properties of the final part. To optimize the preform consolidation process
and therefore to tailor the final properties, amount of the preforming binder used is
vital.
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5.3 Fiber Preform Compressibility

Preform compressibility is a critical issue that ties processing and performance
together. Figure 5.2 shows the influence of preform compression on the microstructure
with examples [45]. The compaction of the preform flattens the yarn bundles reduces
the pores and gaps among the fibers and yarns. This results in fiber re-orientation,
nesting and interlayer packing [40-46]. It was revealed that final composite properties
and microstructure depend to a great extent on compaction of the fiber preform to the
designed thickness [42-44]. Furthermore, the degree of the compaction of the fiber
’ preform has some significant effect on the permeability of the reinforcement during
resin infusion and mutually fiber volume fraction and porosity. As the compressive
force increases, the thickness of the fabric preform decreases, while the fiber volume
fraction increases [43]. However, when the force reaches the limiting value, the fabric
can not be further compressed [6,44-46].

In liquid molding processes, resin infiltration time is also critical parameter. It
was shown that both the degree of the compaction and the type of the preform affect the
resin infiltration time. The experimental results also demonstrated that for a given
preform, the infiltration time increases with the fiber volume fraction, due to decrease in
preform permeability. Thus, an understanding of the relations between compression
force, fiber volume fraction and preform thickness reduction per layer is essential to

optimize and to control the properties of the final part during processing [39-45].
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Figure 5.1 An example to preformed woven glass fabric structure
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A number of theoretical models have been developed to briefly define the
compressibility of preform and its effects on the final properties of the composite part.
‘Chen et al. [6] reported results of compaction experiments for three types of preforms,
continous strand mats, plain woven fabrics and unidirectional knitted materials. They
observed that for a given compaction pressure and preform material, the thickness per
layer for a stack of 10 or 25 layers of preform is less than the thickness of a single layer.
They concluded that the reason for that is the nesting of the hills and valleys of adjacent
layers. They also found that nesting was existing at the beginning of compression for
plain woven and unidirectional materials, but not for continuous strand mat.

Chou and co-workers investigated [40] the single layer deformation. They
examined the behaviour of woven-fabric preforms under compaction predicting the
compressive behaviour of the yarns, and the relationship among composite fiber volume
fraction, applied compressive force and preform thickness reduction. Since only a single
layer woven fabric preform was modeled, nesting was not considered. They attributed
the linear relation between the preform thickness and the applied pressure to the
bending deformation of the preform. From this point of view, they proposed a 3D model
of the unit cell of plain weave fibrous preform with certain assumptions to predict the
compressive behaviour of the yarns. They found that maximum thickness reduction for
a single layer is about 36 % of the original thickness. In their next study [46], they
modeled the nesting and the elastic deformation for multi-layer plain weave fibrous
preforms. An analytical expressions for non-nesting case and the maximum nesting case
was develoiaed. They finally concluded that thickness reduction and fiber volume
fraction from nesting is caused only by geometric shifts between adjacent yarns.

Rohatgi and Lee [7] investigated the physical phenomena and mechanisms of
fiber consolidation and springback in the preforming process. For this purpose, certain
layers of woven graphite fiber mats with binders were placed between two plates which
were then bent into a U shape and then held in that position with a clamp. Binders are
applied over the fiber mats with two different methods; solvent and powder. After
allowing the samples to cool down to room temperature, the preform was taken out of
the bending device and springback angles were measured. Springback was then
obtained by taking the difference in the laminate thickness with and without applied
pressure. At any particular concentration level, increasing the degree of cure resulted in
decreasing the springback level. Another interesting result was that application of 3 wit.
% of the binder by powdering did not show the same decrease in the springback
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compared to when it was applied by spraying. This is because solvent coating makes the
filament become stiffer, causing an increase in the elastic modulus of fibers. As binder
concentration increases, springback decreases. However, spring back is kept constant,
while the binder concentration is about 9 wt.%. This results show that preform
compression is dominated by binder amount up to a limited peak.

R.A Saunders et all {42] studied the mechanical compression behaviour of fiber
plain woven fabric preforms by performing a series of mechanical tests on dry and resin
impregnated cloths and from microstructural studies of the specimens cured under
compression, The experiments included investigations of the effects of applied pressure,
speed of compression and cloth orientation on the fiber volume fraction of the
compressed assembly. They found that compression of dry cloths followed a power law
relationship between pressure and volume fraction with a power law index (P=cVy") of
10 for assemblies of 5,10 and 20 dry cloths. They also conclude that the compression of
resin impregnated woven cloths could be considered as a combination of modes of
deformation composed of nesting of cloths, deformation of the yarn waveform and
deformation of the yarn cross-section.

In their next study [44], they examined the compression of fiber reinforcements
during the processing of polymer composites. They used plain weave, twill, satin and
non-crimped, stitch bonded fabric. The assemblies were dry or impregnated with three
alternative resins; high viscosity polyester, low viscosity polyester and equal low
viscosity of epoxy. They found that for wet fabrics, the viscous resin pressure
component was dominant at high compression rates (1 mm/min). Especially for the
assemblies of the wet plain weave compression curves moved to higher pressures and
lower fiber fraction as the compressive force was increased. At low compression speeds
(0.05 mm/min), the curve was more like that for dry cloth. The type of fabric has an
influence on compression. Assemblies of twill weave were the most difficult to
compress in both dry and wet state.

There are really a few studies on the compression properties of the preforms
consolidated with thermoplastic binders. The structure of the fiber preform is an
important factor in determining the load required for a given change in fiber volume
fraction. Batch and Macoska [47] presented the viscosity characteristics of a typical
thermoplastic binder in conjunction with the consolidation behavior of continuous
strand random glass mats. They performed a study on the same kind of mat at two
different temperatures below the binder melting point were seen to be nearly identical;
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above the melting point, higher temperatures led to progressively greater compaction.
This indicates that the effect of temperature on preform consolidation is tied to binder
flow characteristics.

