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ABSTRACT

PROCESS CHARACTERIZATION OF COMPOSITE STRUCTURES
MANUFACTURED USING RESIN IMPREGNATION TECHNIQUES

Adem Onur Miskbay
M.S., Department of Mechanical Engineering

Supervisor: Prof. Dr. Levend Parnas

December 2008, 123 pages

The aim of this study is to investigate and comphee properties of two layer
carbon epoxy composite plates manufactured usingus resin impregnation
techniques; Resin Transfer Molding (RTM), Light RTMLRTM), Vacuum
Assisted RTM (VARTM) and Vacuum Packaging (VP). dighout the study a
different packaging method was developed and narvemtiified Vacuum
Packaging (BP). The mechanical properties of contgpgdates manufactured are
examined by tensile tests, compressive tests,anepshear tests and their thermal
properties are examined by Differential Scannindp@aetry (DSC) and Thermo
Gravimetric Analysis (TGA) tests. All tests wererfpemed according to suitable
ASTM standards. The performance of specimens fraah ¢process was observed
to vary according to the investigated property; o the VP process showed the
highest performance for most properties. For méghe tests, VARTM, LRTM
and RTM methods were following VP process in tewhgperformance, having
close results with each other.



Keywords: Resin Transfer Molding, Vacuum AssistedsiR transfer Molding,
RTM, Light RTM, process characterization, mechahnipeoperties, testing of

composites



Oz

RECINE EMDIRME YONTEMLERI ILE URETILMiS KOMPOZT
YAPILARIN PROSES KARAKTERZASYONU

Adem Onur Miskbay
Yuksek Lisans, Makina MuhendigliBolumu

Tez Yoneticisi: Prof. Dr. Levend Parnas

Aralik 2008, 123 sayfa

Bu calsmanin amaci, Regine Transfer Kaliplama (RTM), H&IFM (LRTM),
Vakum Yardimli RTM (VARTM) ve Vakum Paketleme (VEjetim yontemleri ile
uretilmis iki kath karbon epoksi kompozit plakalarin inceheesi ve 6zelliklerinin
deneysel olarak belirlenmesidir. Bu gata esnasinda farkli bir Gretim tefni
gelistiriimis ve Modifiye Vakum Paketleme (BP) olarak adlandgtir. Uretilen
kompozit plakalarin mekanik 6zellikleri; cekme, besve dizlemsel kayma testleri
ile belirlenmg, 1s1l 6zellikleri ise Differential Scanning Calorimetr{DSC) ve
Thermo Gravimetric Analysi@ GA) testleri ile belirlenmtir. Buttn testler uygun
ASTM standartlarina gore yapilghr. Plakalarin performanslarinin incelenen
malzeme Ozelfiine gore dgistigi gdzlenmgse de; VP yodnteminin bircok malzeme
Ozelligi icin en yuksek performansi sunglu goralmitar. LRTM, VARTM ve
RTM yontemlerinde elde edilen gerler, birgcok test sonucunda VP ydnteminde

elde edilen dgerleri birbirlerine yakin sonuglarla takip etm.

Vi



Anahtar Kelimeler: Recgine Transfer Kaliplama, Vakofardimli RTM, Hafif
RTM, proses karakterizasyonu, mekanik 6zelliklemipozit malzeme deneyleri
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CHAPTER 1

INTRODUCTION

Within the years, composites have become the pesfanaterials mainly used in high
technology industries. The reason composite médeaee favored over conventional
materials is mostly due to their superior mechdraca chemical properties as well as
their ability to be tailored specifically for thebject at hand. That is, properties of
composite structures being a function of its conmpsnaterials, their distribution, the
interaction in between, etc. enables the designselect individual materials; combine
them together with a specific alignment and theeefmanufacture a product with

definite properties.

Polymer matrix composites are highly favored matsriin the wide variety of
composites because they are relatively easy of faatune and are lower in weight. In
addition, mostly fiber reinforced composites areefpmred for high technology
applications due to their superior mechanical priigge A fibrous reinforcement is
determined by their high aspect ratio. Fiber raicéd polymer matrix (FRP) composites
have a wide application range due to their orthptranature that is; their mechanical
properties are different in different direction ax&his property results in much flexible
designs that cannot be obtained with conventiosalréopic materials or particle

reinforced composites.

However these features come with a price; thesematg are difficult to design and
characterize; high performance composites are epensive to manufacture. Within

the years study was performed to lower the costewimaintaining — if not developing —



the performance. Several new manufacturing prosessee developed; some expensive

and high performance some cheap but low performandesome in between.

Within the quest for the cheaper yet high perforceaprocesses; resin impregnation
methods were developed. The dozens of differentegmmation techniques mostly differ
in small details. These different processes arallyspatented by various companies and

are thoroughly studied and characterized.

This study was aimed to make a comparison betwéen nhost common resin
impregnation techniques using the same toolingka®ping the process parameters as

constant as the nature of different processes allow
1.1.Production Methods

Dozens of resin impregnation methods that are padehy different companies are
currently used in composites industry. All of thérave slight differences from each
other depending to the field of use of the proc&ssne are developed for very large
products such as nautical vehicles therefore aialynaterested in lowering the mold

costs and hastening the impregnation process. \Whea@me are developed for smaller
scale products but require higher strength ancebstirface quality. Table 1.1 is given

to provide an idea of the variety of these impréigmamethods.

Table 1.1: Some of the Best Known Resin Impregnafiechniques [1]

Acronym Name of the Process
RTM Resin Transfer Molding
VARTM Vacuum Assisted RTM
LRTM/RTML  Light RTM/ RTM Light (A Hybrid RIFT/RTRIstech])
CIRTM Co-Injection RTM
Crystic VI Vacuum Infusion (Scott Bader)
DRDF Double RIFT Diaphragm Forming (University ofaWWick)
LRI Liquid Resin Infusion




Table 1.1 (continued)

Acronym Name of the Process
MVI Modified Vacuum Infusion (Airbus)
RFI Resin Film Infusion
RIFT Resin Infusion Under Flexible Tooling (ACMCyRiouth)
RIRM Resin Injection Recirculation Molding
SCRIMP Seeman Composites Resin Infusion Molding&ss
VAIM Vacuum-Assisted Injection Molding
VAP Vacuum Assisted Process (EADS)
VARI Vacuum Assisted Resin Injection System (LoGar's)
VARIM Vacuum Assisted Resin Injection Molding
VIM Vacuum Infusion Molding
VIMP Vacuum Infusion Molding Process
VIP Vacuum Infusion Process

Note that the processes listed in Table 1.1 are/ @nlfraction of all the resin

impregnation processes in use.

With this situation in mind three of the most conmresin impregnation methods were
selected for this study. While selecting which moeth to use; manufacturing
infrastructure available and common details witlheot widespread processes are
considered. Finally Resin Transfer Molding (RTM}ddum Assisted RTM (VARTM)
and Light RTM (LRTM) were decided to be used. Aftee main processes were
decided, a more primitive method was introducedptovide some more data for
comparison. This process was determined to be \fadeackaging (VP) due to its ease
of manufacturing and low cost. While the productimomtinued another process was
introduced by Basi Elektrik End. AS. engineers, as an alternative to VP process (BP),
to provide more data to compatre.

All the methods used are briefly explained in tbikoiving pages.



1.1.1.Resin Transfer Molding (RTM)

This process is a resin impregnation process ichvbiosed mold tools are used and the
resin is injected by means of positive pressurdhis study this process is selected to
provide the control data since it is known to be thost advanced and controlled

process that results in very high performance prtsdu

At the beginning of the process the dry reinforcetaare laid, usually bound together
to have the shape of the mold cavity and calledopre Later the two mold tools are
clamped to each other and vacuum is applied frotrpexts. The resin is injected with a

pressure of 1-5 bars depending on the resin-woxmndnd part size (Figure 1.1).

With RTM, it is possible to obtain higher fibertesin ratios and very low void content.
Moreover, the process is highly automated, thusiged labor and increasing process
reliability. Additionally, the emitted volatiles @reduced to a great extent. Since both
sides are in contact with mold, the surface quaditpearly perfect for both sides. The
main drawback is the weight and cost of moldingclh¢onstrains the production to
relatively small components [2].

Press or clamps to hold
halves of tool together.

U

Mould Tool

Resin Qptional
Injected Vacuum

Under Assistance
Pressure

Mould Tool

Dry Reinforcement Preform

Figure 1.1: Schematic View of Resin Transfer MotdRrocess [2, 3]



In RTM the dimensions of the component are defibgdhe separation of the mold
faces, whilst in all the other processes examindtis study; the thickness of the part is

a function of the pressure history during the pssdd].
1.1.2.Vacuum Assisted RTM (VARTM)

The VARTM process has similar advantages to the Rpidcess. As well as it

providing a high fiber to resin ratio and a low d@ontent and reducing the emission of
volatiles; this method also requires a less riginldimg tool due to the low pressures
involved. As a result, tooling cost is reduced datinally considering the need for a
single sided mold, which does not require high ngjtle. This process allows the

production of large pieces [2].

However, there are several disadvantages of theTWW\Brocess. The resin system used
should have low viscosity thus affecting the meatenperformance of the final
product. Moreover, the final part has a one-sidadase finish due to the single-side
mold application. The maximum compaction pressaré atm limiting the maximum
achievable fiber volume fraction. Additionally, aepsure gradient develops during
infusion, which results in a thickness gradiennaglthe part length between the injection
and vent lines. The thickness gradient directlyeetf the fiber volume fraction
variations in the part. It is critical to propediioose the location of the vent to fully wet
out the preform, reduce excessive resin bleedirgy (hinimize waste), and avoid

creating resin-starved regions near the vent lonatafter the inlet is closed [4].

Similar to the RTM process a preform is laid on a@ldnLater a peel ply and a sealing
plastic bag cover the preform, and the whole sysgewmacuum bagged to eliminate all
the leaks. Following this procedure the resinlievedd to flow into the system therefore

impregnating the dry perform (Figure 1.2).



1.1.3.Light RTM (LRTM)

The Light RTM process is basically the hybrid of RTM and VARTM processes. Two
composite molds are used; one of them being relgtimore rigid and another being
diaphragm like. After laying the preform, the upped lower molds are clamped using
vacuum at the flanges of the diaphragm mold. Lakerresin is injected with the aid of

vacuum applied (Figure 1.3).

Sealant Tape

*__ ToVacuum

Resin drawn across and through
Pump

reinforcements by vacuum

Vacuum Bag
: f Peel Ply and/or Resin

Distribution Fabric

Resin i
Reinforcement Stack

Mould Tool

Figure 1.2: Schematic View of Vacuum Assisted R&sansfer Molding Process [2, 3]

Light RTM process reduces the tooling cost; als® pnoduct obtained has low void
content, high fiber to resin ratio and good surfguality for both faces. The composite
mold can be used for large number of productiorsefiore reducing the amount of
disposable materials used, and once the molds raduged, the manufacturing of
products is easier compared to VARTM method. Theidated products can be larger
than those produced with RTM, but are smaller tthase of VARTM. However, since

the pressure is lower than RTM process, the voittertd is still greater than that of
RTM. Another downside is the mold production, whishcomplicated and requires
highly skilled labor [5].



S Air Pressure

Inner Seal
Upper Composite _\\: /— Quter Seal
/ Mold (Diaphram)
Wacuum
Assistance N|?
\ ﬂ Flange

R |/

»

Composite Mold Tool \

Dry Reinforcement Preform

Figure 1.3: Schematic View of Light Resin Trand¥alding Process [2, 3, 5]

1.1.4.Vacuum Packaging (VP)

Vacuum packaging process is an improvement of déneentional hand lay-up process,
which improves the uniformity of the distributiorf the resin, also regulating the
released styrene levels. It can be considered ths# primitive and a low performance

process used in this study.

Up to the end of impregnation stage, the vacuunkamging process is the same as the
hand lay up process. The resin is applied manuaallhe reinforcement which can be
found in the forms of knitted, woven, stitched onlled fabrics. After the impregnation,
a sealing plastic bag is laid over the laminatdet,ahe air underneath is extracted using
a vacuum pump; thus achieving up to one atmosptressure over the laminate. This
pressure forces excessive resin to flow in to ldeedhich is removed after curing
(Figure 1.4).

Due to the atmospheric pressure involved duringngurhigher fiber to resin ratio

structures are obtained with this process, wheatedlto hand lay-up process. Also void
content, and volatiles emitted are reduced corsidgr Because of the resin flow and
pressure involved, this process provides a beitber fvetting. On the other hand, this

process increases the cost of both labor and dibposnaterials. Also the resin content



and composition is still affected by operator’sliskherefore the process requires a
skilled operator.

To Vacuum Pump To Vacuum Gauge

T Breather/Bleeder
Fabric
Vacuum

Bagging Film | | | |

Sealant Peel Ply

Tape

Release Film /

Perforated i
(Perforated) Release Coated Laminate

Mould

Figure 1.4: Schematic View of Vacuum Packaging €s8d2, 3]

1.1.5.Modified Vacuum Packaging (BP)

This process is developed for this study in B&lektrik End. AS. to have a different
more controlled process relative to vacuum packpagimocess and no commercial name

was found for.

The only difference from the vacuum packaging metisahat the resin is applied to the
extra bleeder mat which is laid below the prefonstead of the fabric itself. Later a peel
ply is laid above the wet bleeder following thdie Wdry fabric is laid above all. Finally

the vacuum is applied as performed in the vacuuckgmng process (Figure 1.5).

This process is aimed to reduce the void contedttarincrease the uniformity of the
distribution of resin throughout the laminate. Thbtained results concerning the

mechanical and chemical properties are providedariest results.



Sealant Tape *.__ ToVacuum
P

Peel Ply ump

4 W Vacuum Bag
\

Dry Reinforcement

Mould Tool

Resin Impregnated Mat

Figure 1.5: Schematic View of Modified Vacuum Pagikg Process

1.2.The Scope

The aim of this study is to characterize compgsligé¢ée products manufactured using the
above production methods with the same toolingig)dtnding the orthotropic material

properties such &s,, UTS,, By, UTS, vy, Gy etc. Also Thermo Gravimetric Analysis

(TGA) and Differential Scanning Calorimetry (DS@pts were performed to determine
the fiber content and transition temperatures chespecimen respectively. Later these
data are compared with micro mechanical calculatanmd the results are expected to aid
in characterizing these processes and enablindebigner to approach further analyses

problems more accurately.

RTM, VARTM, LRTM processes were determined to berapriate for this thesis
study. RTM was selected to provide the controllathdbeing the most well known and
controlled process of all. Many studies were maalgcerning RTM; thus the obtained
data was expected to be more accurate. VARTM wlastee because the process is the
most fundamental of nearly all impregnation proess$inally, LRTM was selected to

provide some data for processes developed forfgpases.

After the main processes were decided, a simptargss, VP was introduced to provide
more data for comparison with a process which i¢ ideal. This process was

determined due to its ease of manufacturing andclost, but it is still a more controlled



method compared to hand lay-up providing more ateuresults. The second simple
process, Modified Vacuum Packaging (BP), was intoed by Bag Elektrik End. AS.
engineers, as an alternative to VP process, toar$ww question if this process could be

improved with accessible materials.

A certain number of specimen plates were manufadtuising these methods. Later a
given number of specimens were extracted from thgages to perform; tensile,
compressive and in-plane shear stress tests. Shés@rovided material properties for
every manufacturing process. Finally TGA and DS€istevere performed to determine
the fiber content and the glass transition tempeeat After determining the material
properties, the results were compared with themktesults obtained using analytical

analysis.

These steps are thoroughly explained in the folhgwchapters and the results are

compared and findings are discussed in relatedtersap
1.3.Literature Survey
1.3.1.Manufacturing Processes

As it was explained in the previous pages, theee various similar resin infusion
processes in the market, which aim to increasep#dréormance, reduce the cost and
volatile emissions etc. This study focuses on daly of the most common of these
processes. This chapter reviews some other comesin infusion methods and some
developments promoted for these methods.

The RTM process can be considered as the most musdal of resin infusion
techniques. It provides high quality products aedlices the volatiles emitted during the
curing of resin. There have been many developmentsetter the performance of the

process, reduce the cost of both labor and toalimhto reduce the processing time.
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For further developing the RTM process; Takasldlgiroposed a smart manufacturing
technique of RTM integrated with numerical simwati monitoring, and process control
[6]. The preliminary process parameters were detesthusing numerical simulation;
the resin impregnation process was controlled usthglectric sensors, which

continuously monitored the progress of the resmvffront.

For larger parts and lower tooling costs relativeRTM process resin infusion under
flexible tooling (RIFT) processes were developetlkTRcan be defined as the class of
all similar processes in which one tool face idaegd by a flexible film or a light splash

tool. For these processes the flow of resin gelyedaipends only on the vacuum drawn

under the film and any gravity effects [1].

A version of RIFT dates back to the 1950s whenas wsed in the production of boat
hulls. A flexible female splash tool was the bdsasind this process. During the 1980s,
the use of a rubber bag as the flexible tool wagstgated and several patents were
filed. The process was rediscovered during the 4988 has been used up to date,

particularly in the marine and automotive industrig]

RIFT retains many of the environmental advantage®DM, but at a much lower

tooling cost, since half of the conventional rigitbsed mold is replaced by a bag.
Adapting existing contact molds for the RIFT pracesay be feasible. RIFT has some
disadvantages over the RTM process as it offerigddrdirect control over the thickness
or fiber content of the final composite laminatg However several advancements were

promoted during the years to minimize these disathges.