The extent of binder redistribution is also governed by the binder viscosity
characteristics. The binder viscosity is a strong function of strain rate and temperature.
Knight and co-workers [2] made a study on consolidation and relaxation behavior of
continuous strand random glass mats with thermoplastic binders. Attention has been
given to the effect of preforming conditions on binder flow around the fibers, and on the
rearrangement of fiber tows making up the preform. They have revealed with SEM that
degree of fiber tow flattening which is closely related with binder distribution around
the fiber tows is the greatest at high temperatures and at low closing speeds. They also
indicated that flattening of the fiber tows introduces small gaps along which binder
flows mainly due to squeezing force and capillary forces which play a minor role here.
The redistribution of binder then facilities further compaction. The shear thinning
viscosity of the binder leads to a reduction in pressure at the highest closing speed,
even though the pressure increased with increasing closing speed. Another interesting
point is that the lower binder viscosity at higher temperatures allows more
rearrangement of the tows, resulting in no loss of binder from the stacks.

5.4 Effect Of Preforming Binder On The Mechanical Properties Of Composite
Parts

Employment of thermoplastic binders may enable to achieve simultaneously high
strength and high toughness for composites when an appropriate matrix resin is chosen.
From this point of view, the interactions between the binder, matrix resin and the fiber
sizing are important to design high performance composites. In other words, chemical
compatibility and reactivity of the binder with matrix resin, binder viscosity, wettability
of the reinforced fabric, and binder solubility in the matrix resin may all together
significantly effect the mechanical properties of the final composite part. The effect of
fiber/matrix interfacial adhesion is also important. If the interface bond is too weak, the
material will not bear the loads in shear and compression. However, much stronger
interface bond would not allow effective crack diverting , and this would make a brittle
composite. A weaker interfacial bond results in intraply splitting and interplay
delamination and allow the composite to absorb a greater amount of impact energy,
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provided that the splitting and delamination are the dominant failure modes. However,
when fiber tensile or compressive failure modes become significant, then a weaker
interfacial bond may cause a weak flexural strength of the laminate. So, the binder may
have ability to tailor the properties of interlaminar region by altering the adhesion
mechanism via design. Therefore, toughening composites with thermoplastic binders
has received considerable attention by researches in recent years and much effort has
been undertaken to understand the effect of interlayer with binder on the final composite
properties [48].

Theoretical and experimental studies revealed that there are several advantages of
using thermoplastic binders, such that larger increases in impact resistance is obtained.
As the concentration of binder typically ranges from 4 to 7 percent by weight of the
fibers, preforms with binders can be thought of as very low resin content prepregs [8].
Also, since the density of the fibers is nearly twice that of the resin, the binder
constitutes about 8 to 14 percent of the total resin in the molded part. Therefore, in order
to obtain a homogeneous matrix and to avoid any deterioration in the mechanical
properties, chemical compatibility of the binder with the matrix resin is taken carefully
into consideration. It was also found that incomplete dissolution of the binder in the
reactive matrix resin can adversely effect the mechanical properties due to residual
micro stresses at the binder/resin interface. During the preforming stage, the binder
powder melts, coagulates and flows along the capillaries blocking the pore spaces
within the preform. Since mold filling is governed primarily by macro flow, blocking of
the larger gaps by binder powder results in lower permeability or increased flow
resistance. Blocking of the interstitial pore spaces can however effect the fiber wetting
by lowering the capillary pressure.

Broutman and Agarwall [49] reported a theoretical study which showed that a
lower modulus interphase can maximize the composite strain energy release rate
without significantly reducing the composite modulus. By increasing the interface
modulus, the composite strength is predicted to increase until the interphase modulus
reaches a value of about 69 MPa. At this point, the strain energy absorbed; a measure of
impact strength reaches a maximum and the composite strength remains constant. It was
found that a good combination of tensile strength and toughness may be expected with
an interlayer modulus about one-tenth that of the matrix. Using binders, it may be
possible to increase the interlaminar toughness and tensile strength, consequently bigger
interlayer modulus. This can be certainly a reason of employment of binder.



James C.Seferis [3] and co-workers compared the mechanical properties of the
composite laminates fabricated by VARTM through epoxy resin. Composite laminates
with ( 4, 7 and 11 %wt.) epoxy binder and without binder (control) with the addition of
elastomeric particles in 50% wt. were prepared. They found the same trend of
increasing laminate thickness with increasing binder concentration. In the case of fabric
with the highest binder loading, a thick resin and particle rich interlayer between the
fabric plies was present. Mode I and mode II interlaminar fracture toughness tests were
employed to investigate the effect of binder content on the fracture properties of the
cured laminates. The Gyc values were found to increase greatly as the binder percentage
in weight increases. The Gpc values followed a similar trend as Gyc except less
ineremental gain in toughness with increasing binder content. The three point bend test
characterized overall flexural properties of the laminates. These value are criterion to
consider as the toughness increase might have caused a decline in the elastic properties
to be observed for toughening modifications.

They also observed that the glass transition temperatures were decreased slightly
by the addition of the binder. In the next research of James C.Seferis and co-workers
[50], the effects of tackifier application and composition were investigated by
modifying spray and powder epoxy tackifier with polyamide 6 elastomeric particles in
the ratio (67 % wt. epoxy and 33 %wt. elastomeric particles). They found that spray
tackifier provided 30% improvements in mode II interlaminar fracture toughness, and
slight increases in the interlaminar shear strength without reducing the thermal
properties. The powder tackifier showed a slightly lower performance increase due to
less homogeneous laminate structure. They also showed that mode I interlaminar
fracture toughness was not improved using modified tackifier. In addition, for both
techniques, compressive strength of the composites was found to be unaffected by the
introduction of modified tackifier.

M. Tanoglu et al. [S1] investigated the effects of thermoplastic preforming
binder on the properties of S2-glass fabric reinforced epoxy composites. They showed
that the highest peel resistance of the preforms was obtained from the preforms that
have full coverage of the binder on the glass fabric. Further addition of the binder does
not affect the peel strength. They found that about 2.6 wt.% of the polyester binder
reduces the mode I interlaminar fracture toughness and interlaminar shear strength of
the composites about 60 and 25 %, respectively, by reducing the glass temperature of
the matrix polymer about 6°C.
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S. Ziaee and co-workers [5] studied the effects of a polyester and an epoxy —
amine binder on properties of E-glass fabric reinforced vinyl ester composites. They
showed that the use of 3 wt. % of the polyester binder in S2-glass/epoxy-amine system
that is made of epoxy-amine compatible sizing lowers the mode I interlaminar fracture
toughness values by 61 %. On the other hand, it was found that for the S2-glass/vinyl-
ester systems that is made of vinyl ester in-compatible sizing, the reduction of mode I
interlaminar fracture toughness values were only limited to about 10 % due to the
presence of the 3 wt. % of polyester binder. These results clearly demonstrates the
interactions between the fiber sizing and matrix resin, and also the effect of the non-

reactive binder on the adhesion within the composites.
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Chapter 6

EXPERIMENTAL
6.1 Materials

E-glass fabrics and polyester resin (Neoxil 266) were purchased from Cam-
Elyaf Corp., Turkey. The accelerator and initiator for this resin are Cobalt Naphthenate
(CoNAP) and Methyl Ethyl Ketone Peroxide (MEKP), respectively. Figure 6.1 gives
the gelation time as a function of CONAP weight percentage with 1.5 and 2 MEKP
weight percentages. For the fabrication of the composites, the concentration of MEKP
and CoNAP was selected as 1.5 and 0.28 wt.% of the resin to complete the infusion of
the composite part prior to gelation of the resin.
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Figure 6.1 Gelation time as function of CONAP and MEKP weight percentage
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- The preforming binder used for this work was ATLAC 363E, a bisphenol -(A)
based polyester with fumerate groups in the backbone. Figure 6.2 illustrates the
chemical structure of the binder. -
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Figure 6.2 Chemical structure of the binder

6.1.1 Binder Characterization

The DSC profile of the binder is shown in Figure 6.3. The melting point (Ty) of

the binder was measured as 60 °C.
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Figure 6.3 DSC profile of the ATLAC 363E polyester preforming binder.




6.2 Preform consolidation and characterization of peel strength and compaction

behaviour
6.2.1 Preform Consolidation

Glass preforms were consolidated from the glass fabrics by uniformly spreading
of 3 and 6 wt. % of the thermoplastic polyester binder onto the glass mats. Figure 6.4
illustrates the schematic of preform consolidation process. The desired number of
binder-coated plies were stacked together under compression pressure of 2.7 KPa for
about 45 minutes at a temperature of 80°C, which is above the Ty, of the binder. After
completion of the preform consolidation, the preforms were allowed to cool down to
room temperature under the pressure. Upon re-solidification of the binder, well-
consolidated preform was obtained.

Binder (3% and 6%wt. ) Pl‘t‘swl’e
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Figure 6.4 Schematic of preform consolidation
6.2.2 Preform T- Peel Test

The peel strength (bonding strength) of the preforms was determined with T-peel
test method, ASTM D-1876-95 [52]. The peel test was also used to optimize the
concentration of the binder on the glass fabric. For the peel test, two layers of the glass
fabrics 200 mm in length and 25 mm in width were bonded with 3, 6, 9 and 12 wt.% of

the binder. Kapton® film was inserted in the midplane of one end of the specimen such
that an initial unbond peel length of 500 mm was obtained. Specimens were tested using
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Shimadzu universal test machine with a cross head speed of 5 mm/min. Figure 6.5

shows the peel test configuration. Average peel strength (Jues) of the samples was
calculated based on the average peeling load (Fp..;) per unit width of the bond line (w)

as;

= fPe_"‘ 6.1

Figure 6.5 T-Peel test configuration.

6.2.3 Preform Compaction Test

To determine the compaction of the preforms composed of eight fabric layers
with various binder contents (0, 3, 6 and 9 wt.%) were consolidated based on the
procedure described in the previous section. Preform compaction experiments were
performed using the universal testing machine at a cross head speed of 1 mm/min by
applying a compressive load normal to the plane of the fabric preforms placed between
compression plates and measuring the distance between the steel circular plates. The
average thickness per layer as function of compaction pressure was calculated for each
preform based on the initial thickness, stroke value, applied force and the area of the

preforms.



6.3 Composite Fabrication

Composite laminates were manufactured using VARTM technique. Figure 6.6
shows the schematic of the VARTM process. In this technique, preforms were placed on
a flat tool, which is coated with a releasing agent in order to ease the peeling of the tool.
Preforms were infused with the reacting resin under vacuum. The applied pressure to the
VARTM system by the vacuum pump was about 10 Pa. After completion of the resin
infusion and curing of the part, the panels were demolded and subjected to post-curing at
110°C for 2 hours. Ballistic test panels (dimensions and areal densities (mass per unit
area) as shown in Table 6.1) were fabricated with various binder concentrations. In
addition to ballistic panels, composites laminates were fabricated for Short Beam Shear
(SBS) (10 mm thick), Double Cantilever Beam (DCB) (2.5 mm thick), flexural test (4
mm thick) and compression test (10 mm thick). For DCB specimens, a 65 mm long
Kapton® film was inserted in the midplane of the composites as a crack initiator for

interlaminar fracture toughness test specimens.
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Figure 6.6 Schematic of VARTM process
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Table 6.1 Composite panels fabricated with VARTM process for ballistic testing.

Ballistic Binder Thickness Area Mass | Areal Density
Concentration , 5
panel (wt. %) (mm) (cm”) (ar) (gr/cm”)
1 6 13.788 750.7 1859 247
2 6 13.697 731.7 1851 2.52
3 3 12.642 731.7 1720 2.35
4 3 12.637 753.5 1766 2.34
5 0 11.852 737.1 1671 2.26
6 0 11.854 734.4 1667 2.26
6.4 Matrix Burn-Out Test

The burn-out test method was used to determine the fiber volume fraction of the
E glass/polyester panels. In this method, a small sample of composite is burned off in a
high temperature oven. The ash is rinsed from the remaining fiber (using acetone or
alcohol) and the fiber is dried and weighed. The volume of the fiber is calculated by
dividing the mass of the fiber by the density of the fiber material. The average fiber
volume fraction obtained from the samples of the composite panels were calculated to be
45.3 (£ 1.05), 50.1 (= 1.2) and 46.6 (x 0.55) % for the composites with 0, 3 and 6 % wt.

binder, respectively..