Summerscales and Searle have classified the RIB&epses to 4 subgroups; (h)
plane flow parallel to the layers of reinforceme() through-plane flow from a flow
medium or scored coré3) resin film infusion (RFIand (4)infusion with partially pre-
impregnated materialgl]. This study consorts to this classification ahé processes
are investigated accordingly.
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The processes where the flow is in-plane and grallthe layers of reinforcement can
be summarized as follows: The dry fabric prefornpasitioned on the mold, covered
with a vacuum bag and sealed. One set of tubingedelthe resin, whilst a second set
allows vacuum. The negative pressure removes aim fthe dry laminate stack,

minimizing trapped air, later the resin inlet issopd to permit resin to move through the
laminate from into the preform, impregnating thg deginforcements. Additionally, the

flow front in the reinforcement pushes any residaiatowards the vacuum port. Figure

1.6 provides a schematic summary of the process [1]

KEY

Figure 1.6: Schematic Presentation of the Flow#llane Flow Process [1]

Two of the processes investigated in this studyTMRand VARTM are classified in
this group. The main research and developmentsnattee field of bag materials and
composite molding techniques, as used in LRTM. Mpmgcesses were patented by
different companies having little differences ie @pplication procedure.

Vacuum assisted resin injection system (VARI) depetl by Lotus cars, employs
vacuum (typically 0.34 —0.95 bar) used to pull mesito the preform. The process may
additionally use pressure to push resin at the samee[1].

In vacuum infusion molding process (VIMP) [2], re$$ fed by vacuum or gravity, and
may also use positive pressure. The resin tramsfeurs from preform interior within

the mold.

Resin injection recirculation molding (RIRM) is ambination of vacuum and pressure
infusion in which the resin is circulated untiliséactory wet out is achieved [2].
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Co-injection RTM (CIRTM) [2] is developed by the U8my for the injection of more

than one resin into soft-sided tooling and vacuuag lonold. The process allows
separation of flow between multiple resins througk thickness of the part, hence
eliminates the need for secondary bonding. Thd fireduct consists of multiple layers
that contribute various unique properties (e.ge firesistance, strength, ballistic

protection, etc.).

The Scott Bader ‘VacFlo’ process [8] involves ahtigeight, matched two-part mold.
The upper half is usually a lightweight 3-6 mm KiGRP laminate. A double seal
arrangement allows the first vacuum source to chos® clamp the mold halves while
the second vacuum source is used to pull the fesin a peripheral inlet channel to a

central outlet port.

The Plastech VM (vacuum molding) adds an injecti@chine to the equation to control
the introduction of resin similarly to the LRTM mess investigated in this study. Two
different levels of vacuum are employed for VM. T¢lamping vacuum, used to close

the mold and seal around the mold flange and tHd oavity pressures [5].

In the process known most commonly as Seemann CaitapdResin Infusion Molding
Process (SCRIMP') or some VARTM applications; the flow is througtape from a
flow medium or scored core [1The main difference of these types of processéseis
flow medium placed above or within the preform,dvefpositioning the vacuum bag. A

schematic representation is show in Figure 1.7.

KEY
Resin feed
Reinforcement

Flow medium

Figure 1.7: Schematic Presentation of the Flowhrotligh-Plane Flow Process [1]
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SCRIMPM (Seemann Composites Resin Infusion Molding Procisis a patented
process involving a vacuum bag with a resin distidn medium. Additionally, the
carrier layer may be interleaved with the fabrigels which provides the resin to be
distributed quickly across a very large part of toenponent surface, and then saturates

through the preform thickness.

Any feeder material separated from the laminatgési ply could be used as the flow
media to be used either outside the laminate. Aalditly several materials have been
developed to be used within the laminate; e.g.ahdvicore, Multimat [9] or other
materials. Rohacell® also has developed a foam sggtem that improves the flow of
resin [10].

The controlled atmospheric pressure resin infu$®APRI) is a process developed by
Boeing as a variant of the SCRINM[11]. The process increases the fiber volume
fraction of the preform prior to infusion via dekilg with several vacuum cycles.

Additionally the process minimizes thickness gratieby applying a reduced pressure

gradient during infusion.

Vacuum-Assisted Process (VAP) was developed by EBB&tschland and uses a gas-
permeable membrane for uniform vacuum distribuod continuing degassing of the
infused resin. Liet al. has shown that this improvement results in a nrolaist
VARTM process that minimizes the potential for dqyot formation as well as lower

void content and improved dimensional tolerancés [4

The semi-cured resins used in prepregs are avaikblfilms. The resin film infusion

(RFI) process uses those resin films to be laithiwithe preforms or over their surfaces.
The flow distance is thus limited to the thickne$ghe component or, if the films are
placed within the reinforcements, may be as ladehalf the ply thickness [1]. Figure 1.8

provides a schematic representation of the floRFh process.
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Figure 1.8: Schematic Presentation of the FlowesiR Film Infusion Process [1]
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An innovative process employing resin films is FRTI hybrid process, which

combines the technical characteristics and respeéévorable economics of RFI and
RTM. Separate sheets of dry fiber and resin filre ataced between elastomeric
diaphragmsThe fiber and resin are then compacted by drawimgcaum between the

diaphragms, and formed to shape by drawing thehdigpn assembly over hard tooling
[12].

The FRTM process eliminates the labor intensitydsity associated with preparation of
the three-dimensional fibrous preform used in Rother advantage of the FRTM
process is the fact that the diaphragm system fisrrdable, and provides a low cost

reconfigurable tooling surface.

In some cases the reinforcement is suppgbedially pre-impregnatedvith resin, often

referred to as ‘semi-preg’. The semi-preg infugloocess is represented in Figure 1.9.

Various commercial systems are available such akjaAced Composites Group’s
ZPREG, Cytec’s Carboform system, SP Systems’ SPRINIP Resin Infusion New
Technology) [1, 13].

Frost et al [13] compared the three systems named above toomirate that

lightweight automotive body panels can be manufactwvithout using capital intensive
equipment, such as autoclave. Panels were lightat, a better surface finish, and
overall cost was lower than for prepreg componéidsvever, the impact resistance was

lower when compared to the prepreg panels.
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In practice, the boundaries between the, afore ioeed, four classifications are not
clear. There are various methods that associdferetit aspects of several approaches.
As some of the examples are given above; the marignts of RIFT are known by a
wide variety of names, which may not always be ueed specific procedure. Two,

most innovative, of such approaches are investigagéow.

An optimized resin infusion technology was devetbpethe DLR Institute of Structural
Mechanics in order to manufacture aerospace gradermance composites with good
laminate and surface quality that was comparabile autoclave method while reducing
the raw material, namely prepreg, costs. To achibese goals, a combination of dry
fiber preforms and autoclave technology named 8ihgie Injection-RTM (SLI-RTM)

was employed [14].

The advantage of this method in comparison to tRé inethod is that the resin is
injected under pressure and that the laminate @rcdmpacted by the autoclave
pressure. The resulting products are virtually sfosg@ and the component quality
almost reaches the status of a Class-A surface fl4thematic view of SLI method is

seen in Figure 1.10.

An additional characteristic of the SLI methodhs possibility to directly influence the
fiber content. By adjusting the autoclave presdorsimilar levels as the inner resin

pressure, permeability of the preform is increaskowing easier impregnation [14].
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After the preform is completely impregnated, insiag the autoclave pressure while

curing provides the desired fiber volume conterguFe 1.11).

pressure reducing valve

resin container

vacuum bag vacuum system

autoclave

resin transfer line

fibre preform

single-sided tool

Figure 1.10: Schematic View of SLI Method [14]
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Reducing
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autoclave

autoclave

Pinjection P

Injection Adjustment of
phase fibre content

Figure 1.11: Pressure Distribution During Two PlsasieSLI [14]

injection

Another process developed deserving further ingastn is called Resin infusion
between double flexible tooling (RIDFT) and interidssolve problems associated with
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other liquid composite molding techniques [7]. Tén@soblems include achievable fiber
volume, part thickness consistency, manufacturiyajectime and process complexity.
Unlike the FRTM process, the RIDFT process doeausetdry solid sheets of resin, but
the preform is impregnated with a low viscosity rtheset resin similar to RIFT

processes. After the preform is fully impregnatibe, process is carried on like FRTM

process (Figure 1.12).

Step 1: Load fiber Step 2: Seal Machine Step 3: Infuse Fiber

Step 4: Seal Chamber Step 5: Vacuum Step 6: Demold
Form Part

Figure 1.12: Schematic View of RIDFT Process [7]

RIDFT has various advantages over more conventiprmesses. An advantage of the
RIDFT that the flow of resin is two-dimensionalmeinating the complexity of the three-
dimensional flow front experienced with RTM [18]nA&dvantage of RIDFT over RIFT
is in the use of a second flexible tooling thatuwmes cleanup and manufacturing

preparatory work and the scrap materials are retludeen reusable bagging materials
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are employed. Additionally, the low viscosity regmovides better lubrication for

reinforcing fibers, thus enhancing formability ccemgd to FRTM.

Thagard [7] has compared the economics of RIDFTcgs® with SCRIMP. It was

reported that in almost all the categories examirtbd RIDFT process had a cost
advantage; especially in categories such as coridamaaterials, tooling amortization

and labor with only a higher cost in equipment aka overall advantage of 24% was
achieved.

In addition, curing methods have been investig#teaughout the development of these
methods, since cure cycle times also have significa@pact on process feasibility.

Some of these developments are discussed below.

Microwave curing holds great potential for improyiourrent composite manufacturing
techniques, substantially reducing cure cycle tire@grgy requirements and operational
costs. Paparygis and his colleagues have incogabraticrowave heating into the resin
transfer molding technique, and reported that 50%e acycle time reduction was

achieved through the use of microwave heating [15].

Quickstep is a curing procedure designed for regusion; where the tool and uncured
component inside the vacuum bag; are placed irwaplessure liquid filled chamber.

Three different temperature levels; low temperatdeeell temperature, and the curing
temperature; are delivered by a computer contrdieiem; and the mold is surrounded
by a liquid at hydrostatic pressure so no significlbads are imposed on the tool

structure [16].

UV curing is a process which provides several irntgodr advantages when combined
with RIFT processes. The resin only cures with ghesence of intense UV light. This
allows for complete forming without the concerngs times as with most vinyl ester
resins. This results in the reduction of procesdectimes since UV curing provides for

accelerated curing times [7].

19



1.3.2.Woven Fabrics

The fiber material used in this study was prefetiede woven 3 harness satin textile
carbon fabric, due to availability considerationsl ahe fact that textile fabrics are more
appropriate for utilizing in the production methagtsdied in this thesis. The resulting

products are described as woven textile composaesthis type of composites differ

from unidirectional composites in both mechanidsracteristics and the methods used
in micromechanical analysis of these structures.

Textile composites are determined as compositetsiies produced by impregnating
matrix materials into dry preforms formed by textifbrics to hold the multidirectional
yarns together. The impregnation is generally dbpeusing afore mentioned liquid
molding techniques and other commercially used auglgiven in Table 1.1. In general,
classification of textile composites reflects theacmo geometry (e.g., shape and
dimension of the structure), method of fabric fotim@construction, and the resulting
structural micro geometry. The micro geometry idelsi directions of reinforcement,
linearity of reinforcement in each direction, cowity of reinforcement, fiber packing
density, fiber bundle (or yarn) size in each dimttand the geometrical feature of the
fiber bundles etc.[17]. However, no simple methodlassify textile composites, which

meets the above requirements, was found.

Textile composites are generally classified intee¢hbasic categories according to the
textile manufacturing techniques used for reinforeats [17]. These are; woven, knitted
and braided fabrics. Woven fabric textile compasiteill be discussed for this study,

since the specimens used for this study are pradingm this type of fabrics.

Woven fabric textiles are the most commonly usednfmf textile composites in
structural applications. They are mainly woven bg multiple warp weaving method,
and generally consist of two sets of interlacedhyamponents, warp and weft (or fill)
yarns, named according to the yarn orientationl8], Warp yarns run vertically or

lengthwise in woven fabrics, while weft yarns rusrikontally or crosswise [18]. Each
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yarn is a bundle of fibers and its size is defibgdhe number of fibers in the yarn [19].
Three-dimensional woven fabrics have additionahggrlaced in through the thickness
direction [20], and can be generally classifiedbithree types, namely, 3-d, 3-x and
interlocks. They have higher delaminating resistanod damage tolerance than 2D
woven laminates [21]. The interlacing pattern of tharp and weft yarns is known as
weave [22].Currently, most of the pure and hybrid woven fabricsed in textile
composites are simple 2D fundamental weaves pian, twill and satin weaves, which
are identified by the repeating patterns of thesriated regions in warp and weft
directions [23, 24].

Plain weave is the most basic reinforcement usednvaven composites. In a plain

weaving structure, one warp yarn is repetitivelywem over and under weft yarns as
shown in Figure 1.13(a). Twill weave has a loossgeriacing and the weave is
characterized by a diagonal line. In a twill wed@eHarness satin) structure (Figure
1.13(b)), each warp yarn floats over two conseeutreft yarns, and under the following
one weft yarn. Satin weave fabrics have good diépalwith a smooth surface and

minimal thickness. In a satin weave (Figure 1.13@e warp yarn is woven ovey (ng

> 2) successive weft yarns, and then under one yeeft. This weave structure, with

interlaced regions that are not connected, is¢dfig+ 1)-harness satin weave [17, 23].

Woven fabrics can be classified into open-packimgwes or closed-packing weaves. In
an open-packing weave there are gaps between tjaocesd yarns, whereas in a closed-
packing weave fabrics are tightly woven and no gegurs between any two adjacent
yarns [22]. In addition, woven fabrics can alsoclessified as balanced and unbalanced
weaves [25]. A balanced weave has the same prepatid geometric dimensions in
both the warp and weft directions, while an unbe¢ghweave has different properties

and/ or different geometric dimensions.

Mechanical properties of woven fabrics are govetmgetivo parameter groups. First; the

weave parameters such as weave architecture, gainyarn spacing length (or pitch),
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fiber orientation angle, fiber volume fraction; apeicond; the laminate parameters such
as stacking orientation and overall fiber voluneetion [17].

e

SSScossa®
(a) Plain Weave (b) Twill Weave (c) 8-harness Satin
Weft yarn Warp yamn

Figure 1.13: Schematic Representations of Commaond-#/eaves [17]

Woven fabrics generally show good dimensional 8tgbin the warp and weft
directions and they offer highest cover or yarnkpag density. In addition, woven
fabrics generally have a very low shear rigidityiethgives a very good formability.
However, they offer anisotropy, and they are paaesisting in-plane shear [17, 26].

1.3.3.Experimental Procedures and Results

Due to the complicated structure composites, erparial tests become one of the
major approaches for studying mechanical propeaigbese materials. In this section,
some experimental procedures used previously fegsiigating mechanical properties

of textile composites and various process techsigue examined.

Early research was administered to verify the nmodelveloped for woven fabrics, and
most studies investigated the behavior of wovenpne@ materials produced by

autoclave or compression molding methods.
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Ishikawaet al. [27] carried out some experiments to verify theattetical predictions
obtained in their previous work [23]. The materiaé®ed were plain weave and 8-harness
satin fabric composites of carbon/epoxy prepregsvds found that for plain weave
textile composites, the modulus of elasticity irased with the laminate ply number but
leveled out at about 8-ply thickne§dhe ratio of ply thickness to yarn width (i.e., h/a
was also found to be a very important variable, affiected the elastic moduli of plain
weave composites strongly. And for the satin wetal®ic composites, the in-plane
shear modulus was found to decrease almost linewdtly the fiber volume fraction
which decreased withynthus the effect of thread undulation was conclutede
insignificant as far as in-plane shear modulusoiscerned (Figure 1.14). A discrepancy
based upon two limiting cases, local warping cotabyeprohibited or allowed, was

observed.
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Figure 1.14: Relationship Between In-Plane Sheadies in 1/g[27]

Reifsnider and Mirzadeh [28] studied the compressitrength and failure mode of 8-

harness satin Celion 3000/ PMR15 woven prepreg ositgomaterials. It was observed
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that the compressive behavior was influenced bywkave geometry, including the
crimp size, cross-sectional shape and fiber volinaetion. The nature of the surface
and the specimen thickness also influenced the mBape strength. For the unnotched
laminate, where compressive stresses are unifoeach ply, fiber kinks occurred in the
crimp parts of the yarns; this phenomenon was axgiby the presence of out-of-plane

shear stresses. The results of this study are stizedan Table 1.2.

Table 1.2: Laminate Geometries and Compressiva@tie [28]

Stacking Sequence Unnotched Strength Notched Strength Notched/ Unnotched
(MPa) (MPa)
(0,45,0,45) 413.68 36.60 0.6131
(0,45,0,45,0,45) 415.89 39.19 0.6497
0,45,0,45,0) 453.41 44.35 0.7744
(0,45,0,-45,0) 462.67 43.19 0.6436
0)12 675.69 46.26 0.4720
(0)2 623.42 51.31 0.5674

A total of 400 tension tests were performed by Ndilal.[18] for studying the failure

behavior of unnotched and notched specimens. Rlaave fabrics of E-glass and
Carbon prepregs manufactured with compression mgldiere used. The experimental
results showed that the mechanical coupling betwesp and weft fibers gives rise to
higher failure strains in the off-axis unnotched aotched woven fabric composite than

the equivalent unidirectional tape laminates.

Naik and Shembekar [29, 30] validated their 2D wofabric models via measurements
of in-plane elastic moduli of three types of plaieave E-glass fabric/ epoxy (hamed a,b
and c) and one type of carbon fabric/ epoxy lanesdhat were in good agreement with
the predicted results (Table 1.3). However, vasiatendencies of the elastic constants

with the major architecture parameters of textdenposites were not mentioned in their
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study. Note that the predictions were made usingligh (P), series (S), series-parallel

(SP) and parallel series (PS) models which wildliseussed further in Section 1.3.4.

Table 1.3: Elastic Moduli Predicted by WF Model€Oamparison with Experimental

Data (E: along fill, E: along warp) [30]

E-glass/ epoxy

T-300
carbon/epoxy a b C
Lamina Thickness (mm) 0.16 0.2 0.5 0.15
E, Experimental Average (GPa) 49.3 - 13.8 145
P 54.1 221 221 211
) S 515 26.8 26.3 231
Predicted E(GPa)
PS 45.8 171 161 149
SP 311 16.7 157 139
E, Experimental Average (GPa) 60.3 18.1 148 145
P 67.8 28.6 295 211
) 54.7 24.1 244 231
Predicted E(GPa)
PS 58.8 215 216 149
SP 38.2 184 184 139

An experimental program was conducted by Karayaihkaurath [31] for investigating

the deformation behaviors and failure mechanism§-b&rness 0/90 weave graphite/

epoxy laminates under tension, compressive, arah@-4-point bending loading. The

experimental observations indicated that the wolaninates exhibited orientation

dependent mechanical properties and strength ascedy and the results were

consistent with their predictions.

Naik and Ganesh [32] carried out a total numbealmfut 90 experimental tests. Test

specimens for 10° anti5° off-axis tension tests were prepared accorthr§STM D-

3039. In 10° andt45° off-axis tests the weft yarn was 10° atb® to the loading

direction respectively. The experiment results stabvthat the deformation for the 10°
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test was very much less than those for #48° test at ultimate failure. The in-plane
shear strength obtained by the 10° ad8° off-axis tests were nearly the same and the
losipescu test gave higher in-plane strength. Tilglane shear moduli obtained by the
10° off-axis test were higher than those obtaingthk+45° off-axis test. In addition, it
was noted that in the case of t#5° tension test, the failure was essentially duthé

shear.

Fleck et al. [33] investigated the compressiveufailmechanisms. The specimens were
made from the T800 carbon fiber - 924C epoxy latei®iaAS4 carbon fiber - PEEK
laminates, 2D woven T800 carbon fiber - 924 epaxy 3D woven AS4 carbon fiber -
LY564 epoxy. For both 2D and 3D woven composiths, compressive stress - strain
response was almost linear to fracture. Compressacture of the unnoted woven
specimens was found to be dominated by plasticabigrkling of the load-bearing axial
stuffers.

The next part investigates the studies that examsm@us properties of different

processes.

Kim et al. [34] investigated the mechanical properties of RTass/ Polyester
composite panels with various fabrics. The comparisf the mechanical and physical
properties is tabulated in Table 1.4. Additionatlye dynamic characteristics of
composite bus housing panels were compared witll gi@nels employing impulse
frequency response tests. The fundamental nateqléncy and damping ratio of the
composite panel were found to be 13.22 Hz and 0.044pectively. These values were
153% and 244% of those of steel bus panel resgdgtiv

Kas and Kaynak [35] evaluated the microvoid formationRTM using an ultrasonic
inspection method (C-scan) additionally optical abhectron microscopy were used to
examine microvoids and failure mechanisms. Woveathara fabric/ epoxy composite

sample plates were produced by RTM with differefgdtion pressures; and three point
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bending and Charpy impact test were carried ousc&t inspection indicated that
increasing injection pressure above 2 atm incredsedumber of microvoids leading to
decreased mechanical properties. The mechanicalraésslts have shown that the
specimens molded under 2 atm injection pressurethachighest flexural strength,
flexural modulus, and impact toughness values. ebing the injection pressure
decreased these mechanical properties due to ttreased void formation. The

microscopic analysis results were consistent with@-scan and test results.

Table 1.4: Mechanical Properties of the Composgiecinen [34]

Continuous
Reinforcement Satin Strand Mat Plain Weave  Housing Panel
Volume Fraction 0.424 0.266 0.285 0.40
Young’s Modulus (GPa) 28.2 8.8 135 18.0
Tensile Strength (MPa) 471 150 259 342

Pinteret al have investigated the fatigue behavior of Carligpodxy RTM composites
[36]. Tensile and tensile fatigue tests were cdraat for uncompacted, compacted and
stitched laminates all produced by RTM process. Siiftness values were found to be
similar for all specimen classes. The tensile gfites for uncompacted and compacted
specimens were found to be equivalent while thehsd specimens were measured to
have lower strength. Although it was observed thidterent preform compaction
methods such as binder-coating and stitching htld influence on the tensile fatigue
behavior; it was also reported that if the stitghdensity was to exceed a certain limit,

the fatigue behavior was influenced in a negatiag.w

Beieret al [37] examined the overall performance level @tked Non Crimped Fiber
(NCF) composites produced by RTM. In plane tensild compressive properties were
examined as well as dynamic and in-plane propestied as compression after impact

(CAl) and apparent interlaminar shear strength 8] &spectively. It was demonstrated
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that mechanical properties such as the tensile amdpression stiffness and CAI
strength were not reduced by the chosen stitchargmpeters, while the tensile and
compression strengths, ILSS and the tensile fatig@avior were reduced as a result of
localized fiber undulations due to stitching. Tlmnparison of tensile and compressive
stiffness is given in Figure 1.15. A 5H satin fabfiom Hexcel with additional epoxy
binder content was used as a reference. In congd@s¥90° non-crimped carbon fabric
manufactured by Tenax was used both stitched anestitehed. Both fabric types had
equal contents of high-tensile strength carbonréibln all cases the resin medium was

epoxy.
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Figure 1.15: Comparative Plot of the Resulting TlerRroperties (a) and Compressive

Properties (b) of Various Composites [37]

Kelkar et al. [38] studied the tension—compression fatigue perémce twill woven S2

glass/C50 vinyl ester and of plain-woven S2 glaSsIS epoxy thick composites for
composite armored vehicle applications. Additionatitch-bonded and woven roving E
glass/510A-40 vinyl ester composites were invegdiaunder low velocity impact

loadings.

28



It was observed that plain-woven S2 glass/epoxypasites had higher that fatigue life
than twill woven S2 glass/ vinyl ester compositésr E glass/vinyl ester composites,
the stitch-bonded structures displayed better impasistance properties and also

absorbed more energy than woven roving struct@s [

Niggemann and colleagues [39] experimentally ingastd the effect of debulking and
reduced pressure gradient on the incoming matpaeameters, process behavior and
final dimensional tolerances. Several E-glass pleéave preforms have been infused
with controlled atmospheric pressure resin infus{@APRI), later the pressure and
thickness data has been recorded and compareagiditdnal VARTM. It was observed
that debulking resulted in a significant reductiorihe permeability of both the in-plane
and out-of-plane direction and thus increased fiiove and lead length during infusion.
It was shown that the process decreases thickneshegts to less than 1% while
increasing fiber volume fraction by 5% in the comip® part (Figure 1.16). In addition,
debulking also reduced the overall spring-backaotflsy almost 40% thus reducing any

potential thickness gradient during VARTM procegsin

Overall, the CAPRI process produced more uniforioktiess components with higher
fiber volume fraction and thus product quality gmelformance approached those of
autoclave parts. The trade-off was considered tdhleereduced permeability which
resulted in increased infusion time and lead lengthich could provide more
challenging processing in particular for thick smttor low-permeability parts. In
addition, the debulking step and additional vacuapplied to the injection bucket

increased the hardware requirement and cycle tinteecset-up [39].

Li and colleagues [4] examined the performance awpments of vacuum assisted
process (VAP) and compared them to the SCRIMprocess. The investigated process
parameters were fiber volume fraction and void eoh{Table 1.5). Additionally, the
flow characteristics of both processes and thicknesiations were evaluated. Two
types of VAP panels were produced; @Pwhich was fabricated with the infusion
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bucket placed below the tool surfade X.3m) and VAP in which the bucket had the
same height with the tool surface. The specimen® weoduced from 15 layers of E-
glass plain weave fabric / epoxy composites.
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Figure 1.16: Final Thickness Gradients for VARTMIZDAPRI after Full Infusion [39]

Table 1.5: Fiber Volume Fraction and Void ContemtPanels With no Degassing and

Degassing of Resin [4]

Fiber Volume Fraction (%)/ Void Content (%)/
Standard Deviation (%) Standard Deviation (%)
No Degassing Degassing No Degassing Degassing
VAP 50.9/0.5 52.8/0.7 0.37/0.3 0.23/0.2
VAP ow 54.0/0.3 n/a 0.6/0.3 n/a
SCRIMP 56.0/1.0 56.12/1.2 1.64/1.2 1.07/0.7

The study illustrated that the selection of thetviecation was not critical in VAP
compared to SCRIMP processing for complete reflisHowing that the VAP is a more
robust filling process which is able to manufactw@mposite parts with complex

geometries with low risk of dry spot formation. Theiform vacuum pressure (VAP)
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resulted in uniform thicknesses after infusion. B@RIMP had a higher fiber content
however with greater standard deviation, where&s AP shoved lower standard
deviation and the fiber content was concluded ithaas able to be optimized with ideal
resin injection. The void content and thicknesgritistion was found to be superior in
VAP.

Gu [40] investigated the bending and tensile bedravof two layer E glass/ polyester
laminates manufactured by VARI process having weritabric crossing angles of 0°,
30°, 45°, 60°, and 80°, respectively. Three-poiahding and tensile strength of the
specimens were measured. The results showed ibataiion of the fabric layers had a
significant effect in both bending character andstie strength. Additionally parallel

lay-ups of the fabric increased the elongationratk greatly. The bending deflection

change due to lay up angle was shown in Figure. 1.17

L=

Maximum deflection (mm)

0 30 45 60
Cross angle (degrees|

Figure 1.17: Bending Deflection of Laminates Haviifferent Fiber Cross Angles [40]

Himmel and Bach [41] examined the mechanical befravdf [0°E unidirectional,
[+45°/0°A45°/90°k quasi-isotropic and [+45£45°];s angle-ply laminates produced by
RTM or vacuum assisted resin infusion (VARI) proeddrom unidirectional carbon
fiber reinforcement and various vinylester (VE)imesystems. The study included the
determination of ultimate in-plane tension, compi@s and shear properties as well as

the characterization of the cyclic fatigue behaviorder stepwise increasing and
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constant amplitude loading. The results showed ttetbéatigue performance of an
epoxy-terminated butadiene-nitrile rubber modifed resin system. Furthermore, the
cyclic strength of the composites produced by VARISs lower compared to RTM

composites (Table 1.6).

Wu and Hahn [42] investigated the bearing propemiemechanically fastened E glass/
vinylester composite joints via double-lap joinabeag tests. Two composite structures,
M3 and M4 were produced with VARTM method. M3 cated of quasi-isotropic plain

weave 0.45 whereas M4 consisted of quasi-isotrappped mat with a fiber ratio of

Table 1.6: Quasi-Static Properties of RTM Manufestil/E Resin Composites with

Carbon Fiber Fabric Reinforcement

Property Laminate Sample Mean t1 ¢ Standard Deviation

CF/VE: A-EP  CF/VE: Cal-EP CF/VEUH: ETBN

Ultimate tensile strengti, ((MPa) [0 1561+159 1856493 1477+164
Young's modulus (tensiorg; ((MPa) [0 133.446+8791 142.378+7456 122.991+10.650
Ultimate compressive strengta .(MPa) [0°k 651+100 576118 622456
Ultimate shear strengis ;(tension) (MPa) [+45°/-4558} 67+2.3 67+7.8 7446.2
Shear modulu&;,,(tension) (MPa) [+45°/-458} 32561456 35204275 43461205
Ultimate shear strengs .(compression) (MPa) [+45°/-458] 74+4.8 69+3.3 75+2.5

0.382. The effect of edge distance ratio (e/d) waiuth ratio (w/d) was investigated. It
was found that the ultimate bearing strength ireedawith increasing thickness and e/d
ratio. For M3 specimens with thickness smaller ti2ath mm; that ultimate bearing
strength increased when width was increased. Tédtseshow that the quasi-isotropic

weave had higher bearing strength than choppedrila¢ structure.

Papargyriset al. [15] incorporated microwave heating into the resansfer molding
technigue and showed that a 50% cure cycle timecteth was achievable. The
specimens were manufactured from carbon fiber/epoyposites mechanical and

physical properties were compared to those manufdtby conventional curing.
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Mechanical testing showed similar values of flekumeduli and flexural strength for

the two test groups. A 9% increase of the intememishear strength (ILSS) was
observed for the microwave cured composites. Tiigecement in ILSS was attributed
to a lowering of resin viscosity in the initial g&of the curing process providing better
wetting. This was also confirmed via scanning etettmicroscopy which indicated

improved fiber wetting and less fiber pullout. Bayipes of composites yielded minimal
void content (<2%) and the thermal analysis revkeatemparable glass transition

temperatures for both methods.

It was reported that the average panel thicknesthe@fmicrowave cured composite
panels was slightly higher due to small dimensiotiffierences of the mold cavity
attained at machining which resulted the microweneed samples to exhibit slightly
lower fiber volume fraction. Given the same numbércarbon fiber layers used to
manufacture composites with both methods a comnioer fvolume fraction was
normalized [15].

The results indicated the microwave heating wasalgi@p of improving composite

processing and manufacture. Despite the half cyoke cime employed, the mechanical
and physical properties of the microwave cured amsiips were found to be similar
and, in some cases, superior [15].

1.3.4.Theoretical Analyses

Both numerical and analytical analysis methodsusesl for predicting the mechanical
behavior of composite materials. When applied taratterize textile composites, FEM
visualizes them as an assemblage of unit cellscommected at a discrete number of
nodal points. The unit cell is a periodic squarayof fibers embedded regularly in the
matrix. Hence, if the force - displacement relastop for an individual unit cell is

known, it is possible, by using various well-knowneories and techniques of elasticity
theory to evaluate its mechanical property andysting mechanical behavior of the

assembled composite structure. The ability of a Fe@del for predicting mechanical
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properties depends upon the accuracy of the mapelirthe fiber geometry in a unit

cell. Analytical models for elastic properties afnposites are generally developed
based on classical laminate theory and rule ofumétand a similar unit cell concept is
governed [17].

Earlier research in modeling of woven fabric rercéml structures was carried out by
Ishikawa and Chou [43]. They developed rmo5aic modélfor analyzing elastic
behavior of woven hybrid composites. In this modelfabric composite was simply

defined as an assemblage of pieces of asymmaetrusd-ply laminates (Figure 1.18).

Figure 1.18: ‘Mosaic Model’ for an 8-Harness Sa&tabric Composite [44]

The model neglected the shear deformation in thekribss direction. Also the two-

dimensional (2D) extent of a lamina was simpliftedwo one-dimensional (1D) models
namely parallel model and series model dependinghenarrangement of cross-ply
laminates [24]. The parallel model gave upper bsuntile the series model results in
lower bounds of in-plane stiffness constants [3). inverting the upper and lower

bounds of stiffness constants respectively, thevesit lower and upper bounds of in-
plane compliance constants can be obtained. ThiEehused the lamination plate theory
to calculate the mechanical stiffness and compéiaraf the cross-plied laminate units
with the assumption of constant stress or stralms Qave upper and lower bound
solutions for the effective elastic constants o 8tructure. These upper and lower

bounds differ for plain woven composites [17]. Hoee fiber continuity and non-

34



uniform stresses and strains in the interlacedoregiere not considered in this model
[22, 24] although a good agreement between predistand experimental results was

reported.

Following that, a 1D crimp model named &bér undulation modéwas proposed [24],
which took into account the fiber continuity andwveess which was omitted in the
‘mosaic model'.The relevant unit cell was divided into three regioi.e., straight cross-
ply region, undulated cross-ply region and purermaéegion as shown in Figure 1.19
(b). For the straight regions, analysis of the fmes mosaic model was carried out while
for the undulated region, the classical laminatiadeptheory was taken to be applicable
to each infinitesimal slice of the threadwise stajppng the x-axis; then these
infinitesimal pieces could be integrated along wégading) direction. In this model,
the undulation in the weft yarns running perpenidicdo the loading direction was

neglected. Later, solutions based on assumptiamdérm stress for the infinitesimal

@ " e,

2/2 (ny~1) 0/ 2 —=

Figure 1.19: Unit Cell in ‘Fiber Crimp Model’ [24]
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pieces in the straight and the wavy regions weserabled, and the elastic constant
could be calculated from compliance elements. Hetini® model is an extension of the

series model and is particularly suited for fabrigth low ny values [17].

Chou and Ko [26] predicted the relationship betwienin-plane stiffness€and g by
governing both mosaic model and fiber undulatiordetoFigure 1.20(a) shows that the
reduction in G; was most severe in plain woven and least in gohsdaminates. In
addition, the effect of fiber undulation shapes tbe in-plane compliance;Swas
examined by fiber undulation model (Figure 1.2Q(k)jvas shown that;pwas affected
by the undulation shape, particularly at smallgvadues. The highestSvalue (i.e., the
lowest in-plane stiffness) was obtained at arouwdld a 1; where @is the undulation
length and h is the overall thickness of the uelt c

I uB
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1/ng
() Cy against 1/n, for the graphite/epoxy (b)  Relationship between average
composite, Vi=60%. in-plane compliance and undulation

length
Figure 1.20: ¢ and S; Variation Trends for Woven Fabrics [26]

In summary, both the mosaic model and the fiberutatcbn model were useful for
understanding the basic aspects of mechanical grepéor woven fabrics, even though

they only considered a 1D strip of a fabric anddfere, were inadequate for simulating
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the behavior of satin composites where interlaegibns are not connected [45, 46]. In
order to develop a model suited for highvalue satin fabrics, @tidging model was
proposed which takes the load transfer mechanistadketter consideration. Hence, this
model was a combination of series and parallel itsodad only valid for the satin

weaves whereyg® 4 [26].

In the bridging model, interactions between an lsted region and its surrounding
regions with straight threads were considered. hbragonal shape defined as the
repeating unit in a satin weave was first modifsda square shape of the same area for
simplicity of calculations. A schematic represeiotatof the bridging model is shown in
Figure 1.21, which illustrates the division of thepeating region into subregions for
studying the local transfers occurring due to agpliorce in the x direction. The four
regions denoted by A, B, D, and E consist of shiaifreads, and hence are regarded as
pieces of cross-ply laminates. Region C has amlated structure where only the weft
yarn is assumed to be undulated, because the effélse undulation and continuity in
the warp yarns was expected to be small since ppéed load was in weft (or fill)

direction.