6.5 Ballistic Testing

Ballistic testing on composite panels has been conducted using 1.1-gr. fragment-
simulating projectiles (FSPs) in accordance to NATO Standart 2920 [53]. Figure 6.7
shows the schematic of the ballistic test set up. The specimen was mounted on a hollow
frame and the striking and residual velocity of the projectiles were measured using a
chronograph. The specimens were examined after the test and the size of the impact
damage zone was measured at the front and the back surfaces of the panels by visual
inspections and non-destructive C-scan testing. The failure modes occurred in the
composites during the ballistic loading and the effect of binder on the damage modes

were evaluated using microscopic techniques.
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Figure 6.7 Schematic of the ballistic set up.

6.5.1 Ultrasonic C-scan Test

The ballistically damaged composite panels were non-destructively tested to
determine the extent of delamination resulting from the projectile impact. All of the
targets were C-scanned using 1 MHz scan frequency. Transducer with a nozzle diameter
of 6.3 mm was used in order to record delamination through the thickness of the panel.
After the panels were C-scanned, the images were imported into an image processing
software package to determine the fraction of damage in the panel. Percent delamination

was determined through edge enhancements of the images.

6.6 Mechanical Property Characterization

6.6.1 Flexural Tests

The flexural test technique, ASTM D 790-92 [54] was used to determine. the
effects of binder on the flexural strength and modulus of the composites. For this
purpose, test specimens with 25 mm in width and 80 mm in length were sectioned from
the VARTM processed panels using a diamond saw. Figure 6.8 is the photo showing the
flexural test specimen under load. Specimens were tested in 3-point bending
configuration with a span to thickness ratio of 32. At least five specimens from

49



composites with 3 and 6 wt. % of binder and without binder were tested using the
universal test machine at a cross-head speed of 5 mm/min. Force vs. deflection at the
center of the beam was recorded. The flexural strength,(S), values were calculated using
the following equation [54].

2484212
2bd L LAL)| .

where P is the applied load at the deflection point, L is the span length, d and b are the

thickness and the width of the specimen, respectively and D is the deflection. The
flexural modulus values, Ej, were calculated using the following equation [54].

Lm
E =——_ (6.3)
" 4bd’®
where m is the slope of the tangent to the initial straight line portion of the load-

deflection curve.

Figure 6.8 Photo of flexural test specimen under load.

6.6.2 Short Beam Shear Test (SBS)
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The apparent interlaminar shear strength of the composite specimens with (3
and 6 wt. %) and without binder were determined by a short beam shear test according
to ASTM method D2344-84 [55]. The SBS specimens 80 mm in length and 10 mm in
width were sectioned from the composite laminates. The length to thickness ratio and
span to thickness ratio were kept constant at 7 and 5, respectively. Figure 6.9 shows the
SBS test specimen and test configuration. The cross-head speed was remained constant
at 5 mm/min. Ten specimens from each set were tested using universal test machine and
load at break was recorded. The apparent shear strength (7.4 Was calculated using the
following equation [55].

_0.75P,

6.4
o == (6:4)

where P is the breaking load, b and d are the width of the specimens and thickness of the

specimen, respectively.

Figure 6.9 Photo showing the SBS specimen under load and SBS configuration.
6.6.3 Double Cantilever Beam Test (DCB)

To investigate the effect of the binder on the fracture toughness of the
interlaminar region, mode I interlaminar fracture toughness of the composites with
various binder contents (0, 3 and 6 wt. %) was measured using double cantilever beam

(DCB) method, ASTM D-5528 94a [56]. The DCB specimens were sectioned from
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composite laminates with the length of 280 mm and width of 25 mm. The loading hinges
were bonded at the insert side of the specimens such that the initial delamination length,
a, was about 65 mm. Figure 6.10 shows the DCB test specimen under load and DCB test
configuration. The specimen were tested at ¢ross-head speed of 1.5 mm/min. The crack
length and cross-head displacement were measured using the universal test machine.
Mode I fracture toughness, G,., values were calculated based on modified beam theory
equation [56].

___3ES,
©2b(a+|Al)

(6.5)
where P, is the applied load and &, is load displacement at the crack initiation. The terms
a, b and A are the delamination length, specimen width, and a correction factor
determined experimentally from beam compliance and delamination length,
respectively. Fracture surface of DCB specimens were observed using scanning electron

microscopy to investigate the failure modes of Mode I fracture specimens.

Figure 6.10 DCB test specimen under load and configuration of DCB test set up.
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6.6.4 Compression Tests

Compression test method according to ASTM D 695-M [57] was utilized to
measure the ply-lay up and in-plane compressive strength, modulus and strain to failure
values of the composite panels with various binder content (3 and 6 wt.%) and without
binder. For this purpose, compression test specimens in the length of 10 mm and the
width of 13 mm were sectioned from larger VARTM processed composite panels.
Compression tests along the ply-lay up and in-plane loading directions were performed
using the universal test machine at a cross-speed of 1.3 mm/min. At least 10 specimens
for each set were tested and force vs. stroke data were recorded. The compressive stress
values were obtained by dividing load values with cross-sectional area of the specimens.
The strain was estimated by dividing machine compliance corrected (for machine
compliance) stroke values with the initial specimen thickness. The yield stress values
were estimated considering the transition value from linear to non-linear behavior. The

modulus values were estimated from the slope of the stress-strain graphs.
6.7 Microstructure Characterization

Scanning electron and optical microscopy on the fracture surfaces of tested
specimens were performed in order to investigate the failure modes and degree of
adhesion. For this purpose, Phillips™ SEM and Nikon™ optical microscope were used.
Moreover, ballistic damage modes in the panels were observed for composites with
various binder contents. For that reason, ballistic test panels were cross-sectioned
through the impacted zones using diamond saw. The cross sections of the panels were
prepared materiallographically. In addition, the microstructural characterization
techniques were also used to follow the extent of the binder dissolution within the

reacting resin system.