Ishikawa and Chou have shown [23] that the sti§nafsthe undulated region C, where
ng = 2, was lower than that of the surrounding regig¢f, B, D, and E) which had
straight threads. Assuming uniform mid-plane stad uniform curvature in region B,
C, and D, the regions B and D are regarded to caone load than region C thus, play
the role of load transferrindptidges between adjacent regions A and E. By this model,
the characteristics of load distribution and transhg could be simulated for the satin
fabric compositeslt was also assumed that same averaged mid-plaae sand
curvature were the same for regions B, C and DnThe overall elastic properties of

the unit cell can be obtained from an averagingregie.
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Figure 1.21: ‘Bridging Model’ for an 8-Harness ®afiabric Composite: (a) Shape of
Repeating unit, (b) Modified Shape for Repeatingt\{n) Idealization for the Bridging
Model [44]

Ishikawa and Chou [23] applied the bridging modelinvestigate the linear elastic
properties of woven fabrics and non-linear behadoe to the initial failure of the
fabrics. It was reported that the elastic stiffnessatin weave composites were higher
than those in plain weave composites due to theepie of bridging regions in the
weaving pattern. The experimental results of implatiffness (A) as functions of 1jn
are presented in Figure 1.22 along with the ar@lpredictions. Note that the stiffness
values are normalized by the corresponding crogdaphinate stiffness. The analytical
models shown in the figure are the upper bound (&) (LB) predictions of the mosaic
model, fiber undulation model (CM) and bridging nebB8M). Local Warping Allowed

(LWA) and Local Warping ConstrainedLWC) are two cases in which the local

38



warping, that is local out-of-plane deformation diwethe in plane tensile force, is
assumed not to be restricted and to be constragskctively, and it is reported that
both LWA and LWC are limiting cases. Note that@tdiction models are governed in
the ny intervals where they are most suited.
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Figure 1.22: Relationship Between in Non-Dimensidn&lane Stiffness vs. the

Inverse of Harness Number (§yand the Experimental Data [27]

Ishikawa and Chou; later applied the fiber undaolatmodel and bridging model to
analyze the non-linear elastic behavior of fabenposites [46], with the non-linear
constitutive relation developed by Hahn and Tsdi.[#hese models solely cover the
undulation and continuity of yarns along the loadilirection and the yarn undulation in

the transverse direction and its actual crossaaltigeometry were not considered.

Whitney and Chou [48] developed a new model toipteéde in-plane elastic properties

of composites reinforced with 3D angle-interlocktiie preforms. In this model, micro-
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cells were introduced by dividing the unit celldrd number of structural regions. The
fibers in the micro-cells were presumed to formedes of inclined plates. The results
showed that stiffer yarn systems generally exhibdeeater ranges of variability in in-
plane properties. The plain weaves generally hgtidni transverse moduli and lower
Poisson’s ratio than the satin weaves. Howeveragt mentioned that the preliminary
experimental results from the literature showeds lagreement with satin weave
predictions. The shear modulus was in general aotgtl by inclination angle. The in-

plane properties were shown to be highly sensitvier volume fraction as expected.

Zhang and Harding [49] have used the strain eneggyvalence principle with the aid
of the finite element method for micromechanicslysia of the elastic constants for a
plain weave fabric lamina in the undulation direnti The strain energies of the
constituent phases were evaluated using ABAQU&fielement package. The effect of
the undulation ratio on the in-plane elastic comstamodulus of elasticityE) and
Poisson’s Ratiosvg, and vi3) were studied and it was shown that increasing the
undulation ratio decreas&$ and slightly increases both, andvis. The plain weave
fabric lamina was modeled by assuming the undulaitioone direction only. Hence,
Cox and Dadkhah suggested [50] that this methodldhaze extended to the case of a
2D undulation model.

Based on the 1D and 2D woven fabric models, Naid 8hembekar conducted an
extensive numerical study and proposed a 2D criropgeahfor the elastic analysis of a
2D plain weave [29, 30, 51]. This model was an rsiten of the 1D ¢rimp modé€land
incorporated the fiber undulation and continuitybioth warp and weft directions and
possible presence of gaps between adjacent yadhacamal cross-sectional geometry of
yarns. In this model the unit cell is divided ikee sections which are parallel to the z-y
and z-x planes as shown in Figure 1.23, and thers#ries-parall€l (SP) and parallel-
series (PS) models were used to estimate the lower gmkeuubounds of the elastic
constants. The experimental results have showrnistensy with in-plane elastic moduli

predicted by this method.
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Figure 1.23: Unit Cell of a Plain Weave Fabric Laan[30]

Naik and Shembekar found that the elastic moduli slvear modulus increased with the
undulated length. The calculated results for edastwduli are shown in Figure 1.24(a).
However, the predicted values of Poisson’s ratioved inconsistent between the 1D
woven fabric parallel and 1D woven series and 2vemofabric models. The former
model predicted; with the increase in undulatiooisBon’s ratio initially increased and
then decreased, whereas the latter two models gpeedithat the values initially
decreased and then increased. Also with incredamma thickness, the Poisson’s ratio
increased but the elastic shear modulus remainestaat. However, with the increase
in lamina thickness, elastic moduli predicted by Wbven fabric series model and 2D
woven fabric model reduced and those predictecheéylD woven fabric parallel model
remained unchanged (Figure 1.24(b)). Additionallky findings have shown an increase

in elastic moduli with the increase in overall fib®lume fraction.

41



In addition, for smaller undulation to yarn wid#tios (u/a), the effects of change in the
lamina thickness to yarn width ratio (h/a) on tHas#c moduli was found to be
insignificant. For a given ratio of u/a, higherstla moduli can be obtained with a small
h/a. It has shown that the increase in gap, resulésdecrease in¥p. Ex, E, and Gy

but leads to an increasevy,.
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Figure 1.24: Effect of Fiber Undulation and Lamiff@ackness on Elastic Moduli [30]

Two refined models, known aslice array modél(SAM) and ‘element array model

(EAM) were presented by Naik and Ganesh [22]. lnglice array model, the unit cell
was sliced along the loading direction. In elemamay model, the unit cell was sliced
either along or across the loading direction andsehslices were separated into
elements. Later the elastic constants of the siWeese estimated by assembling the
elements and those of the unit cell were evaluaieédssembling the slices either in

series or parallel.
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This SAM and EAM approach was also implemented doediction of the on-axes
thermal expansion coefficients of plain weave cosites; for which, Naik and Ganesh
proposed three 2D plain weave fabric compositeyaiglmodels [52]. The first two
models were SAM and EAM. In the third model, th@resentative unit cell was
idealized as a cross ply laminate. It was repaittetl the predicted results were in good
agreement with the experimental values. The study fellowed by a 2D model for
predicting the in-plane shear strength of 2D pla@ave fabric laminates under in-plane
shear loading [32], and an analytical method fagdpmting the on-axis linear thermal
expansion coefficient [53]. Naik and Ganesh useskéhmodels to predict the shear
moduli and thermal expansion coefficient for thigealized laminate configurations. A
good correlation was observed between the predemedexperimental results for both
models.

Ganesh and Naik [54] investigated the effects aofesgeometrical parameters on the in-
plane shear strength and in-plane shear modul®Doplain weave fabric laminates
under in-plane shear loading. This investigatios warried out using a 2D woven fabric
shear strength model [32] for in-plane shear sttemgedictions and a 2D stiffness
model [22] for in-plane shear modulus predictiofise geometrical parameters included
the yarn width, yarn thickness, inter-yarn gap @he corresponding fiber volume
fractions. It was noticed that the fabric geometould affect the shear strength and
shear modulus significantly. A good correlation waserved between the predicted and

experimental results (Figure 1.25).

In a more recent study, Naik and Ganesh develop@® avoven fabric composite
strength model for predicting the failure strength2D plain weave fabric laminates
under on-axis uniaxial static tensile loading [5H}is model was developed on the basis
of the geometry defined by mathematical expressitemved by Ganesh and Naik [56].
This model was governed to investigate; the ultem&gnsile strength, stresses at

different stages of failure, the stress-straindmstof 2D plain weave fabric laminates
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Figure 1.25: Predicted and Experimental Shear $StresShear Strain Behavior for E-
Glass/Epoxy Laminate [54]

under on-axis uniaxial static tensile loading aim@lfy the effect of fabric geometry on
the failure behavior [56, 57]. All these studiesravearried out for the three idealized
laminated configurations. In the first configurati¢C1), each layer is exactly stacked
over the next layer; in the second configuratioB)(@he adjacent layers are shifted with
respect to each other by a distance in both weft aarp directions. The final
configuration (C3) is formed by giving maximum pitds shift to the layers in the C2
laminate in z-direction (thickness direction) sattthe peaks of one layer fit the valley
of the adjacent layers. The symmetric stackinglese configurations is schematized in
Figure 1.26.

The studies of Ganesh and Naik have shown that@gase in the overall fiber volume
fraction increased the strength (Figure 1.27). Addally, a large crimp of yarn resulted
in a higher strain concentration and thus led toweer strength. It was also shown that
different failure modes could be predicted using #malytical model, even though all
the failure modes were not observed in the experiatgesults for all the laminates.
Plain weave fabric laminates with optimum gap, Whitepends on the fabric structure

and material system used, gave ultimate failuength higher than those with any other
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gap. The closed weave fabric had higher strengtbemain cases. Overall, a good

correlation was observed between the predicteceapdrimental results [58-60].

CONFIGURATION -3
c3

{COMPACT LAMIMATE )

Figure 1.26: Symmetric stacking of layers [58]

Sankar and Marrey proposed a unit cell model fadjgting stiffness properties of

textile composite beams [59]. In this model; in negcopic scale the structure was
assumed to be subjected to a uniform state ofnstegid in microscopic scale all unit
cells were considered to have identical displacems&nain and stress field. It was
suggested that on opposite faces of a unit celttions were equal in magnitude and
opposite in direction at the corresponding poid&dined as traction boundary condition;
and the displacements were different only by a twons defined as periodic

displacement boundary condition. That is, the dispinents and tractions were
continuous across opposite faces of the unit bekddition, three linearly independent

deformations; pure extension, pure bending and glwear, were applied to the unit cell.
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These deformations were assumed to be homogenediis macroscopic scale. Hence,
the relevant average forces required to create gefbrmations could be computed
from the finite element model of the unit cell, which the unit cell was modeled by
using eight-node isoparametric plane strain elemghnis analytical method has been
verified by applying the isotropic and bimaterigalns, and a good agreement has been
achieved between the predicted results and thogained from both beam and
lamination theories.
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Figure 1.27: Effect of ¥ on Strength for T-300 Carbon/Epoxy [60]

Under the light of the above information; it wasncluded that theoretical analysis
methods become one of the powerful tools for stuglfhe mechanical properties of
textile composites. The microstructure of textibenposites is very complex due to their
nature and there are various parameters contrdati@gnechanical properties. Therefore
it is difficult to model the textile composite ardcture in detail using theoretical

methods or FEA methods. In addition to numerousretecal analysis models; various

finite element techniques and assumptions were gsexp to simplify modeling and
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analysis procedures. However in the survey studprapleted standard for optimum
textile composite architectures for practical apgaion was not found and the relevant
database of mechanical properties was found tonbeniplete.It is found to be

necessary to further develop theoretical approacghesrder to obtain reasonable
predictions of the mechanical properties with mgarameters of textile composites.
Afterwards, the predicted results may be usedtabésh a reliable database, which will

be important in practical design and manufactuahgextile preform structures.
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CHAPTER 2

MATERIALS AND PRODUCTION

2.1.Introduction

Within the large family of composites, this studgncentrates on polymer matrix
continuous fiber composites. There are many alteeg for the resin system used as
well as for the fiber material. These alternatidéfer from each other by mechanical,
chemical, thermal properties and some other cheniatits like; flammability,

conduction chemical resistance, etc.

An epoxy resin system suitable for RTM process s&lscted for this study due to its
extended use in advanced applications, good chémiocperties, low shrinkage and
reliable mechanical properties. As fiber reinforesmman aerospace grade carbon fiber
was preferred because of reliable mechanical ptiegerThese properties are briefly

explained in this chapter.

With the determined materials the plate specimersewabricated using the Resin
Transfer Molding (RTM), Light RTM (LRTM), Vacuum Assted RTM (VARTM),
Vacuum Packaging (VP) and Modified Vacuum Packagi@B®) methods. The
specimens having appropriate properties for this {gsrformed were then cut out from
the plates with a laser cutting machine. The prbodocsteps and parameters are

thoroughly explained in this chapter.
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2.2.Materials

This part involves the materials used in manufactuthe specimens. The properties of
the constituent carbon fabric and epoxy resin systare briefly covered and the
numerical properties provided by the manufactureldNTSMAN and HEXCEL are

given.
2.2.1.Epoxy Resin System

Epoxy resins have been the major matrix materialpolfymer-matrix composites,
especially for aircraft and defense industry agians where low cost is not as needed
as high performance. They are thermosetting and iesin systems which provide high
mechanical properties, while rendering moderatagyemanufacturing. They can be
used for relatively high service temperatures. Talsp have high resistance to common

solvents, oils, and chemicals [61].

In this study, a HUNTSMAN product, Araldite® LY505Epoxy Resin)/ Aradur®
5052 (Hardener) system was used. It is a hot-cutimg viscosity resin system that
exhibits good wetting properties and is easy t@@ss. It has good chemical resistance,
especially to acids at temperatures up to about@.10 is a suitable resin system for
production of composites with filament winding, vi@y-up, pressure molding and RTM

processes.
2.2.2.Carbon Fiber Reinforcement

Carbon fibers have found a widespread area of empat especially in high
technology applications thanks to their superiorchamical properties and very low
weight. They have high temperature and chemicasteesce, and a very low thermal

expansion ratio.

Two layers of woven carbon fabric, HEXCEL producimred CARBON TISSU
INJECTEX GF-630-E04-100 with properties shown ibl€z2.2 is used for this study

49



Table 2.1: Properties of HUNTSMAN Araldite® LY5058fadur® 5052 Resin System

Property Units Value
Tensile Strength (MPa) 80 — 86
Tensile Modulus (MPa) 3300 — 3550
Elongation at break (%) 3-5.9
Cured Density g/cth 1.17
Glass Transition ©C) 114 - 1220 (cured 120 - 134°(cured 120 - 132o (cured at
Temperature at 80 °C) at 100 °C) 130 °C)
Viscosity (mPa.s) 1150 - 1350 500 — 700 250 — 200
(at 18 C°) (at 25 C°) (at 40 C°)
Thermal Exp. Coeff. (10K) 71-97
Poisson's Ratio 0.35
nom. Sur ing (h/ °C) 24/ 23+ 4/ 100

Table 2.2: Properties of HEXCEL CARBON TISSU INJEHEX GF-630-E04-100

Property Units Value or Description
Weave Style 3H Satin
Weight Rate (Warp/Wetft) 50/50
Area Density of Fabric (9/fh 630
Area Density of Powder Binder (gfin 30
Fiber Count (Picks/cm) 7.4
Type of fiber Carbon T300J 6k
Tensile Strength of fiber (MPa) 4210
Tensile Modulus of fiber (GPa) 230
Poisson’s Ratio of Fiber 0.2
Elongation at break (%) 1.9
Density (g/cm) 1.79

50



2.3.Specimen Production

Seven plates were manufactured for each of thedreeesses, using aforementioned
resin system and two layers of woven carbon fabier the plates were produced, test
specimens for tensile, compressive and in-planarsiests were cut using a 3-axis laser
cutting machine. The plate geometries produced BRRW, VP, and BP processes
were identical and the specimens were cut as showngure 3.1. As for RTM and
LRTM processes smaller plates were fabricated ép kbe mold costs low.

In all the processes, the initial temperature afrras 75°C. Similar cure cycles were
performed to keep the process parameters similerugd as the process itself allowed.
For the LTRM process however, the resin was cutddveer temperatures due to mold

properties.

Modified Vacuum

[ Pecimen Vacuum Assisted RTM

Specimen

RTM G/ Light RTM

Specimen

Vacuum Packaging
Specimen :

Figure 2.1: Plate Specimens Produced
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2.3.1.RTM Production

Of all the processes performed in this study RTMcpss is the least labor intensive.
First, a preform is laid inside a closed metal mwith ports for the resin to be injected

and to be taken out after the mold is completélgdi (Figure 2.2).

The resin system is then mixed in a vacuumed costaionnected to a control system
which takes out any air or gas bubbles that anaédrduring mixing of resin. When the
resin system is ready the mold with the preforraasnected to the resin reservoir with
flexible plastic tubes, and inserted to an ovene RTM machine and the oven are
shown in Figure 2.3 and 2.4. After the cloth idyfuvetted the mold is left for curing.

After the first set of RTM plates were producedyés seen that the fiber content of the
specimens were lower when compared to the otherepses. It was implied to be a
result of a larger mold cavity which allows moreireintroduction hence resulting in
greater resin to fiber ratio. To avert this problevith the most cost efficient way
possible, a 0.5mm thick copper plate was attachsitlé the mold cavity with high
temperature resistant silicon adhesive. Althoughrdsulting surface quality was not as
good as the original mold surface, the resultingdpcts had very little thickness

gradient and a good surface quality.

.  Exit Ports____
Figure 2.2: RTM Mold
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2.3.2.VARTM Production

IMPREGNATED
BREFORM

Figure 2.5: VARTM Process

As stated before, the VARTM process requires alsingpld. Since the products were
meant to be plates; a flat metal surface was used mold. The peel ply and bleeder
fabric were laid on top of the preform, after itsyalaced on the mold surface. Then the
vacuum ports were placed over some thicker bleéaic considering most of the
excess resin was going to be accumulated in theses.alLater, the sealant tape and the
vacuum bag were employed. After these preparati@re complete, one of the vacuum

ports were connected to the resin reservoir witfiegible tube, whereas the other
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vacuum port was connected to the vacuum pump witdthar tube. Figure 2.5 shows
the wetting of the fabric in the VARTM process. é&ftwhole preform was wetted with
the resin, the appropriate cure cycle was perforometkr vacuum.

2.3.3.LRTM Production

Before manufacturing a product with LRTM process@d should be produced. In this
study, the base mold is fabricated from a clay-lkaterial specifically developed for
mold applications. This material is resistant tghhtemperatures and at the same time
provides good conduction. The clay-like materialrisxed with a high quality epoxy
resin and before the system started curing; a copyténg was laid in the mold for
cooling. During manufacturing of plates, hot wateyuld circulate through this tubing;
heat the mold and therefore the resin system toedesemperatures. A gel coat is
applied on the inner surface of the mold to prowgded surface finish. A metal plate
having the same planar geometry with the final pobds laid above the surface of the
mold to have geometrical accuracy while curing.afinwhen the mold material was
cured, it was wrapped with insulating material teyent heat loss during manufacturing
of specimens.

Following the production of base mold, the diaphnagf the upper mold is prepared.
This port of the mold was made from very fine glésdsric- epoxy composite material.
The key here is to produce the thinnest mold paessithich is air tight at the same time.
First a plate simulating the plate for specimentaid above the prepared base mold.
Then, the composite mold was fabricated using vacpackaging technique. Another
important point is to make a stronger frame forni@d, by employing a thicker fabric.
The vacuum ports were embedded to the mold primutong. A set of vacuum ports
was used for stabilizing the mold under air presswhile two other become the resin

intake port, and the vacuum port for excess resin.
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Figure 2.6: LRTM, The Upper and Lower Mold
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Figure 2.7: LRTM Proces
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After the molds were prepared, plates for specimesTe manufactured in a very similar
way with VARTM. While the resin intake and vacuumris were used exactly the way
explained in Section 2.3.2, the other set of paetge used to vacuum the air below the
strengthened frame providing the atmospheric predsupress the upper mold over the

lower mold.

The mold preparation requires considerable amotitimee and labor, after that; the

production of parts were much faster and easienpemed to VARTM process.
2.3.4.VP and BP Production

Very much like the VARTM process a flat metal platas used as mold for the
production of plates using both VP and BP. UnlikeRTM, while employing VP there
was no preform. Instead, the fabric were wetteduaby while being laid, using rollers.
Metal rollers were used on every ply laid to prevah even and thorough wetting. Then
the peel ply and bleeder fabric were laid follow®dvacuum bag and vacuum ports
sealed with a sealant tape. The vacuum pump was$ ¢@mected while curing

continued in the curing oven.

Different from VP, the fabric was not wetted in Bfcess. Instead, a bleeder fabric was
laid below the preform, and this bleeder fabric wastted with resin again by using
metal rollers to mechanically extract any air belsblhat may have formed. Following
this step, the preform and upper bleeder fabric baias Finally similar to VP, vacuum
bag and vacuum ports were applied and the systess@aed with a sealant tape. When
the vacuum pump was connected, the atmospherisypeegaused the preform to be
wetted with the resin applied below. As stated Wwelthis process was expected to

reduce the voids and provide a better thicknedslision.
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CHAPTER 3

EXPERIMENTS AND THEROETICAL CALCULATIONS

3.1.Introduction

Due to the complicated structure and anisotropibabi®r of advanced composite
materials, the test procedures used to determiee thechanical characteristics are
different than those of conventional materials sasimetals. Among these differences
the specimen selection, specimen geometry andenafucalculations performed after

acquiring the data are a few worth to mention.

Five different tests were performed for specimauntsoait from the plates produced. All
the tests are performed according to appropriat€eM\Standards. In this chapter, the

information about these standards and the tept®isded.

Thicknesses of specimens vary due to the natur¢hefprocesses. However, the
thickness in RTM is controlled with the mold cavijgometry. Thus as explained in
Section 2.3.1, RTM specimens had two differentkiisses and the specimens were

named RTNrnicky and RTM accordingly.

Mechanical characterization tests were performedM§TRON 4206 universal test
machine at ambient conditions. Test specimensreut from the plates according to
Figures 3.1-3. Note that for all specimens thaxis is called as the longitudinal
direction and the fabrics were laid to have thepadirection along this axis; similarly

they-axis is called the transverse axis and weft dimact
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The specimen nomenclature consisted of the prat@s®viation, the plate number, the
specimen direction and the specimen number, e.dR MA523 is the § specimen from
the y-direction of 8 VARTM plate. Similarly the shear test specimensergesignated
with an ‘S’ instead of the specimen number, e.g3¥® This homenclature defines the

x-axis as ‘1’ and the y-axis as'2’ (Figures 3.1-3).

150 20, 20,20, 20
y
Compression test
x specimens
in y-axis m
E.g. VARTM521 | %
o 1]
i L
. c
Compression | "
test specimens | § =
Shear test specimen in y-axis in x-axis | E «
E.g. VARTM52S E.g. VARTM511 g N
13 sl2 o
D | = -
2 «
N I
Lo - q.,
2w
E Tensile test specimens in x-axis I
E.g. VARTM512 b
Shear test specimen o
in x-axis N
E.g. VARTM51S <
o
140 200 - 10
360

Figure 3.1: Geometry of Specimens Cut from Platesé/by VARTM, VP and BP
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Four types of strain gages were used for tenssks t@roperties of these gages are given
in Table 3.1. Note that the TML-UFRA type strainggacan measure strains in three
directions, e.g. 9 45 and 90; while TML-FCT type measures in two; @nd 90 and
TML YFLA and HBM-6 type gages measure only in Idngdinal direction.

200
& Tensile test specimens in x-axis (E.g. LRTM 211)
Compression test
specimens in x-axis o |
13 -
E.g. LRTM212
Compression test 52
specimens in y-axis
N
w
//
)
b3
o Te}
|| g s
— N
% od = [72]
-— I_ c
wn [ o
- £
2 F
w E §
g |
. . . @ 14
Shear test specimen in x-axis A
E.g. LRTM21S S ) 2
- | w
(o]
y 140 20 20
205

Figure 3.2: Geometry of Specimens Cut from L-RTMtE$
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Figure 3.3: Geometry of Specimens Cut from RTMé¥at
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Table 3.1: Properties of the Strain Gages, Usd@tisile Tests

HBM- TML-UFRA- TML-FCT- TML-
Strain Gage 6/120LD20 5-350-23 2.350-11 YFLA-5
Gage Resistance 120+ 0.6Q 350£1Q 305+1Q 120+ 3Q
Gage Factor 2.05+x 1% 2.15+ 1% 2.09 2.12+ 2%
Gage Length 5mm 5mm 2mm 5mm
Transverse Sensitivity 0.0 % 0% - 0.2%

3.2.Tensile Tests

The objective is to determine the tensile stren@WisS,, UTS), moduli of elasticity
(Ex» Eyy) and Poisson’s ratiosvy, Vyy) in-plane directions. Tests were performed
according to ASTM D3039/ D3039M-00, ‘Standard Tel&thod for Tensile Properties
of Polymer Matrix Composite Materials’ [62]. It cens the determination of the in-plane
tensile properties of polymer matrix composite mate reinforced by high-modulus

fibers.

Tests were performed for in-plane directions. 4cBpens were cut for each directions
from plates produced with VARTM, VP and BP wherfrasn RTM plates, 4 specimens
in longitudinal and 3 specimens in transverse tivas were cut. Finally, the amount of
specimens cut from LRTM plates in longitudinal darahsverse directions were 2 and 1
respectively. All specimens tested were used terdene the ultimate tensile strength
(UTS). In addition, strain gages were attachedn® gpecimen in each planar direction
in the longitudinal direction, of the specimen,determine the modulus of elasticity.
Also another pair of specimens was attached inifodigpal and transverse strain gages

directions to determine the modulus of elasticitg &oisson’s ratio.
3.2.1.Specimen Geometry

According to ASTM D3039/ D3039M-00; recommended einsions for a balanced
symmetric composite material are 250x25x2.5mm. Hewethey are allowed to be
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varied according to the needs. In this study, 280x2 specimens with their thicknesses
varying depending on the process were used, tooatitthe maximum number of
specimens from each plate. Also E-glass polymerpasite tabs were attached on the
tensile test specimens to ensure there was ne stoeeentration at the grip areas. The
geometry of tabs was given according to the stahddre specimen geometry is given
in Figure 3.4.

250,00

32,0 1700

2,0

Strainl C;‘ages

Figure 3.4: Geometry of Tensile Test Specimens

3.2.2.Test Setup and Equipment

The specimen was fixed using standard mechanicahpd of INSTRON testing

machine (Figure 3.5) and the strain gages wereamed to a data acquisition system.

The universal testing machine INSTRON 4206, is u$ed testing metallic and
composite materials in either tension or compresdias a testing capacity of 150 kN, a
crosshead speed range of 0.005 to 500 mm/min witicauracy of 0.2% over 100 mm,
and its operating temperatures are at —150 t0°G0@ther equipment used was; digital
calipers, strain gages, type TML-YFLA — 5, HBM-602D20 or TML-UFRA-5-350-23

and data acquisition system
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3.2.3.Procedure

The test procedure was carried on in accordancek AgTM D3039/ D3039M-00.

Additionally, to determine the strain response; #ti@in gages were attached to the
specimen with an adhesive. Also with the same adbethe tabs were attached. Speed
of testing (velocity of separation of the two memsbef the testing machine) is set to a
constant speed and the test was started. Loadtemid data were recorded until the

failure of the specimen.
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Figure 3.5: A Tensile Test Specimen.

64



3.2.4.Calculations

The ultimate tensile strength is calculated aoodl.

Pmax
I == (3.1)
where
Ot . Ultimate Tensile Strength (UTS), MPa

Prax @ Maximum Load at Failure, N

A : Cross Sectional Area, mMm

The testing machine provides the load value winéedata acquisition system acquires

strain data every one third of a second. TherafEbtain the modulus of elasticity and

the Poisson’s ratio the data acquired from testhinecand strain gages have to be

synchronized. With that data obtained, the strasstvain graphs are plotted as shown in

Figure 3.6. Then slope of the linear portion of gnephs were determined, by fitting a

straight line to the linear portion of the graphgh the least square method to obtain the

modulus of elasticity. Therefore:

g=4 (3.2)
de
where
E : Modulus of Elasticity, GPa.

do/de : Slope of the stress-strain curve.

The Poisson’s ratio is calculated with three datats within the elastic region of the

plot and the arithmetic mean of these results wensidered as the final result.



= 5_IL (3.3)
where
V! : Poisson's ratio af' instant
er  :Transverse strain #f instant
e/ :Longitudinal axial strain at" instant

The Poisson’s ratio is found &s= E(Z V' J )
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Figure 3.6: A Typical Stress-Strain Graph of Tem3iést
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3.3.Compression Tests

The objective of this test is to determine the cmmpive strengths in both planar
directions (UCQ UCS). The tests were performed according to ASTM D-6494,

‘Standard Test Method for Compressive PropertieRigid Plastics’ [63]. The standard
covers the determination of the mechanical propemif non-reinforced and reinforced
rigid plastics, including high-modulus compositeghen loaded in compression at

relatively low uniform rates of straining or loadin

Tests were performed for both planar directionghef specimen plates. 2 specimens
were cut out for each direction of each plate ek¢bim RTM plates. All specimens

tested were used to determine the ultimate compeessength.
3.3.1.Specimen Geometry

The specimens were cut in the geometry shown iargig.7.

52,0

13.0 t

Figure 3.7: Compressive Test Specimen Geometry
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3.3.2.Test Setup, Equipment and Procedure

The specimen was fixed using a compressive testréxaccording to ASTM D695-02a
to the INSTRON testing machine. The test fixtureoimes a half cylinder component
with a disk-shaped base on which the specimen.r&sis face in contact with the
specimen is serrated in a way that allows downwation but restricts upward motion.
Another smaller half cylinder part is fastened he tlarger base using two bolts,
therefore compressing the specimen to aforemerttieagated face. A final part is used
for compressing and is basically a cylinder, whicksses the specimen from above. An
illustration of the fixture is given in Figure 3.Bniversal Testing Machine, INSTRON
4206, was used with the compressive test fixturettfe tests. The test procedure was
carried on in accordance with ASTM D 695-02a.

Compression Ram

Serrated
Surface

Bolts to Fix
Specimen

Test Specimen

Test
Specimen

Semated Surface Part to Fix Specimen

to Base

Exploded View

Figure 3.8: 3D Model of Compressive Test Fixture.
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Figure 3.9: Compression Test Specimens after Tests

3.3.3.Calculations

The ultimate compressive strength is calculateflésws.

P
g, =% 3.4
.= (34)
where
Oc : Ultimate Compressive Strength, MPa

Pmax : Maximum Load before Failure, N
A - Cross Sectional Area, nfim
3.4.In Plane Shear Tests

The objective of this test is to determine the limrp shear strength (UgSUSS,) and
moduli (Gy, Gyy. They were performed according to ASTM D4255/ Bgid-01,
‘Standard Test Method for In-Plane Shear Propemie®olymer Matrix Composite
Materials by the Rail Shear Method’ [64]. It covénge determination of in-plane shear
properties of high-modulus fiber-reinforced comp®smaterials by either of two
procedures, Procedure A or B. In Procedure A, lates clamped between two pairs of

loading rails are tested. When loaded in tensiba,rails introduce shear forces in the
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specimen. In Procedure B, laminates clamped on @gp@dges with a tensile or
compressive load applied to a third pair of raisthe center are tested. In this study

Procedure B was determined to be the testing method

The tests were performed for both planar directioihthe RTM, RTMrhick, VARTM,

VP and BP specimen plates. A specimen was cut @uedch direction from these
plates. However, due to geometric constraints oohg specimen could be cut from
LRTM plates, as a result only the specimens in itodgnal direction were used for
these plates. All specimens tested were used &vrdeete the in-plane shear strength and
modulus of each plate. To calculate the in-plareasistrain modulus, strain gages were

attached to the specimens aligned in 45 degrees.
3.4.1.Specimen Geometry

The specimen geometry is determined according td M\®4255/ 4255M-01 as in
Figure 3.11.

3.4.2.Test Setup and Equipment

The specimen was fixed using a three rail sheafitegre according to Procedure B of
ASTM D4255/ D4255M-01 (Figure 3.12) and the strgages were connected to a data
acquisition system. In the cases where one dineglistrain gages are employed, two of
them were used symmetrically, to verify the accyratthe data. Note that in Figure

3.11, the schematic of two different strain gagaciiment cases were given.

The fixture shown in Figure 3.12 consists of foiffedlent parts. First part is the base
which has two perpendicular rails that are fixegitovide a frame for the specimen. The
coupling part of the base also has symmetric waliikch are fastened to the rails using
six bolts. The moving center rail consists of tvastp which are fastened together using
three bolts to secure the specimen. The movingoaiple is used to compress the

middle part of the specimen thus simulating in-plahear.
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Figure 3.10: Sample Shear Test Specimen after Test
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Figure 3.11: Shear Test Specimen Geometry



Universal Testing Instrument, INSTRON 4206 withetdyrail shear test fixture was used
along with digital calipers, strain gages, type HBM20LD20 or TML-UFRA-5-350-

23 and data acquisition system.

Center Rail
{Moving)

Strain Gage

/”w

W

| CN

Fixed Rails

% A .
H \.i Q *:Ii\_; h
)- < RN

- Test Specimen 1\ N

. ey

Figure 3.12: Shear Test Specimen Assembled toelsang Machine.

3.4.3.Procedure

The test procedure was carried on in accordance WBTM D4255/ 4255M-01.
Additionally, to determine the strain response; $iti@in gages were attached to the
specimen with an adhesive. The specimens were placéhe fixture, and nuts were
tightened with a specific torque (60kN was foundot the most appropriate torque).

Load and strain data were recorded until the faibfrthe specimen.
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3.4.4.Calculations

The shear strength is calculated as follows.

P
r=—m 3.5
2A (3.5)
where
T : Ultimate Tensile Strength (UTS), MPa

Pmax @ Maximum Load before Failure, N

A . cross-sectional area at test section calculatedhe product of the average
length, |, and thickness; mn?

Similar to the tensile test calculations; the datquired from the test machine and strain
gages have to be synchronized, to obtain the medafuelasticity. With that data
obtained, the stress vs. strain graphs are plédteithe data taken from both strain gages
as shown in Figure 3.13. When the strain gageplaced asymmetrically they obtain
the strain data in opposite signs, in those caseslate values are considered instead of
the negative values. Following the plotting of drap slope of the graphs were
determined, by fitting a straight line to the lingeortion of the graphs, with the least
square method to obtain the in-plane shear modihles calculating the arithmetic

average of these slopes. Therefore:

G _dr (3.6)
dy
where
G . In-plane Shear Modulus, GPa.

dt/dy : Slope of the stress vs. strain curve.
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Figure 3.13: A Typical Stress-Strain Graph of lat# Shear Test

3.5. Differential Scanning Calorimtery (DSC) Tests

The objective of this test is to determine the glasnsition temperatures of the
materials. The tests were performed according todME 1356 - 91, ‘Standard Test
Method for Glass Transition Temperatures by Diffitied Scanning Calorimetry or
Differential Thermal Analysis’ [65]. It covers thadetermination of the glass transition
temperatures () of amorphous or partially crystalline materiathtaining amorphous
regions that are stable and do not undergo decatigposr sublimation in §; using
DSC or DTA.
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This test method monitors the difference of heatvfbetween the test material and a
reference material when they are heated or codlactantrolled rate [65]. The resulting
data is a Heat Flow vs. Temperature graph, whigdhes analyzed for its extrema and

slopes.

The tests were performed on two randomly selegbedisien plates for every process.
The specimen needed is about 20mg. The aim wastésndine the J of the products.
This material property is not directly related e fprocess but rather the thermal process
parameters such as cure cycle. These tests wdmped to prove the polymer matrix

was cured appropriately.
3.5.1.Test Setup, Equipment and Procedure

The specimen was placed inside the heating chaaflibe DSC testing machine; in an

aluminum pan along with the reference pan, whicmipty.