6.8 Determining the interaction between thermoplastic binder and the matrix resin

Interactions between the thermoplastic binder and the thermosetting polyester
matrix were followed to determine the effects of the addition of the preforming binder
on the compressive strength and modulus of the polyester matrix and also the extent of
the binder dissolution in the reacting resin. For this purpose, 6.5 and 12.85 wt.% of
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binders (corresponding to 3 and 6 wt.% of the binder in the matrix for 50 % fiber volume
fraction) were added into the reacting system to replicate the blend of the binder and
matrix materials. The blend samples were then subjected to post-curing at 110°C for2 h
upon room temperature curing. The compressive mechanical properties of the cured
model matrix materials were evaluated using the same procedure described in
compression testing of the composites. The model specimens were also loaded under
flexure and the fractured surfaces of these materials were examined under SEM to assess
the level of binder dissolution within the resin. Moreover, the viscosity measurements
using a Brookfield LV+ rheometer with spindles no. 2 and 3 were performed for neat
resin and resin/bindér blends. The blends (6.5 and 12.85 wt.% of binder added neat
resin) were stirred at room temperature and the viscosity values were recorded in the
certain time intervals. In addition, blends with similar compositions were stirred at about
65°C (above Ty, of the binder) for 3 h to simulate the extensive dissolution of the binder
by melting.
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Chapter 7

RESULTS AND DISCUSSION

In this chapter, the results of investigation of the effect of the thermoplastic
binder on the mechanical properties and ballistic performance of E-glass fiber
reinforced polyester composites are presented. As mentioned in Chapter 6, composites
with fiber preforms containing various amount of the binder (0, 3 and 6 wt.%) were
prepared. The peel strength of the preform and the effect of the binder content on peel
resistance were evaluated. Moreover, woven fabric reinforced polymer composite were
fabricated using VARTM technique. The flexural, compressive and interlaminar shear
strength, and mode I interlaminar fracture toughness of the composites made with
consolidated preforms were also evaluated. Ballistic performance of the composite
panels was also determined and the effects of various binder content on the damage
extend were evaluated. Moreover, the interaction between the thermoplastic binder and

the matrix resin was also followed.

7.1 Peel Strength of Glass Preforms

Peel strength between glass plies was measured to determine the adhesion
between the glass fabric and the binder. For this purpose, 3, 6, 9 and 12 wt.% of binder
content were used to bond two E-glass plies together. Figure 7.1 shows the average peel
strength of the specimens as function of binder concentration. As seen in the figure,
there is a linear increase of the peel strength with the binder content and the highest peel
resistance was obtained from preforms with about 9 wt. % of the binder. The linear
increase of the peel strength is due to the improved adhesion by increased surface
coverage of the fabric by the binder. At about 9 wt.%, the binder covers almost full

surface and the further increase in the amount of the binder does not affect the preform

peel strength.
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Figure 7.1 Average peel strength as a function of binder weight percentage

7.2 Effects of Binder on Preform Compaction

Preform compression tests were performed to evaluate the effect of binder on
the preform compaction under compressive loads. This is a particular interest to be
considered especially in VARTM processes. Note that the performs with binder were
prepared by stacking the fabric layers together by the application of heat and pressure as
described in Section 6.2.1. The fabric layers were compacted together upon the
solidification of the binder particles between the fabrics. Therefore, the thickness of
preforms obtained after the thermal consolidation process is much lower as compared to
the layered fabrics without any addition of the binder. Fig.7.2 shows the average
thickness per layer for the preforms composed of eight fabric layers with 0, 3, 6 and 9
wt.% of the binder as function of pressure applied by the mechanical test device. The
thickness reduction with applied pressure was minimum for the preform with 9 wt.% of
binder, while the reduction was maximum for the preforms without binder. In addition,

the minimum thickness per layer with applied pressure was achieved with 3 wt.% of
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binder. Therefore, the highest fiber volume fraction may be expected from this materials
under pressure applied during VARTM and RTM processing.
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Figure 7.2 Preform thickness per layer as a function of fabric pressure for various
binder content (A, B,C,D refer to initial thickness of the preforms with 0, 9, 6 and 3
wt.% of binder, respectively)

As mentioned previously, the volume fraction values of the composites with 3
wt.% of binder were measured to be only about 5% greater than those with ¢ and 6
wt.% of the binder. However, the extend of binder dissolution within the reacting resin
is a critical issue on the compaction behavior of the preforms. If the binder dissolves
partially during the infusion of the reacting resin prior to the gelation, the binder may be
detached from the fiber surface and its compaction effect may be lost and the thickness
of the performs may increase during VARTM. In other words, depending on the type of
interaction between the binder and resin, the initial low thickness of the preforms with
binder may arise during infusion and reaches to the value of the fabric stacks without
the binder [58]. For the material systems studied in this work, partial dissolution of the
binder within the resin was observed as mentioned in detail in Section 7.5. So, the
detachment of the binder from the fabric surface due to binder dissolution and increase
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of the preform thickness may be expected. In this case, the thickness of the composite
panels with and without binder approaches to each other. The thickness of the
composite panels fabricated with and without binder were close to each other (about
13.65, 12.60 and 11.90 for 6, 3 and 0 wt.% binder for the stacks of 25 fabric layers)
indicating the thickness increase of the preforms with binder due to dissolution.

Moreover, the peel strength of the E-glass preforms made with polyester
powders are in the range of 1.5-1.9 gf/mm as reported in section 7.1. It was also
reported [59} that the peel strength may decrease by up to 80% due to the exposure of
the binder to the resin components. Also, note that the vacuum pressures applied during
VARTM technique, in general, are relatively low (typically in the range of 0.01-10
KPa) to keep the initial preform thickness. However, the thickness may be kept constant
and higher volume fractions may be obtained with binder in the case of application of
RTM technique that applies much greater pressures on the fabric layers. These results
reveal that application of the binder has some considerable effect on the degree of
preform compaction especially prior to resin infusion.

7.3 Effect of the Binder on the Ballistic Performance of the Composites

Figure 7.3 is the photographs showing front and back surface of the ballistic
panels with 3 wt. % and without binder. The type of the impact damage seen in the
figure are typical for all panels and the projectile was stopped by the targets with only
partial penetration without perforation in all cases. The energy level impacted to the
targets caused sufficient damage to the laminate without completely penetrating the
target. This allowed for comparison of the ballistically impacted panels based on extent
of damage given at relatively equivalent input energies. In this way, the effects of
material variations such as binder concentration introduced along the interlaminar
region were assessed. The size of the damage and the percentage of delamination areas
on the front and back surface of the panels, measured by visual inspection are given in
Table 7.1.

58



Figure 7.3 Ballistic impact damage on front and back face of VARTM processed
composite panels. (a and b — panels without binder), (¢ and d — panels with 3 wt. %

binder)

Table 7.1 Ballistic delamination data for the composite panels with various

concentration of preforming binder

No: | Binder | Velocity | Front Back Delamination | Delamination
Conc. (m/s)y | Damage | Damage % %
(wt.%) Diamete | Diameter | (FrontFace) | (Back Face)
r (cm) (cm)

1 6 614 4.25 7.5 1.88 5.88

2 6 578 35 5.5 1.31 3.24

3 3 609 425 8 1.93 6.86

4 3 579 4 6.75 1.66 4.74

5 0 585 4.5 9 2.15 8.62

6 0 575 4 8 1.71 6.84

59




A relatively less damage is observed at the front where projectile entered, as
compared to the back surface. Delamination type damage is visible and the delaminated
area through the thickness increases, forming a conical damage zone. The results
showed that as the concentration of the binder increases in the composites, a relatively
less damage, i.¢.; less delamination, was occurred within the composites.

In order to approve the same findings analytically, the ballisticaly impacted
panels were also subjected to non-destructive ultrasonic C-scan testing. Figure 7.4
shows the C-scan images of the ballistic panels. Area of the delaminated damage zone
on the ballistic panels is calculated through an image analysis program and the fraction
of the damage was found to be 1010, 875, 790 mm? for 0, 3, 6 wt.% of binder,
respectively. This revealed that the damage area was reduced by 21.7 % by the use of 6
wt.% of the binder. All these results may indicate a relatively higher energy absorbing
capability of the composites with preforming binder material due to tailored properties.
The damage modes occurred during ballistic impact within the panels were observed
by optical microscopy on the cross sections of impact-damaged zones.

(a) (b)

Figure 7.4 C-scan imaging of the ballistically impacted panels ( a and b refer to 0 and 6
wt.% of the binder, respectively)
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Figure 7.5 shows the cross sections of the impacted panels with various binder
concentrations. Observations revealed that microscopic (fiber fracture, etc.) and
macroscopic (delamination, matrix cracking, etc.) type damage mechanisms occurred
in composites due to ballistic impact. Delamination type damage is visible and the
delaminated area through the thickness increases, forming a conical damage zone.
Figure 7.6 illustrates the delamination and intra-bundle cracking type failure modes
occurred within the impact-damaged zone. Interfacial debonding of the fibers and the
matrix caused by intra-bundle cracking within the tows is also apparent. A cavity at the
projectile contact region was formed due to the penetration. Around cavity region,
significant amount of fiber and matrix failure besides folding and buckling of fibers is
apparent as illustrated in Figure 7.7.

Figure 7.5 Cross sections of the impacted panels with various binder concentrations.
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Figure 7.6 Optical micrographs from the cross-section of E-glass/polyester composite
panel (with 3 wt. % of the binder) after ballistic impact showing delamination and intra-
bundle cracking.

Figure 7.7 Optical micrographs from the cross-section of E-glass/polyester
composite panel (with 3 wt. % of the binder) after ballistic impact
showing fiber fracture and buckling around cavity region.
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7.4 Effect of the binder on the mechanical properties of the composites

7.4.1 Flexural properties

Figure 7.8 shows the plot of flexural strength and modulus values as a function
of binder weight percentage. The results show that the presence of the polyester binder
along the interlaminar region affects the flexural properties of the composites. The
strength is reduced about 20 % due to the presence of 6 wt. % of the binder. On the
other hand, the modulus values are increased about 40 % due to the same amount of the
binder material. The flexural strength values decrease and the modulus values increase
as the binder content increases. So, the decrease of the strength values with binder may
be related to the reduced bonding between the binder and matrix. The increase of the
modulus values with binder content may be associated with the mechanical interlocking

of the fabrics and increased fiber volume fraction as a result of using preformed fabrics.
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Figure 7.8 Flexural strength and modulus of the E-glass/polyester composites as
a function of binder weight percentage.

7.4.2 Interlaminar Shear Strength

Figure 7.9 shows the apparent average interlaminar shear strength versus binder
weight percentage values. The results indicate that presence of the binder has no

t
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significant effect on the interlaminar shear strength of E-glass / polyester system. The
reason for this may be the fact that the matrix properties is dominant for shear
properties. In other words, the shear strength is primarily dependent on matrix . .
properties.
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Figure 7.9 Apparent interlaminar shear strength of the composites as a
function of binder weight percentage.

7.4.3 Interlaminar Fracture Toughness

Mode [ interlaminar fracture toughness of the composite specimens with (3, 6
wt. %) and without binder was measured using DCB specimens. Figure 7.10 shows the
G, values as a function of delamination crack extension (Aa). It was found that
composites with binder and without binder exhibit rising delamination curve behaviour.
The average G,; values increase with crack extension and reach a constant propagation
value. The average crack propagation values are 720, 432 and 235 J/m? for 0, 3 and 6
wt. % of the binder, respectively. The results reveal that the fracture toughness of the
composites is reduced about 67 % due to the presence of the 6 wt. % polyester binder.
The chemical compatibility of the sizing on the fibers with the polyester resin is a
critical issue on the mechanical properties of the composites. In the present study, glass
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fibers used are compatible with the matrix resin system and the polyester binder does
not react with the polyester matrix resin and the sizing of the fiber. Therefore, the
binder acts as a barrier between the fiber sizing and the matrix resin and the chemical
bonding between the fiber and the matrix resin is inhibited as the binder content
increases. So, the decrease of the flexural strength and G, values with the presence of
the binder may be associated with the reduced bonding between the fiber and matrix.
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Figure 7.10 Mode I interlaminar fracture toughness as a function of crack extension

The effect of the fiber sizing compatibility with the resin was studied previously
[2,5]- It was reported that the use of 3 wt. % of the polyester binder in S2-glass/SC-15
epoxy-amine system that is made of epoxy-amine compatible sizing lowered the G,
values by 61%. On the other hand, it was found that for the S2-glass/vinyl-ester
systems made of vinyl ester in-compatible sizing, the reduction of G, values were only
limited to about 10 % due to the presence of the 3 wt. % of polyester binder. In the
present study, use of 3 wt. % of polyester binder reduces the G, values of the E-
glass/polyester composites made of polyester compatible sizing by 40 %. These results
clearly demonstrates the interactions between the fiber sizing and matrix resin, and also

the effect of the non-reactive binder on the adhesion within the composites.
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Fracture surface morphologies of the DCB specimens were examined using
SEM to evaluate the failure mechanisms at the interlaminar region. The results show
some considerable differences in the morphology of the mode I fracture surfaces for
composites with and without binder. As presented in Figure 7.11-a and 7.11-b,
composite with binder exhibit great amount of interfacial failure in which the fibers are
stripped of matrix material easily. This may also indicate hindered bonding between
sized fiber and matrix resin due to coverage of the fiber surfaces by the binder.
However, the composites without binder show some considerable amount of matrix
failure besides interfacial failure and some fiber pull-out. Because of the better
adhesion between the fiber and matrix, matrix deformation is also dominant rather than
interfacial failure.