Polymer Laboratories PL-DSC 12000 DSC testing Dewdth the specifications;
temperature range of -150 to 770°C, heating ratggaf 0.1 to 60 K/min, measuring
range of £100 mW with a precision: 1% of the chang enthalpy and a baseline

stability of 1 mW between RT and 600°C was usedtfese tests

The test procedure was carried on in accordande ASTM E 1356 - 91. The heat rate
was set to 10°C /min and the test was started ‘@ 28d heat flow and temperature data

were taken until the temperature rises to 500°C.
3.5.2.Calculations

To calculate the glass transition temperatugethie first derivative of the graph (Figure
3.14) should be determined. After the Onset Temperaof Transition, s and End
Temperature of Transition,.Jpoints are determined; the built-in software c¢ DSC

testing machine calculates the required resulbbsas.
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Tos*+Te

T, = > (3.7)
SMPL ID : LATM 01 DATE RUN: Aug/20/2007
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Figure 3.14: Sample DSC Test Result for a LRTM 8pen.
where
Ty : Glass Transition Temperature

Tos : Onset Temperature of Transition, the temperatdmere the transition begins
Te : End Temperature of Transition, the temperatunere the transition ends
3.6. Thermogravimetric Analyses (TGA)

The objective of the test is to determine the fiteeresin mass ratio of the plates. The
tests were performed according to ASTM E 1131- ‘@andard Test Method for
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Compositional Analysis by Thermogravimetry’ [66]nd mass of a substance is heated
in a controlled rate in an appropriate environmandl is recorded as a function of
temperature. The mass loss over specific tempesatand specific atmosphere provide a
compositional analysis of the substance.

The idea emerges from the differences in the ckenatics of resin and fiber. The resin
is considered to have medium volatile matter charetics, whereas the fiber possesses
combustible matter characteristics. The mediumtielenatters degrade between 200 to

550°C for thermoset polymers, while combustibleeriats degrade above 750°C.

The tests were performed on two randomly selegbedisien plates for every process.
The aim was to determine the fiber/resin mass ddttbe products.

TG A 1000 SMPL ID : RTM 2-01 DATE RUN: Aug/13/2007
RUN ID : N/A GAS 1 : N
SIZE ;. 21.022 MG BAS 2
OPERATOR: HASAN DEVREZ COMMENT : 3
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105+ 5
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) 754 ;
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0 200 400 600 800 1000 1200

Temperature (°C)

Figure 3.15: Sample TGA Test Result for a RTM Seci.
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3.6.1.Test Setup, Equipment and Procedure

The specimen was placed over a scale inside thengezhamber of the TGA testing
machine. Polymer Laboratories PL-TGA 100 TGA testievice was used in TGA tests

The test procedure was carried on in accordande ABTM E 1131- 86. The heat rate
was set to 10°C /min and the test was started &€ 20d mass and temperature data

were taken until the temperature rises to 1000°C.
3.6.2.Calculations

The percent fiber content ratio is determined i following equation.

mf:(l—m*'ijloo (3.8)
W

where

my : Fiber mass fraction, %

W - Initial mass, mg

F : Final mass, mg

The volumetric fiber ratio is calculated as follows

d.m
Vv, = (3.9)
dm +d(@1-m)
where
Vi : Volumetric Fiber Ratio, %
mk : Fiber mass fraction, %
o : Density of Fiber, g/cth
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d; : Density of Resin, g/cfn
Density Calculations

The volumetric ratios and area densities of theteplavere also calculated with
geometric and mass measurements taken from spexiffie® objective was to compare
the findings with the TGA measurements. First threaadensities of composite
specimens @a) were calculated dividing the measured specimessnta measured

specimen area.

The densities of resin and fabric were obtainethftbe manufacturer data and the areas
and masses of the composite were measured. Laem#sses of fabric layers were

calculated as shown.

m, =2ALp, (3.10)
where
Mk : Mass of Total Layers, g
A : Area of Specimen, ¢m

Paf : Area Density of a Single Fabric Layer, gfcm

After obtaining the fiber mass; the resin massinsply the difference between total
mass and fiber mass. The volumes of resin and filme calculated individually by

dividing the calculated masses to known densitgace the thickness was variable
throughout the specimen for most processes, thgasite volume was calculated by
adding the volumes of resin and fiber; instead efsuring the dimensions. Later the

volumetric fiber ratio was obtained as given below.

<

(3.11)

<
1
<|<
1
<
+
<
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where

Vi : Volumetric Fiber Ratio
Vi : Fiber Volume, crh

Vc  : Composite Volume, cin
V,  :Resin Volume, cth

3.7.Theoretical Analysis

As stated in Section 1.3.4 there are various aicalysolutions for woven fabric
parameters. It was shown that for 3-Harness satiill)(weave fabric composites; the
available models were mosaic model and fiber undulacrimp) model. However, it
was seen that although the crimp model was mucle momplicated than the mosaic
model, the improvement it provides is not as muagyre 1.22). Therefore the mosaic
model proposed by Ishikawa [67] will be used irstbiudy. There are two solutions in
this model, which result in an upper bound (UB) &wler bound (LB) values for elastic
properties. The UB approach simply governs thellghr@odel while the LB approach
solves the problem via the series model. Notetthatsolution is one dimensional and it
is assumed that the loads and shear values arermnifithin a cell. While the UB
solution is relatively simple, the LB approach iather complex. Analyzing the
performances using the LB approach would expandsthdy to a great extent. Thus
only the UB approach was solved to provide a gémeraparison with the experimental
results.

3.7.1.Upper Bound Solution

As stated in the previous chapter the parallel rhizdgoverned in this approach, where
the strains are uniform throughout the unit celgife 3.16). Ishikawa’s solution states

that the extensional stiffness matri4] [for the satin weave is equal to that of the part
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from O tot. Therefore to find the UB solution one should dynpalculate A] and
calculate the laminate elastic parameters accasding

Interface

Figure 3.16: 1D Unit Cell for Mosaic Model [67]

At the beginning of the problem, the ply parameteh®uld be found via classic
micromechanics:

E =E v +E(1-V) (3.12)
E
E = En (3.13)
E/d-v)+EVv
v, =V, +(1-V, v, (3.14)
E
V; :E_TLVL (3.15)

where,E. and theEr are the moduli of elasticity ang andv, are the Poisson’s ratio in
longitudinal and transverse directions respectivahdv; is the fiber ratiok;, E,, v and

Vm are the fiber and matrix parameters provided ey rttanufacturer. Assuming fiber
and the matrix to be isotropic, the shear modugtoes;

Gf Gm
G, =
G 1-v)+ GV

(3.16)

E, E

—_ m

where; G, = andG,, .
2(1+vy) 2(1+vy)
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Next, the ply stiffness matrix] is calculated:

Qll Q12 o
[Q] =1Q, Q, O (3.17)
0 0 Q4
Q.= B (3.18)
1-v;
Q.= Er (3.19)
1-vv;
Q,= Q=2 (3.20)
1-vv;
Qs = Gy (3.21)

Since the laminates investigated in this study isbnsf two layers, applying the
appropriate simplifications, the laminate shapeladde shown as in Figure 3.17. Note
that the whole thickness of the laminate is meaktn@m the specimen plates, and the

‘h’ values are calculated from those measuremergstfe=-t/2, h,=t/4 etc.)

1o
h:, (2) 90°
h

s | @0 l
¢ (4) 90° +z

Figure 3.17: Laminate geometry after simplification

0

|
h
n2|
h
|

Then the elements oA] matrix are simply calculated as:
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A A A

[A] = AL Ay Ay (3.22)
A Ay A
A = Z(an)j (hj_ h'rl) (3.23)

=1

Once all the elements of extensional stiffness imafre calculated, the elastic

parameters of the laminate are calculated as:

E,= AAL~ A122 (3.24)
tA,

Eyy - AA— A (3.25)
tA,

:i 3.26

Viy A, (3.26)

:i 3.27

v A, (3.27)

ny = % (3.28)
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CHAPTER 4

RESULTS AND DISCUSSIONS

This chapter involves the results and discussioaxperimental studies performed and
the comparison between these results and micromeethaanalyses performed under
the scope of the thesis. In the next section, tabdlresults of experimental work will be
presented. Comprehensive discussions of thesetgesill be given in the following
section.

4.1.Experimental Results

Various specimens were tested from the numberatéplproduced. The methodology of
the productions and tests are explained in theiguewchapters. The following section

will provide graphs and tables explaining the ressaf these tests.
4.1.1.Tensile Test Results

The load and strain data were taken until the faibf the specimens in correlation with
ASTM Standard D3039/D3039M-00. These data were usedalculate the ultimate

tensile strength of the specimens, and at the $an@e converted into stress vs. strain
graphs, as stated in Section 3.2.4. These graphes tven used in determination of the
moduli of elasticity of the specimens. For thisgmse, the slope of the elastic region of
these curves was determined by fitting a straigig, Iwith the least-square method.
These graphs were plotted in MS Excel Software.oAflse Poisson’s Ratio was

determined by using Equation 3.3. Later the ariticnaean of the tensile strength and
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tensile modulus, standard deviation, and perceeifficeent of variation were calculated

for each testing group.

In Table 4.1 and Table 4.2, the tabulated stremgsiilts of tensile test specimens for
both weft and warp directions are presented. Insgneond and third columns of the
tables, the specimen designations are given. Fawrtlsixth columns involve the
geometric dimensions of the specimens. The seveotbmn, show the resulting
ultimate tensile strengths. Finally the arithmeti@an of the results, their standard
deviation and their percent coefficient of variatiare tabulated respectively for each

testing group.

Table 4.1: Ultimate Tensile Stress Test Resul&/arp Direction and the Related
Statistical Results

Specimen UTS Average Standard
# |Plate Type P w (mm) [t (mm){l (mm) X 9€ | Deviation| cV (%)
No. (MPa) (MPa)
(MPa)

1 111 20.27 | 1.45 1476 428.58
2 112 20.19 | 1.49 145/ 429.82
3 611 20.24 | 1.44 1479 436.91

VARTM 449.77 30.97 6.89
4 612 20.22 | 1.4 1401 499.28
5 211 20.12 | 1.4 1557 426.30
6 713 20.18 | 1.45 1456 477.70
7 112 20.24 | 1.32 1478 490.22
8 114 20.21 | 1.35 1388 580.63
9 611 20.27 | 1.30 148/0 556.22

VP 541.96 36.93 6.81
10 612 20.36 | 1.27| 145 522.08
11 213 20.03 | 1.33| 145.79 581.90
12 713 20.27 1.31) 143.72 520.70
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Table 4.1 (continued)

Specim UTS, Average Standgrd
# |Plate Type en No. w (mm) [t (mm) |l (mm) (MPa) (MPa) Deviation |CV (%)
(MPa)
13 311 20.24 1.44| 1474 463.18
14 Bp 312 20.22 1.52| 1399 421.99 449,60 01 82 485
15 411 20.14 1.49| 149)5 470.45
16 412 20.25 1.51| 144.p 442.77
17 111 20.07 1.41} 200J2 547.70
18 112 20.92 1.39| 20043 550.30
19 RTM 211 19.84 1.61| 200J2 535.40 537.92 11.05 2.05
20 212 20.02 1.68| 20041 523.60
21 311 20.05 1.45| 2004 532.6
22 111 20.15 1.75| 143]9 461.56
23 112 20.25 1.70| 140J5 482.19
24 (.ﬁ,-]l;z/ll() 213 20.20 1.71] 141)0 420.04 464.55 26.20 5.64
25 311 20.15 1.75| 143]2 477.54
26 312 20.21 1.69| 142.9 508.69
27 111 20.31 1.37| 1461 489.38
28 112 20.31 1.41| 144.8 560.81
29 LRTM 211 20.30 1.34| 143]3 469.93 51085 33.08 6.48
30 212 20.22 1.39| 144/8 532.30
31 311 20.29 1.39| 144)8 519.34
32 312 20.30 1.35| 143.8 493.30

As seen in Figure 3.6, the stress vs. strain gimphmplified for every specimen and the
obtained curve was fitted to a line using the lsastare method. A simplified stress vs.
strain graph is given in Figure 4.1 to illustrabte work done for each test result. Also
the Poisson’s Ratio was determined for the specn®tamining three data points

(Figure 4.1 circled points) and taking the averafgéhese results.
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Table 4.2: Ultimate Tensile Stress Test ResulW/@ft Direction and the Related

Statistical Results

Speci Average Standard
# |Plate Typg men |w (mm) t (mm)| | (mm) |UTS, (MPa) g Deviation | CV (%)
(MPa)
No. (MPa)
1 123| 20.17| 1.43 141.8 479.66
2 124 20.31| 1.39 141.7 457.33
3 621| 20.20| 1.4§ 147.1 534.57
VARTM 502.82 34.15 6.79
4 622 | 20.22| 1.49 142.2 483.08
5 2241 20.26| 1.44 139.7 520.60
6 723 | 20.17| 1.46 141.8 541.70
7 123| 20.21| 1.38 148.8 563.87
8 124| 20.21| 1.38 153.6 569.51
9 621| 20.18| 1.3@ 145.7 671.64
VP 597.09 48.05 8.05
10 622 | 20.28| 1.30 143.4 643.40
11 221 | 20.02| 1.34 145.47 576.40
12 723 | 20.32| 1.31 144.8 557.70
13 321 | 20.15| 1.43 145.6 444.65
14 322 | 20.23| 1.46 140.0 418.85
BP 441.05 17.28 3.92
15 421 | 20.19| 1.49 144.5 439.92
16 422 | 20.19| 1.43 145.1 460.77
17 121 | 20.05| 1.41 200.2 534.50
RTM 547.85 18.88 3.45
18 221 | 20.10| 1.39 199.0 561.20
19 121 | 20.26| 1.70 140.6 466.004
20 122 | 20.27| 1.83 145.5 425.013
21 RTM 222 | 20.31| 1.56 146.8 496.917 462.603 31.112 6.73
(Thick)
22 321 | 20.24| 1.69 144.3 482.707
23 322 | 20.20| 1.66 145.4 442.377
24 221 | 20.31| 141 144.8 560.813
LRTM 501.565 83.789 16.71
25 321 | 20.32| 1.61 144.3 442.314
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In Table 4.3 and 4.4, the calculated moduli of teddg and Poisson’s ratios of tensile
test specimens for both weft and warp directiomspesented. In the second and third
columns of the tables, the specimen designatioaggiaen. In the fourth column, the
guantity of strain gages used for that test ismgivie the columns from fifth to eight, the
resulting moduli of elasticity, the arithmetic meafithe results, their standard deviation
and their percent coefficient of variation are fabed respectively for each testing
group. The last four columns consist of the Poissaatio results, the arithmetic mean
of the results, their standard deviation and tpeicent coefficient of variation for the

tests in which two strain gages are used, in bodis.a

Table 4.3: Modulus of Elasticity and Poisson’s Bati Warp Direction and Statistical

Results
. Standard
4 Plate |Specimer SG Ex |Averageg Deviation CcVv v |Avera eStandard CcVv
Type No. |Quantity| (GPa) | (GPa) (GPa) (%) Xy 9€ Deviation (%)
1 111 2 51.54 0.249
2 112 1 47.85
3 611 2 46.83 0.295
VARTM 50.72 3.01 5.93 0.31 0.05 17.06
4 612 1 50.85
5 211 2 55.09 0.31f
6 713 2 52.15 0.376
7 112 2 61.27 0.33p
8 114 1 64.83
9 611 2 57.73
VP 63.09 4.87 7.73 0.35 0.03 8.67
10 612 1 57.93 0.31D
11 213 2 69.08 0.37D
12 713 2 67.68 0.371
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Table 4.3 (continued)

. Standard
4 Plate |Specimer SG Exw |Averageg Deviation Ccv v |Avera eStandard (64Y]
Type No. |Quantity| (GPa) | (GPa) (GPa) (%) | ™ 9€ Deviation (%)
13 311 2 46.02
14 312 1 49.13
BP 46.37 1.91 4.12 0.29 - -
15 411 2 44.77 0.290
16 412 1 45.58
17 111 2 50.90 0.0338
18 112 2 53.04 0.038
19| RTM 211 2 56.30 | 54.30 2.36 434 0.041 0.04 0.00 9.52
20 212 2 56.49 0.035
311 1 54.8
21 111 2 46.01 0.125
22 112 1 47.79 0.106
RTM
23| (Thick) 213 2 55.37 | 50.06 3.70 740 0.11p 0.11 0.01 10.64
24 311 2 52.09 0.097
25 312 1 49.04
26 111 2 49.43 0.035
27 112 2 56.65
28 211 2 60.31 0.03D
LRTM 54.39 4.56 8.3 0.03 0.00 6.19
29 212 1 50.04
30 311 2 51.82 0.032
31 312 1 58.09 0.033
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Table 4.4: Modulus of Elasticity and Poisson’s Rati Weft Direction and Statistical

Results
. Standard

4 Plate |Specimer SG E,y AverageDeviation Cv Vo |Avera eStandard Cv

Type No. |Quantity| (GPa) | (GPa) (GPa) (%) w 9€ Deviation (%)
1 123 2 60.04 0.347
2 124 1 55.80
3 621 2 52.20 0.299

VARTM 57.55 5.00 8.69 0.33 0.03 8.15
4 622 1 51.83
5 224 2 61.90 0.359
6 723 2 63.50 0.320
7 123 2 56.05 0.324
8 124 1 54.88
9 621 2 60.47 0.306

VP 58.78 3.82 6.50 0.34 0.03 8.99
10 622 1 59.93
11 221 2 65.09 0.34p
12 723 2 56.27 0.376
13 321 2 48.33 0.35p
14 322 1 46.63

BP 47.78 0.86 1.80 0.34 0.03 7.45
15 421 2 47.64 0.32B
16 422 1 48.54
17 121 2 56.67 0.03B

RTM 57.51 1.19 2.06 0.03 0.00 4.16
18 221 2 58.35 0.035
19 121 2 45.60 0.048
20 122 2 49.94 0.04p

RTM
21 | (Thick) 222 2 55.94 | 51.45 4.09 7.95 0.03f 0.04 0.00 9.53
22 321 2 51.15 0.04f
23 322 1 54.62
24 221 2 56.65

LRTM 56.43 0.30 0.5 0.05 - -
25 321 2 56.22 0.054
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Figure 4.1: Stress-Strain Graph of Tensile Test

4.1.2.Compressive Test Results

While performing the tests, the maximum compreskiad the specimens are subjected
were noted. Afterwards the averages of these vahkere calculated along with the
standard deviations and percent coefficients tdyaadhe results accuracy. In Table 4.5
and 4.6, the tabulated strength results of the dpstimens for both weft and warp
directions are presented. In the second and tlahdnmns of the tables, the specimen
designations are given. Fourth to sixth columnslver the geometric dimensions of the
specimens. The seventh column, show the test se$uftally the arithmetic mean of the
results, their standard deviation and their perceetficient of variation are tabulated

respectively for each testing group.
4.1.3.In-Plane Shear Stress Test Results

The load and strain data were taken until the faibf the specimens in correlation with
ASTM D3039/ D3039M-00. The data was used to cateuthe shear strength of the
specimens, and at the same time, converted irdsssgtrain graphs, as stated in Section
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3.4.4. These graphs were then used in determinaifothe shear moduli of the
specimens. For this purpose, the slope of the ielasgion of these curves was
determined by fitting a straight line, with the $éaquare method. These graphs were
plotted in MS Excel Software. Later the arithmetiean of the shear strength and shear
modulus, standard deviation, and percent coeffice#nvariation were calculated for

each testing group.

Table 4.5: Compressive Test Results in Warp Dioectind Statistical Results

Specimen UCS, |Average Standard
# |Plate Type P w(mm) [ t(mm) [ (mm) 98 Deviation |[CcV (%)
No. (MPa) | (MPa)
(MPa)

1 111 12.96 1.52 51.94 59.96
2 112 12.94 1.49 51.96 58.21

VARTM 60.926/ 3.580 5.876
3 611 12.92 1.53 51.96 59.3%
4 612 12.88 1.45 51.92 66.18
5 112 12.97 1.42 51.92 55.13
6 114 12.93 1.41 51.99 49.41

VP 55.259| 4.173 7.552
7 611 12.84 1.41 51.92 58.03
8 612 12.84 1.41 51.97 58.47
9 311 12.94 1.43 51.92 45.0%
10 321 12.96 1.44 51.9 42.55

BP 45.036| 3.435 7.627
11 411 12.87 1.43 51.9 49.89
12 412 12.92 1.44 51.93 42 .66
13 111 12.93 1.83 51.98 92.99
RTM 3

14 (Thick) 112 12.9 1.85 51.98 94.83 92.360| 4.824 5.223
15 213 12.97 1.62 51.89 85.4(
16 212 12.89 1.65 51.89 96.27
17 111 12.91 1.41 51.93 58.15
18 112 12.96 1.41 51.86 73.71

—— LRTM 64.720| 7.065 10.917
19 211 12.93 1.42 51.96 66.89
20 212 12.95 1.45 51.89 60.13
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Table 4.6: Compressive Test Results in Weft Dicecind Statistical Results

Specimen uc Average Standard
# |Plate Type P w(mm) | t(mm) I (mm) Sy 9€ Deviation |cV (%)
No. (MPa) | (MPa)
(MPa)
1 123 12.96 151 51.97 68.23
2 124 12.94 1.52 51.92 60.6%
VARTM 67.154| 4.422 6.584
3 621 12.93 1.52 51.92 70.33
4 622 12.92 1.48 51.93 69.41
5 123 12.94 1.4 51.91 55.83
6 124 12.97 1.42 51.9 62.43
VP 59.185| 2.807 4.743
7 621 12.93 1.4 51.94 60.21
8 622 12.93 141 51.84 58.27
9 321 12.86 1.46 51.92 54.7(
10 322 12.93 1.43 51.93 62.73
BP 55.756| 6.641 11.911
11 421 12.84 1.43 51.94 58.5(
12 422 12.87 1.46 51.98 47.0¢
13 121 12.97 1.48 51.9 69.15
14 122 12.91 1.46 51.95 79.01
LRTM 74.287| 6.216 8.368
15 221 12.94 1.44 51.96 68.7(
16 222 12.97 1.43 51.97 80.29

In Table 4.7 and 4.8, the tabulated strength resilshear test specimens for both weft
and warp directions are presented. In the secoddttard columns of the tables, the
specimen designations are given. Fourth and fitlurans involve the geometric
dimensions of the specimens. The seventh columow ghe resulting compression
strengths. Finally the arithmetic mean of the rssuheir standard deviation and their

percent coefficient of variation are tabulated es$pely for each testing group.

As seen in Figure 3.13, the stress-strain gragmglified for every specimen and the
obtained curve was fitted to a line using the |lsastare method. However a very small
amount of results was obtained from the strain gageereas for most of the time, data

could not be read due to some complications. Tluswerage or standard deviation
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could be calculated for the processes except LR Meft direction. In Table 4.9, the
calculated in-plane shear moduli for both weft aradp directions are presented. In the
second column the direction of the test specimegivien, third and fourth columns of
the tables provide the specimen designations. énctilumns from fifth to eight, the
resulting moduli of elasticity, the arithmetic meafithe results, their standard deviation
and their percent coefficient of variation, if aalted, are tabulated respectively for

each testing group.

Table 4.7: In-Plane Shear Stress Test Results iih Diection and Statistical Results

. Standard

Plate Specimen USS Average - 0
# Type No. w(mm) | t(mm) (MPa) (MPa) Dalsg?n CV (%)
1 11S 150.30 1.43 58.95
2 VARTM 61S 150.21 1.46 55.97| 59.83 4.37 7.30
3 71S 150.36 1.36 64.57
4 11S 150.18 1.32 54.43
5 41S 150.21 1.33 59.97

VP 58.41 2.71 4.64
6 61S 150.28 1.34 58.99
7 51S 150.13 1.23 60.26
8 21Ss 150.32 1.40 65.19

RTM 66.78 2.24 3.36
9 41S 150.25 1.38 68.36
10 RTM 11S 150.28 1.75 57.02

Thick 59.47 3.46 5.82
11 | (Thick) 21S 150.03 |  1.54 61.91
12 11S 150.41 154 57.42
13 LRTM 21S 150.41 1.42 57.54| 58.97 2.57 4.36
14 31s 150.43 1.34 61.94
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Table 4.8: In-Plane Shear Test Results in WarpdDoe and Statistical Results

. Standard

Plate Specimen uss Average S 0

# Type No. w(mm) | t(mm) (MPa) (MPa) Deviation | CV (%)
(MPa)

1 12Ss 149.44 1.53 55.57
2 VARTM 62S 150.10 1.44 62.67| 60.60 4.39 7.24
3 32S 150.39 1.39 63.58
4 12s 149.42 1.42 55.15
5 VP 62S 149.51 1.35 54.97| 57.63 4.45 7.71
6 72S 150.42 1.23 62.76
7 12s 150.16 1.34 65.80

RTM 67.10 1.84 2.75
8 32S 150.25 1.33 68.41

Table 4.9: Shear Moduli in Both Directions and Redated Statistical Results

Plate Specimen Average Standard
# | Direction P G (GPa) 9€ | Deviation | CV (%)

Type No. (GPa) (GPa)
1 VARTM 71S 1.81 - - -
2 VP 51S 1.25 - - -
3 Warp RTM 21S 2.40 - - -
4 11S 1.48

LRTM 1.26 0.32 25.35
5 21S 1.03
6 VARTM 32S 0.64 - - -
7 Weft VP 72S 0.84 - - -
8 RTM 12S 2.15 - - -

4.1.4.DSC Test Results

The DSC tests were performed as explained in Se@ié. The obtained data is
provided in Table 4.10.
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Table 4.10: DSC Test Results of Plates

Tg (°C)
VARTM 129
VP 123
BP 124
RTM 125
RTM hick) 122
LRTM 112

4.1 .5.TGA Test Results and Volumetric Ratio Calculations

After the mass fraction data was obtained from T&A tests, the mass ratio is
calculated again using the information of carbohrita mass used. Afterwards the
volumetric fiber ratio is calculated as shown irct8m 3.6.2, for both values. While

performing these calculations the area densityhefdlates were also calculated. These
results are given in Table 4.11.

4.1.6.Theoretical Analyses

The elastic parameters of all processes were eddmlilas explained in 3.7. The fiber
volumes and thicknesses were taken from the tedt m@asurement results. These
results are tabulated in Table 4.12.
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Table 4.11: Mass Ratios, Volumetric Ratios and Abeasities of Plates

Area Density TGA Data Calculated Data

(kg/m?) my/m¢ ViV my/m, ViV
VARTM 1.89 65.74 54.11 63.44 51.60
VP 1.72 70.90 59.96 70.00 58.91
BP 1.68 75.80 65.81 71.46 60.61
RTMrhick) 2.27 55.67 43.56 52.83 40.77
RTM 1.97 63.44 51.61 60.94 48.95
LRTM 1.85 66.86 55.35 64.81 53.09

Table 4.12: Theoretical Results of Elastic Paramsdt the Processes

Ex (GPa) E, (GPa) v Vx Gy (GPa)
VARTM 133.36  133.36  0.0249  0.0249 5.25
VP 147.64 14764  0.0252  0.0252 5.99
BP 162.28 16228  0.0262  0.0262 6.98
RTMtnay ~ 108.10  108.10  0.0260  0.0260 4.29
RTM 127.31  127.31  0.0250  0.0250 4.98
LRTM 136.37  136.37  0.0249  0.0249 5.39

4.2.Discussion and Comparison of Results

This section includes the discussion of the resolisined throughout the study by
comparing processes according to all the testopeed, starting with fiber fraction and
area density measurements. Mechanical test resales then examined in the light of
these results. Afterwards these results are cordpaith micromechanic calculations,

finally the nature of the processes such as enwiesrtal conditions, or initial cost is to
be discussed.
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It is seen that the fiber to resin ratios variethsiderably for each process. Since the
mechanical characteristics of composite materiaés directly affected by the fiber
ratios; the comparison of the processes boils dmmpe the comparison of composite
structures with different fiber ratios. It shoulé boted that the variation in the fiber
ratios are mainly caused by the differences betwleematures of each process. It is not
possible to control the fiber ratio for VP and Bfgess. Whereas it is only partially
possible to control the fiber content in VARTM abhBTM processes and controlling
the fiber ratio requires extensive study for thes®esses. The only process in this study
which provides full control in fiber ratio is RTM.herefore it can be said that; although
the ranking of the performances are directly depahdn the fiber ratios, the resulting
fiber ratios are directly controlled by the chaeaatf the processes, thus the comparison

is made between the processes.
4.2.1.TGA Tests and Volumetric Ratio Calculations

By using TGA results, the fiber volume fraction dalculated for each specimen as
shown in Section 3.6.2. These values were alswledér using the manufacturer’'s data
and measurement results. In Figure 4.2, calculatedmeasured volumetric fiber ratios

for each method are given.

The TGA results show that the RTMc specimens have the lowest fiber fraction,
followed by RTM. The VARTM and LRTM specimens foed RTM and have similar
values. VP specimens have higher values and fitla\BP process has the highest fiber
ratio. The calculated results are very similarhe tneasured values and all processes
yield slightly lower calculated values. Howevere ttifferences between calculated and

experimentally obtained data are within 5% forspkcimens.
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The reason RTM, which is the most advanced andstoptocess of all, had the least
amount of fiber to resin ratio. This can be expddirby the mold cavity being large
relative to the amount of fabric layers used in th@nufacturing process. As stated in
Sections 1.1.1 and 2.3.1, the fiber ratio of thecgpen produced by RTM is effected by
mold cavity. Higher fiber ratios can be achieved®@yM using more layers for the same
mold cavity or decreasing mold cavity for the samneount of layers. In this study, a
second group of specimens were produced with alenmabld cavity, by placing a 0.5-
mm-thick copper plate inside the mold cavity. Alfigh this modification highly
improved the fiber content of RTM process, it wal 130t enough to achieve the values
observed in other processes. Placing a thickee phduld have improved the fiber
content even more.
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The LRTM and VARTM processes use flexible toolitiggrefore the mold cavity does
not have a fixed volume. However, the performamfdbese processes are significantly
labor-sensitive. Low fiber ratio values are inteted as; the low amount of layers could
not aid to compensate the labor errors which mase lmused some excess resin. It
should be noted that the technicians who manufedtiihe specimens had a better
experience especially in hand lay-up and vacuunkggang methods, which may have

lead to a more efficient resin usage.

The BP method uses two bleeder layers in eachdat®e structure, which could take
away the excess resin from both surfaces, therabpleg the specimens to have the

largest fiber ratios.

Area densities of specimens were calculated alatig tive volumetric ratios. Densities
are mainly determined by constituents and the fiegin ratio. Figure 4.3 shows the

calculated area densities of the specimens.

The lowest area density is obtained in the BP nuktivbile RTM specimen has the

highest. When the area densities are put in arr fmal@ highest to lowest; it is the same
order for fiber ratio values. This is an expecteduit since the density is inversely
related the amount of fiber used. Therefore, #den that the density results agree with

the fiber ratio results.

As stated in this section and Section 0, the fibeesin ratio depends on the character of
the examined process. The RTM process was modifiectasing the fiber ratio to
provide more comparable results. The following isest should be examined within the

light of this information.
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4.2.2.Tensile Tests

In this part, the ultimate tensile strength and ulosl of elasticity values in both
directions obtained in tensile tests performed éach production technique are
compared.

In Figure 4.4 and 4.5, a comparison of tensilengfifes and moduli for all processes in
both directions is given respectively. The errorsbarovided in the graphs symbolize
the standard deviations.

The tensile strength results in weft direction fatend to be somewhat higher than those
obtained for the warp direction. The resulting orstreperformances in warp direction
are; VP, RTM, LRTM, RTMNkrhick, followed by close VARTM and BP results. The
reason of thick RTM specimens showing a relatitelyer performance was their low

fiber volume fraction. It is possible to reach hegtvolume fractions with a decreasing
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mold cavity volume for the same number of fabrigels which resulted in thin RTM
specimens. This modification provided a consideralviprovement in the performance
of RTM specimens. Although the RTM specimens did have the highest fiber
fraction, the performance was promising, and @aiscluded that it is possible to achieve

even higher performance by using a smaller molatyav

Similarly, the VARTM and LRTM specimens exhibitedl@aver performance than
relatively simpler method VP. This can be explaiméth the nature of the resin used.
Although the resin was suitable for the RTM procesiich is under relatively high
pressure and enables the resin to be injectedyimehitemperatures, and hand lay-up, it
could not wet the fabric thoroughly in lower temgteres and lower pressures. This
claim is backed up when the specimens were exanviisedlly it was seen that the void
content of the VARTM and LRTM plates were slightlyger than VP products.

The low performance of the BP plates despite hauhey highest fiber ratio was
interpreted as the effect of using bleeder as #senrmedium. The bleeder being a
material which attracts and stores resin, resultedless wetted fabric therefore reduced

the tensile properties of the plates.

The ordering of the results in the weft directioaswsimilar to that of warp direction.
The values were higher except for the R¥id, products, and the performances in
decreasing order were; VP, RTM, VARTM, closely éolled by LRTM, RTMrhick) and
BP. The increase of strengths compared to wargtihrewas especially significant for
VARTM and VP products. However both RTM and BP @sges performances were
reduced in weft direction, the resulting valuesevgmilar to warp results.

There was a considerable increase in the standandatwns of the moduli
measurements and the scatter was even more sagifior the results in longitudinal
direction. For the average moduli at weft directwere very close for LRTM and RTM
plates and the decreasing order was VP, LRTM, RVMRTM, RTMhicy and BP.
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Results for VARTM, RTM and LRTM were almost idertian the warp direction,
VARTM being the higher. These results consortedlie arguments provided in the
previous paragraphs. However it was noted thay Metle number of test were carried

out for RTM and LRTM processes due to specimereplajeometric constraints.

As shown in Table 4.3 and Table 4.4 the PoissordtioRresults were significantly
inconsistent. One reason was interpreted as thengjages’ sensitivity. To overcome
this issue rosette type strain gages were implegdetitis seemed to solve the issue and
the VARTM, VP and BP results became more consisiedtwere found to be closer to
the results of different studies which examineddiractional prepreg composites [68,
69]. However for both RTM classes and LRTM the ealuvere much lower and
approached to unidirectional cross-ply prepreglte®ncountered in previous studies
[68] which can be interpreted as more reliable Itesior the two directional fabric
composites used. No solid explanation was foundhisrissue; as majority of the results
had a relatively low standard deviation, but iblvious that the results were expected to
at least be similar to those of RTM, LRTM and thevious studies about cross-ply

prepreg composites.
4.2.3.Compressive Tests

In this part, the compressive test results in loftkctions for each production technique
are compared. In Figure 4.6, the graph of resnltgarp direction vs. the results in weft
direction was given. It should be noted that RTMa@mens in transverse direction
could not be tested; therefore the warp valueshe draph also represent the weft
direction values. The error bars provided in thepgrsymbolize the standard deviations
thus showing the diversity of data within the tegbup as well as within other

production methods.

Due to the nature of the testing apparatus (se€)3iBe failure mode was not
appropriate to determine the ultimate compressixength. Nearly all the specimens

failed at the boundary where the specimen was intact with the pressing tool of the
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test apparatus and the failure shapes were obseyuszlcrushed at this boundary. As a
result the values were far lower than ultimate casgive strength values encountered
in the literature where the values are close toullimate tensile strength values [68].
Meanwhile the measurements were close to the amémiar shear stress (ILSS) values;
however no solid link could be established betwi&&E and the results [68]. Thus the

results should be examined as mere measuremenidguido give some idea.