Figure 7.11a SEM fracture surface micrographs of DCB specimen with 0 % wt.

of binder
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Figure 7.11b SEM fracture surface micrographs of DCB specimen with 3% wt.

of binder.
7.4.4 Compression Properties of the Composites

Figures 7.12 to 14 show compressive stress vs. strain responses of E-
glass/polyester composites loaded along the ply-lay up direction with 0, 3 and 6 wt. % of
binder, respectively. Also, compressive stress vs. strain responses of the same type of
composites loaded along the in-plane direction are given in Figures 7.15 to 17. For
loading in ply-lay up direction, stress-strain response of the composites is almost linear
up to the maximum stress level at which damage initiates. There is a sudden drop of the
stress after the maximum stress at which failure occurs and the material loses its
integrity. The stress-strain behaviour of the composites loaded along the in-plane
direction is less linear as compared to those for ply-lay up direction. In some cases, stress
increase up to a maximum level without the indication of any damage occurrence. On the
other hand, some of the specimens show kinks at stresses prior to maximum level at

which the initial cracking occur. The stresses drops suddenly after the maximum stress at

which macroscopic damage may occur and material losses its integrity.
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Figure 7.12 Ply lay up direction compressive stress vs. strain response of composites

without binder.
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Figure 7.13 Ply-lay up direction compressive stress vs. strain response of composites with 3
wt.% of binder.
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Figure 7.14 Ply-lay up direction compressive stress vs. strain response of composites with
6 wt.% of binder.
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Figure 7.15 Ply-lay up direction compressive stress vs. strain response of composites
without binder.
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Figure 7.16 In-plane direction compressive stress vs. strain response of composites

with 3 wt.% of binder.
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with 6 wt.% of binder
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Figure 7.18 shows the strain at maximum stress values as a function of binder
weight percentage for both the ply-lay up and in-plane loading directions. It was found
that the average strain values at maximum stress for the specimens loaded along in-plane
and ply-lay up directions are about 0.035 and 0.110, respectively. The results also
indicate that the strain values along ply-lay up direction are almost constant with the
presence of the binder, while those along in-plane loading direction seem to be slightly
increased by introduction of binder. This may be due to the fact that the fracture in in-
plane loading is considerably related to the interlaminar properties that are modified by
the plastic binder.
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Figure 7.18 The strain at maximum stress values as a function of binder weight
percentage for the ply-lay up and in-plane loading directions

Figures 7.19 and 20 show compressive strength and modulus values of E-
glass/polyester specimens as function of binder weight percentage for the ply-lay up and
in-plane loading directions, respectively. The strength values are in the range of 400-600
MPa and 150-300 MPa for ply-lay up and in-plane directions, respectively. Also, the
modulus values are in the range of 4500-6000 MPa and 5000-11000 MPa for ply-lay up
and in-plane directions, respectively. The higher strength along ply-lay up direction may
be due to the fact that the compressive strength is more matrix-property dominant in this
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direction while along in-plane direction is more related to interlaminat and interfacial
bonding. Furthermore, for the both loading directions, both average strength and
modulus values increase slightly up to 3 wt.% of the binder while the further addition of
the binder results in slight decrease. This may be associated with the optimum
interlaminar strength and the highest fiber volume fraction. Surfaces of the fractured
compression test specimens for both loading directions were examined using SEM to
reveal the compressive failure modes at the interlaminar region. The results show that
compressive failure modes of specimens for both loading directions were altered by the

introduction of binder within the interlaminar region.
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Figure 7.19 Ply lay up direction maximum compressive stress and compressive

modulus as a function of binder weight percentage.
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Figure 7.20 In-plane direction maximum compressive strength and compressive modulus

as function of binder weight percentage.

Figures 7.21 and 22 show the fracture surface SEM micrographs of compression
test specimens without binder and with 6 wt.% of the-vbinder for ply—lay up direction,
respectively. As seen in these figures, fibers normal to the loading direction were
observed to fail due to Poisson expansions. Also, matrix cracking and intrabundle cracks
are visible for the specimens with and without bmder Figure 7.23 and 24 show the
fracture surface of the composite specimens without binder and with 3 wt.% binder for
in-plane loading direction. As seen in these figures, fibers along the loading directions
were observed to buckle and formed kink band. In detail, the fact that composites without
binder have more local kink band regions than those with binder. This may be due to
higher interfacial strength of the composites without binder. Also, longitudinal splitting,
along the interlaminar region is visible. Furthermore, a weaker interfacial bond resulted
in intraply splitting and fiber/matrix interfacial debonding. It was also observed that the
extend of longitudinal splitting is greater in composites with binder. This may be due to
the lower interlaminar strength of the composites made with addition of preforming

binder.
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Figure 7.21 Fracture surface of compression composite specimen without binder

loaded in ply-lay up direction.

Figure 7.22 Fracture surface of compression composite specimen with 6 wt.% of

binder loaded in ply-lay up direction.
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Figure 7.23 Fracture surface of compression composite specimen without binder loaded

in in-plane direction.
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Figure 7.24 Fracture surface of compression composite specimen with 3 wt.% binder
loaded in in-plane direction.
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1.5 Interactions between binder and matrix resin.

Interactions between the thermoplastic binder and the thermosetting polyester
matrix were followed to investigate the effects of the binder on the mechanical
behaviour of polyester matrix and extent of the binder dissolution within the reacting
matrix resin. For this purpose, various amount of binder was added into the reacting
system to replicate the matrix material. Figures 7.25 and 26 show the fracture surface
SEM micrograph of the matrix polymer without binder and with 12.85 wt. % binder,
respectively. The specimens were loaded under flexure using three point bending
configuration. As seen in Figure 7.27, undissolved binder particles embedded in the
matrix are visible. This indicates that there is no complete dissolution of the binder
within the reacting resin system. Moreover, as the polyester matrix exhibits a brittle
fracture mode (Figure 7.25) that is typical for thermosetting polymers, the presence of
the binder within the matrix alters the mode of the fracture of the polymer.