The BP and VP specimens’ failure boundary were nsoushed while the Thick RTM
specimens had somewhat more meaningful failures Whs an expected observation
since the thick RTM specimens were expected to theagreatest load while excessive
resin on outer surfaces supports fibers which Eeegd at the outer surface of the plates,
decreasing buckling of these fibers locally. On twatrary, BP specimens’ lack of
excess resin at both outer surfaces leading torleateies. This was linked to the use
bleeder as a resin medium thus all the excess nedboth surfaces is trapped in the
bleeder fabric. The compressive test results wiengas in both directions; however the
results in weft direction were higher than thatwafrp direction. The order of strength
values was; RTM, LRTM, VARTM, VP, BP, where the wa$ of LRTM and VARTM
processes were very close and the RTM specimeresdignificantly higher values than
any other process. It should be noted that the oessjve tests were implemented for

thick RTM specimens only.

While VARTM has comparable strength to that of LREdecimen in warp direction,
the LRTM specimens in the weft direction have digantly higher strength values than
VARTM specimens. The results can be explained bydibminant effect of void content

as the specimen size is small as defined by reR8ItM standards.
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4.2 .4.In-Plane Shear Tests

In this part the shear strength and moduli resultboth directions are compared for
each process.

In Figure 4.8, the comparison of the processesarshengths in both directions were
given respectively. RTMhick) and LRTM specimens in transverse direction coutdbe
tested; therefore weft values in the graph alsoesgmt the warp direction valudhe
error bars provided in the graphs symbolize thedsted deviations thus showing the

diversity of data within the test group as wellathin other production methods.

In majority of tests, the failure modes were a coration of bearing and shear (Figure
4.7) due to the nature of the testing apparatugu(Ei 3.12). To overcome this issue;
different torque values were experimented to fasienbolts of the apparatus and the
most appropriate values were found to be betweef568im. When the bolts were
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fastened at these torque values the bearing famase minimized; however it was not
possible to completely eliminate this problem, faihen higher torques were
implemented the specimens were mangled under theression effect. Thus, although
the measurements were close to the results oeeatlidies [69], it is not possible to
definitely link the results to shear strengths.

The results had similar values in either directiom. both directions the highest
performance was observed at RTM specimens. Folpwpecimens had rather close
values in both directions, ranking in decreasingear VARTM, RTMthicky, LRTM and
VP. Note that due to the low performance of BP spens this process was not
examined for its shear properties. The failure AfIVRspecimens especially was
observed to be as shear failure hence yieldedigines$t performance.

A 4

¢ / .\y £ ‘

Strain Gage

Shear
Failure'

¥ Bearing Faillure

Figure 4.7: Failure Modes Observed in Shear Tests
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Since all the other specimens additionally had ibgafailure characteristics, it was
expected for VP to show the least performance epitbcess resulted in products which
had the most variation in thickness and resin cunteecalling the compression test
results and failure modes’ similarity to bearirftg tesults were rather expected.

The standard deviations were a considerably higkthfshear tests. This was connected
to the variations of the failure modes.

The calculated modulus results were not thoroughlgstigated as very little data was
obtained and no statistical analysis could be mdte examined strain gage data
showed different modulus values at various timesheftest. This condition was also
interpreted as a result of the failure modes rathan strain gage failure; for the data
obtained from both strain gages from all tests waesistent with each other. The

calculations were given in Table 4.9 and theseemsluere rather low when compared
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with previous studies [68, 69]. Additionally the Rfmnick and LRTM plates were not

examined in weft direction due to the geometricaistraints of the plate geometry
4.2.5.DSC Tests

As stated in the previous sections the DSC tests performed to prove the cure cycles
were performed appropriately and the results wemsistent with the specifications
provided by the manufacturer. When curing cycles eonsidered, thdy values
obtained by DSC for each specimen is in agreeméhtnesin manufacturer data. The
Tgy values are between 122-129°C for VARTM, VP, BP bath RTM specimens which
were cured at 120°C. Thi value for LRTM specimen is 112°C, which was cuatd
79°C.

4.2.6.Theoretical Analyses Results

As explained in Section 3.7, the theoretical solutapplied provides the upper bound
results of the laminates. From the previous workshikawa and Chou, it is known that
for 3-harness satin fabric composites; the lowemidovalues are about one third of the
upper bound values [24, 44, 67].

The stiffness results for all the processes exod@P was observed to be about 40% of
the UB values, and both RTM groups provided thehdésty percentage. BP
measurements were about 30 percent of the prediBeehlues.

The inconsistencies of Poisson’s ratios continuéh the calculated values. While the
RTM and LRTM measurements were somewhat closethéopredictions; all other
measurements were about 10 times their correspgmedictions. This inconsistency

between the results of previous studies, measurtsraed predictions is rather puzzling.

The shear stiffness calculations and measuremdsts canflicted with each other.
Although the RTM measurements were somewhat ctosie predicted values, the fact
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that the failure modes of the shear test were rajqy, makes it meaningless to compare
these results.

The fact that both tensile and shear stiffnessiptieds had same values regardless of
direction is related to the nature of the UB applhod herefore it is not surprising that

the measurements change with direction while thautaions do not.
4.2.7.Ease of Production

When a production with RTM method is proposed, gahea metal mold is needed.
The design and production of the tooling for RTMkes a longer process when
compared with the other methods used in this stWdyen producing larger composite
parts, RTM molds are very hard to handle and neetla tooling such as cranes, etc.
Pressure distribution on a large mold must be demed, since the pressure distributions
on the mold can deform the mold cavity. Sharp carmeust also be considered since

resin rich edges can occur in such areas.

When RTM or LRTM are considered the tooling sholld analyzed in thermo
mechanical point of view, as well as considering tesin flow. Without a flow
simulation, dry spots can create problems aftedgebon of the molds. When VARTM
is to be used, resin transfer can be controlledyeasimprove the flow by changing the
locations of exit ports, adding flow/vacuum dudisfienels and adding new ports during
injection. However, when using VARTM method limitpdessure gradient slows down
the speed of resin front and vacuum system is tbemso leakage on mold and tooling,
this results in the need of thorough flow analymisa large quantity of trial and error
studies. Honeycomb structures can not be productd\WWARTM. When VP is used,
flow simulation or decision on locations of exitrfgis needed seldom and process is
rather straight forward.

In order to produce LRTM pieces, an enduring arexilfile upper mold should be
designed and produced, which requires high levedkdf in LRTM mold production.
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Preparation of the fabric requires almost same haam with VARTM, where VARTM

requires more man hour for sealant, peel ply amdwa bag placement and removal.

For large VP parts, long cycle times are requirégnvcompared to VARTM. However,
heavy fabrics are not suitable for VP such in thgecof injection, which increases man
hour cost. Additionally for relatively large struces, the technicians should be rather
fast to prevent premature curing of the resinwiale the laminae are still being laid up,

before vacuum is applied.
4.2 .8.Initial Investment and Production Cost

RTM is the most expensive method for production nvbempared with other methods
considered in this study. An infusion system, aversal oven, a vacuum chamber, a
resin chamber and instruments are needed. Thagpladis an impact on production cost,

especially when small quantities are concerned.

VP and VARTM methods are comparatively cheaper. yTheeed simpler
tooling/investment and they are suitable for praducin small quantities and for
prototyping. Additionally VARTM reduces the quamtibf wasted resin. Therefore,
VARTM is generally advantageous in cost when compao VP. However for larger
guantities of production the scrap and disposaldéenal amounts become somewhat
significant. Although for a high level of produatio LRTM can be economically
advantageous due to a lower value of waste mgtéwratmaller quantities the man-hour
required for mold production becomes an issue. cdst of upper tool (diaphragm) will
diminish as the number of parts increases. Theeushgonsumable materials and high
man-hour in VARTM and VP is another disadvantageiiting when compared to
LRTM. For very large parts where VARTM use is essdngenerally reusable flexible

tooling such as silicon vacuum bags is used [1].
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4.2.9.Process Reliability and Labor Effect on Quality

VP is highly affected by labor when quality is ceneed. The resin distribution and
voids in the structure is highly affected by laloiality. In order to control and decrease
void content of the structure, air releaser addgigcan be used. However, these additives
can decrease mechanical properties. Since atmaspbressure is used, pressure is
naturally controlled under normal circumstanceshsut the case of VARTM and
LRTM. However, for large products, product thickeesries with local resin pressure
due to gravitational effects and resistance dueesin viscosity, which leads to using
less viscous resins, further decreasing the mecalgmioperties.

In VARTM, RTM and LRTM methods, vacuum is appliedgp to resin injection.
Therefore, void and resin content are supposedetadi affected by labor quality.

However, any possibility of leakage should be calied.

The number and locations of inlet/exit ports argamant when a large scale injection is
planned; this becomes an issue for VARTM sincepthations of inlet/exit ports are not
fixed. Additionally in VARTM method, the lack of bders for the vacuum bags and the
flexible nature of these bags require a more gedliénd experienced labor because any
misalignment of the bleeder or peel ply fabricssealocal flaws which dramatically

effect the overall performance of the product. Bhissues are also valid for VP process.

The processes where a flexible tooling is usedgtieean inevitable thickness gradient
between the inlet/exit ports, regardless of lalddowever this condition could be

minimized with careful monitoring and automatingtbé processes. Since the flexible
tool used in LRTM method is relatively stiffer, thi@ickness gradient is much smaller

than other methods.

Since most of the RTM systems are computerized iatahsively controlled, labor
effect on product is less than other four methdasnperature of the mold, inlet/exit

ports, the value of pressure at any point of thdédnamd system are monitored and
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controlled. Moreover, since the product is moldtoalfed any thickness gradient that

would occur would be insignificant.

For both VARTM and VP methods, the surface quaityone side of the part will be
poor and tolerances will be rough for most of tagas. When the product geometry is
suitable, it is possible to produce a VARTM or Vileguct with LRTM method. LRTM

will lead to a better surface finish at both sidéthe piece.
4.2.10.Environmental Considerations

In Europe toxicological materials are subject tisk assessment procedure according to
European Regulation 793/93. According to this rafyolh, chemicals have to be risk
assessed. Since composites are used in industagumanents show that environmental
considerations in order to lower occupational tolagical gas exposure are becoming
more and more successful. This is not only a restillower gaseous toxicological
monomer contents in resins, but also a result giraved and/or new production
techniques. Both air samples (ppm level of toxigadal gasses in breathing zone air)
and biological monitoring (such as mandelic acid atyrene metabolic in post-shift
urine or blood) show that closed molding technigiage a major role on this success
[70].

When resin transfer techniques are concerned, R&dhnique is more advanced,
considering the effect on environment. In RTM taghe the amount of wasted material
is minimal as well as, having a resin mixing chaméied a closed mold, exposure to
toxicological chemicals is also in minimum. On tb#er hand, VP has a maximum
impact on environment considering the amount oftechsaterial (excess resin, wasted
bleeder, peel ply, sealants, etc.). In addition legipg this process maximizes the

exposure of workers to toxic chemicals.
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However all the production techniques studied, S&ve are technologically promising
and have the advantage of reducing emissions atileobrganic compounds (VOCs) by
90% [71]
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CHAPTER 5

CONCLUSION

Composite materials are preferred materials maisid in high technology industries;
where higher performances and lower weights areleteeFiber reinforced polymer
matrix composites are highly favored materials e twide variety of composites
because they are relatively easy of manufactureamedower in weight. The use of
fibers provide an orthotropic material characterigtr these structures, which results in
much flexible designs that cannot be obtained wahventional isotropic materials or

particle reinforced composites.

The early production techniques used to manufactomgposites were rather expensive,
both because of the hardware requirements and xgpensive raw materials needed.
Throughout the years cheaper processes which nradtehigh performance were
developed. The most well known of these technicames resin infusion techniques.
These close mold processes were developed to réfleiteoling and raw material costs,

as well as the volatiles which are released whemptitymeric resins are cured.

However the advantages of composites come witlica;ghese materials are difficult to
design and characterize. For this reason extemsiahtical and numerical models were
proposed to help the design process. These modetsliecome more powerful through
the years; which are used to predict the structuelbvior of the composites as well as
the characteristics of processes. For these mddele accurate there has to be an

accurate database of material characteristics.
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In this study a comparison between the most commasin infusion techniques is made;

using the same tooling and keeping the processyedeas as constant as the nature of

different processes allow. Four processes are @ehior their tensile, compressive and

shear characteristics. These processes are; nmesisfdr molding (RTM), vacuum

assisted resin transfer molding (VARTM), light RTMRTM) and vacuum packaging

(VP). Throughout the study another process nametifi@d vacuum packaging (BP) is

developed; however the test results show that,sBihiunreliable process and provides

low performance in addition generates a high amotiatrap material.

A total of 114 mechanical tests are made; 56 ten8b compressive and 22 shear tests.

The test results are summarized in Table 5.1. Aatditly the results are compared with

a theoretical model, and discussions are madedatiobesd.2.

Table 5.1: Summary of Experimental Results

VARTM VP BP RTM (thick) RTM LRTM
ViV 54 60 66 44 52 55
Area Density (kg/nf) 1.89 1.72 1.68 2.27 1.97 1.85
E,x (GPa) 51 63 46 50 54 54
E,, (GPa) 58 59 48 51 58 56
Vyy 0.31 0.35 0.29 0.11 0.04 0.03
Vyx 0.33 0.34 0.34 0.04 0.03 0.05
Gy (GPa) 1.81 1.25 - - 24 1.26
Gy (GPa) 0.64 0.84 - - 2.15 -
UTS, (MPa) 456 542 450 465 538 511
UTS, (MPa) 503 597 441 463 548 502
UCS, (MPa) 61 55 45 94 - 65
UCs, (MPa) 67 59 56 - - 74
USS (MPa) 60 58 - 67 59 59
USS, (MPa) 61 58 - - 67 -
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There are two groups of RTM specimens, one (R#iM) produced from a larger mold
cavity, the other (RTM) from a smaller one. Whem® tRTMmicky Specimens are
examined, the fiber volume ratios, thus the peréoroes, are observed to be rather low.
This situation is a result of the mold controlledture of RTM process. The RTM
specimens were manufactured with a modificatiothan mold; that is, the mold cavity
size was reduced by inserting a thin plate insideprovide comparable data. The
resulting products still have lower fiber contertowever, their performance is
comparable with the other processes, if not higlhevas noted that RTM, being a more
advanced process in comparison, is expected toidaav considerable performance

improvement in producing 3 dimensional and comglexped structures.

Since the process parameters were kept as coragatihe process characteristics
allowed; the fiber ratios, which depend directly thie characteristics, varied for each
process. As stated in Section 4.2 this differencibier fractions is used to compare the
natures of the processes. It is observed thatptbeesses which use peel ply have a
considerable increase in fiber content. Howeves ihia result of the small amount of
layers used in the laminates, which causes theeptage of the resin peeled by the peel

ply to be significant throughout the laminate.

Although the measured mechanical performances aextlg related to the fiber
fraction, RTM and BP processes’ performance prdwa the results do not depend
solely on this parameter. BP plates, which usedpeal plies in both surfaces, have the
highest fiber ratio while their resulting mechamipgrformance is the lowest in all
examined processes. On the other hand RTM and [Ritilylplates possess the lowest
fiber fractions, RTNimick) being the lower. Both RTM processes’ performarareshigh
when compared with other processes which have higher volume ratios. Especially
RTM which have a comparable fiber fraction provile highest performance in most

properties.
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The VARTM and LRTM processes have similar volumacfions thus provide

mechanical performances. VP process has the séughest fiber fraction thus in most
investigated mechanical properties, VP proved teehtne highest performance. It
should be noted that the difference between thmpeances of RTM and VP processes
was not excessive when the difference of the fibeetions, which is more than 10

percent, is considered.

The results show that, VP, VARTM and LRTM procesaes more labor dependent,
since VP was expected to have the lowest perforsmantong the three. It was noted
that the laborers which manufactured the plate® were experienced in VP process.

The failure shapes observed in the compressios &strather ill-suited, in majority of

the experiments the failure boundary occurred atctintact surface of the compressing
tool and the specimen. Therefore, the results cabe defined as ultimate compressive
strengths (UTS). It was noted that the measurenaetglose to the interlaminar shear
stress (ILSS) values of previous studies [68]; heaweno solid link could be established

between ILSS and the results.

Additionally the failure shapes of the shear testsa combination of bearing and shear
failure (Figure 4.7). This resulted in a plural rhen of slopes in the stress strain
diagrams. Although the stress results are consigtgh ultimate shear strengths (USS)
reported in previous studies [68, 69], the modrdi significantly different from both the

analytical predictions and the reports of previsuslies [69].

The measured ultimate tensile strengths (UTS) aodny's moduli are coherent with
low standard deviations and consistent with thexditure. However the Poisson’s ratios
differ in a great extent. The Poisson’s ratios & &d VARTM have about ten times
those of RTM and LRTM. It was noted that althouigé tesults do not conform to other
processes, the standard deviations are somewhaClomsidering the same strain gages
and test standards were used for each test, thia ®surprising result. Further

investigation should be carried on to explain thehavior which could be related to
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increased void content or poor wetting which amredaly connected to the process

characteristics.

For future studies, specimens having more pliesbeaexamined. Additionally, flexural
tests can be carried out. Since it is obvious thatcompression test apparatus is not
appropriate to use with composite materials, amostendard can be investigated and
the tests can be implemented according to thatatdn The shear tests can be made
according to the Procedure A of ASTM D4255/ D4256M}64], which can reduce the
bearing effect on the test results. Furthermoreapharent effect on Poisson’s Ratio can
be further investigated. Likewise the processefemdihces can be investigated in micro
scale such as fiber wetting characteristics usicen8ing Electron Microscope or void

content using non destructive testing methods asalitrasonic testing.
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