Figure 7.25 Fractured surface SEM micrograph of polyester matrix polymer without

binder.
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Figure 7.26 Fractured surface SEM micrograph of polyester matrix polymer with
12.85 wt.% binder.

Figure 7.27 Fractured surface SEM micrograph of polyester matrix polymer with
12.85 wt.% binder. The undissolved binder particles are visible in micrograph.
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Mechanical behaviour of the cured model materials was also evaluated to
reveal the effects of the addition of the binder on the compressive behaviour of the
matrix polymer. Figures 7.28 to 30 exhibit the compressive stress and strain response -
of the model specimens with and without binder. The stress strain behaviour of all the
specimens showed linear elasticity up to the yield point. The yield point is defined as
the point at which deviation was observed in the linear part of the stress-strain curve.
For all specimens, deformation involved significant plastic flow beyond the maximum
stress and the flow stress remained constant up to relatively high strains.
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Figure 7.28 The typical compressive stress and strain response of the model

specimens without binder
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Figure 7.29 The typical compressive stress vs. strain response of the model specimens
with 6.5 wt.% of binder.
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Figure 7.30 The typical compressive stress vs. strain response of the model specimens
with 12.85 wt.% of binder.

79



Figures 7.31 and 32 show the strain at yield values and the compressive yield
stress and modulus of the polyester matrix resin as a function of binder weight
percentage, respectively. The results reveal that compressive modutus and the strain at
yield values of the model specimens are not significantly affected by the introduction
of the binder. On the other hand, the compressive yield stress decreases insignificantly

with increasing binder content.

0.045
= 0.04 - { %
2
>
z 3
£
£
» 0.035 1
0.02 . x T ‘ ‘ : ,
1 3 5 7 9 11 13

Weight % of binder

Figure 7.31 Strain at yield values of the model specimens as a function of weight

percentage of the binder.
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The viscosity values of the resin/binder blends stirred at room temperatures at
constant shear rate of 5 s™ are given in Figure 7.33. The viscosity of the neat resin at
room temperature was measured as 1135 cp. As seen in the figures, the viscosity values
of the resin lift up to higher values initially by the addition of the powdered binder. The
further increase and the saturation of the viscosity values was observed due to stirring
at room temperature and approaches to a constant value. This further increase may
indicate the partial dissolution of the binder within the matrix. The viscosity increase
was measured to be about 30 % and 35 % for 6.5 and 12.85 wt.% of the binder,
respectively, up to the gelation time (=50 min.) of the resin in real composites.
Moreover, the viscosity value for the blend (6.5 wt.%) increased at elevated
temperature (65 °C) and reached to the highest value of 10360 cps. at complete
dissolution by melting. The results indicate that in real composites partial dissolution of

the binder within the resin and therefore an increase in the viscosity of the infusing

resin possibly occurs.
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Figure 7.33 The viscosity values of the resin/binder blends (6.5 wt.% binder) stirred at

room temperatures.
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Chapter 8

CONCLUSIONS AND RECOMMENDATIONS

In this study, the effects of the preforming binder on the mechanical properties
and ballistic performance of the E-glass/polyester composite systems were investigated.
The results showed that the powdered thermoplastics have high potential to produce
thermoformable glass fabric preforms. It was found that approximately 9 wt.% of the
binder provides full coverage of the glass fabric surface. The highest peel strength was
measured from the preform that has almost full binder coverage on the fabric. The
further increase on the binder concentration has no significant effect on the peel
strength values. Preform compressibility was found to be affected by introduction of
binder. Furthermore, the preform compaction experiments revealed that the initial
fabric compaction can be achieved by application of preform consolidation technique
using powdered binders and the highest compaction and therefore the highest fiber
volume fraction can be obtained with 3 wt.% of the binder.

44 Polymer composites were successfully fabricated by VARTM technique and
using consolidated preforms. Flexural strength and modulus, interlaminar fracture
toughness and compressive strength and modulus of the composites have gone under
considerable changes by the introduction of the preforming binder. Flexural strength is
decreased while flexural modulus is increased with increasing binder content.
Compressive stress and strain responses of the E-glass/polyester composites loaded
along the ply-lay up and in-plane direction were also considerably affected by the
preforming binder. It was found that compressive strength and modulus through ply-lay
up direction is higher than that for the in-plane direction. The effect of presence of the
binder on the strain values at maximum stress for both directions were insignificant.
For both loading directions, compressive strength and modulus values of the
composites increases up to 3 wt.% of the binder and the further increase of the binder
concentration results in slight decrease of these values. Mode I interlaminar fracture
toughness of the composite laminates is also significantly affected by the thermoplastic
binder, i.e., 40 % reduction by the presence of 3 wt.% binder. It was found that
interlaminar shear strength is not significantly affected by the presence of the binder.
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The results of the ballistic tests showed that failure damage due to the ballistic
impact 'is also considerably affected by the presence of the binder. Ultrasonic C-
scanning test showed that the extend of the delamination type damage was reduced due
to the presence of the preforming binder. Microstructure characterization of the
composite specimens was performed using Scanning Electron Microscopy (SEM) and
optical microscopy. The fracture surface examination of the composites revealed that
the failure modes alter with the presence of the binder. This study also showed that
there is no complete dissolution of the binder in the reacting polyester resin. Partial
dissolution of the binder increases the viscosity of the resin that is critical for the
infusion process within the VARTM and RTM techniques. Also, the presence of the
binder has some effects on the mechanical behaviour of the matrix polyester. All these
results indicate that the potential of the preforming binder to modify the properties at
interlaminar region and to tailor the mechanical and ballistic performance of the
polymeric composites

In the future studies, different binder concentration may be studied by following
the same methods described in this study. In addition, the effects of preform
consolidation parameters such as heat and pressure may be investigated at different heat
and pressure applications on the final composite part properties. Mso, the effect of
vacuum applied during composite manufacturing may be determined on the final

properties of the composites with and without binder.
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