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ABSTRACT

Clear transparent panels have many applicationgirrgnfrom windows on an
aircraft to protective safety guards on industeguipment. Glass ribbon reinforced

transparent composites are light weight, load bgaaind have a high impact resistance.

A transparent composite is based on the concepiabéhing the refractive index
of the glass ribbon with that of a resin systemis hot necessary that the resin refractive
index match the glass refractive index before thee acycle, only that the refractive

indexes match after curing.

Transparent composites have a high impact resestifwat would be mechanically
ideal for aircraft windows and canopies. In theesent synthesis of transparent
composites, pre-impregnated tapes are used to axdotéd parts using the autoclave
process. The autoclave is a pressure vessel #sahéaters and coolers to maintain a
consistent temperature and pressure throughoutctine cycle. The cure cycle is
comprised of a series of constant and varying teatpee and pressure segments for
specific time periods. The performance of the niactured parts was demonstrated by
conducting tensile, flexural and impact tests. Tdigective of this research is to
manufacture a transparent panel that will have mgbact resistance, be light in weight
and be high in strength; not to sacrifice desiraltiaracteristics to obtain an absolutely
limpid panel. Future development of transparemyaosites will include the synthesis of

curved shapes for aircraft canopies or helmetagtmonauts.



ACKNOWLEDGEMENTS

Dr. K. Chandrashekhara, as the faculty advisor flois project, offered
suggestions that were helpful to finishing thisjgct | would like to thank Dr. Schuman
for serving on my committee and for his insightoithe chemistry of the epoxy resin
system. | would like to thank Dr. Showalter forngeg on my committee as well as for
his support on this project. | would also liketh@ank Dr. Sundararaman for his help and
participation in my work. Finally, | would like tthank my colleagues; Gireesh Menta,
Jianbing Hu, Jian Chen and Raju Vuppalapati foirtltkeas about the project and for

helping to implement the manufacturing and testaapniques.



TABLE OF CONTENTS
Page
AB S T R A C T . e e e e e e e e e e iii
ACKNOWLEDGEMENTS ... .o e e e e e \Y
TABLE OF CONTENT S ... e e e e e e e %
LIST OF FIGURES . .. . e e e e et e e e Vil
LIST OF TABLES. ... e e e e e e e e e e e iX
SECTION
1. INTRODUCGCTION ... .o e e e e 1
2. AUT O CLAVE. ..o e e e e 3
3. TRANSPARENT COMPOSITES......o e 7
4. MANUFACTURING. ... e e e e e e e e 11
4.1. SYSTEMS OF RESIN AND OTHER MATERIALS ..., 11
4.2. RIBBON PRODUCTION. .. ..ttt e e e e e 11
4.3.MOLD PREPARATION ... .o e e 13
44 CURE CYCLE. ... i e e e 14
5. TESTING AND RESULTS. ... e e e e e e e 16
5.1.FIBER VOLUME FRACTION (ASTM C 3171)...ccviviiiiiiiie e e 16
. 2. TENSILE ... e e 18
5.3. FLEXURAL (ASTM D 790). .. cu ittt it it et e e e 23
. IM P A T e s 27
6. CHALLENGES AND RECOMMENDATIONS.....c.coiiii e, 33



7. CONCLUSIONS . ... e e 35

BIBLIOGRAPHY ... 000 30



Figure
2.1:
2.2
2.3:
3.2
3.1:
3.3
4.1:
4.2:
4.3:
5.1:
5.2
5.3:
5.4:
5.5:
5.6:
5.7:
5.8:
5.9
5.10:

5.11:

vii

LIST OF FIGURES

Page
Schematic of an AULOCIAVE...........coieeei e 3
Typical Bagging and Lay-Up SchematiC..............ccovviiimmccmee e i e e 5
Autoclave at UMR...... oo et eenen DL

Diagram of Snell’'s Law.......ccoeii i e e e re e 008

Refraction of Monochromatic Light within a §la Ribbon Composite............. 9
Transmission of Monochromatic Light througBiagle Ribbon Composite....... 9
Ribbon Pulling Machine.............ooiii i e e e e 12
Cure Cycle for Transparent COmMpPOSItES.......ovvivireviiceee e e eiieeenaen 14
Glass Ribbon Reinforced Transparent Panel fdatwred at UMR.............. 15
Water Bath, Clamped Flask and Condenser Calumn..................cc.ceenen. 16
Vacuum Filtration of the Sample.........ccoooiii i, 17

Tensile Testing Setup......ccvvi i e e e e v e e eaeeee 20219

Tensile Test for the Neat Epoxy Resin SampleSa.......ccoovvviiiiiiiiininnnn, 20
Tensile Test for Neat Epoxy Resin and Compdsgmples........................ 20
Tensile Test for Neat Epoxy Resin and Compdsagmples........................ 21
Tensile Test for Neat Epoxy Resin and Compdsa&mples........................ 22
Flexural TeSt SetUP .. cuur it et e e e e e e e e e e 23
Flexural Test of Epoxy Composite Samples. .. .cc.covviiiiiiiiimnieciineien, 24
Flexural Test Data of Epoxy Composite Samples...........cccoevvvivininnnn. 24

Flexural Test of Neat Epoxy Resin and Compdsamples........................ 25



5.12:

5.13:

5.14:

5.15:

5.16:

5.17:

5.18:

5.19:

Flexural Test of Neat Epoxy Resin and Contpdsamples....................... 26
Flexural Test of Neat Epoxy Resin and Contpdsamples..............cc.ocveeees 26
Impact Testing Machine at UMR...........oooiii it e, 28
Impact Test at 5J for Epoxy Resin Coated$5las............cccocvvvvvininnnn.. 29
Impact Test at 5J for Epoxy Resin Coatedsslas.........c.ccooevvviviiiiinennnn. 30
Impact Test at 5J for Epoxy Resin CoatedsGlas..........cccccevviveiiviiinennnn. 30
Impact Test at 5J for Epoxy Resin CoatedsGlas............ccccovevviivineenen. 31

Front View of the Damage Caused by Impactii@s.............................. 32



LIST OF TABLES

Table Page
5.1: Volume Percent of Reinforcement in the Spenime.................cccovivennis 18

5.2: Tensile Properties for Glass Ribbon ReinforOgdcally
Transparent COMPOSITES. .. ... .. ittt et e e e re e e aaas 22

5.3:  Flexural Properties for Glass Ribbon ReinfdrGgptically
Transparent COMPOSIEES. .. .. .u ittt e e e e v r e e e e e e eneanes 27



1. INTRODUCTION

A composite can be manufactured using any fiber mattix combination. A
sidewalk is a useful example of a composite; tikeelstebar makes up the reinforcement
of the composite and the concrete makes up thexmatisually, when composites are

mentioned, fiberglass or carbon fibers are at dtineffont of the discussion.

Previously, transparent composites have been cesatpriof polycarbonate
materials. Wright et al., 1993, studied the impatt cylindrical projectiles on
polycarbonate plates of varying thickness [1]. FR@nsparent armor applications,
laminates are usually manufactured from polycartmnaoly(methyl methacrylate)
(PMMA), ceramics and glass [2-4]. Sarva et alQ£Qtilized the contrast in mechanical
response between polycarbonate and PMMA to dewelmaterial assembly design with

strong improvements in energy absorption capahiliger impact load [5].

Glass ribbon reinforced transparent compositediginieweight, load bearing and
have a high impact resistance. Transparent comgsoare thinner and stronger than
current glass and polyurethane laminates. Theafqaitting windows on aircraft is very
high. If the load of the surrounding structure banransferred through the window, a lot
of structure can be eliminated, leading to a weigawings; in turn adding to fuel
efficiency and monetary savings. If a face shi@ldoody shield can be manufactured
thinner and lighter, there will be a substantiaérgy savings; in turn leading to higher

endurance of the soldier or police officer. Thejeobive of this research is to
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manufacture a transparent panel that will have mgbact resistance, be light in weight
and have high strength; not to obtain an absoldieigid panel which would sacrifice

the desirable characteristics of the panel.

Currently, to make a transparent composite, it ngpdrtant to start with
transparent materials of excellent homogeneitya transparent composite the refractive
index of the matrix and the fibers must match.ndt, the composite will be severely
distorted due to refraction and scattering. Eleiimg this distortion provides transparent
composites that should be ideal for face shieldglytarmor or windows in aircraft and
cars. In this work, glass ribbons were used fer rifinforcement. The ribbons have a
rectangular cross section, which scatters the hgéwes much less than curved fibers

[10].

There are several processes used to manufacturposdes. Some, such as
vacuum assisted resin transfer molding (VARTM), banused at room temperature to
cure when there is no need to add heat. VARTMmurtfusion also use heaters to cure
the resin systems involved. When pressure, vacanuinheat are needed an autoclave is
the only manufacturing process capable of effelstigempleting the cure. An autoclave
uses different combinations of heat, pressure audivm. These curing conditions are

subject to change due to the cure cycle of theifsp@olymer resin system.



2. AUTOCLAVE

An autoclave is used for various kinds of reseasaleh as corrosion of zirconium

for the nuclear industry, architectural concrete tfee building industry and composite

fabrication of aircraft parts [6-8]. The primaryniction of an autoclave is to apply

pressure and high temperatures to parts in itsiamteA vacuum bag can even be used to
contol the differential pressure on the parts. egalvparts can be made at the same time
as long as they have the same temperature andupgesgcle and provided there is

enough capacity for all the parts. Autoclaves iref a pressure vessel, heaters, coolers

and vacuum pumps. All these components allow stersi temperature and pressure

throughout the cure cycle. Autoclaves come inr&etyaof shapes and sizes, but the most

common are cylindrical pressure vessels with seatheld, as shown in Figure 2.1.

Auigclave
N, Vent ) Control :
Thermocouples Cooling Water to
i ? 9 9 Storage Tank
r‘“ L] l_.__l -
- ’é N
o — — -t = 8
Autoclave Elg
—— ——— o
Door = -— 8 %
—— — —_— E 8
T
—J -
I
\—Thermocouple Cooling Water
Ny Panels
Pressurlzation

Figure 2.1: Schematic of an Autoclave
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Many complex shapes can be made using an autocdtevédije is a very important
component of that process. The composite lay-uptake the form of any die it is
vacuum bagged against so that if the die is weltdenavith proper dimensions and
texture, the surface of the composite will needdditional processing to be put into use.
Dies can me made from aluminum, steel, glass oerathmaterials. It is important to
choose a die that will not cause residual stredgsesto thermal expansion. Surface
roughness is also a concern when choosing a dfethel product is a transparent
composite panel, then an absolutely smooth surfaceecessary. If the product is a

carbon fiber skin panel, a rough surface suitatmgdinting is preferable.

In the lay-up and bagging operation, if a thick glae being made, it is necessary
to debulk the laminate every five layers so thatdsalo not occur in the finished panel.
Debulking is the act of vacuum bagging the sampbktarning on the vacuum for short
periods to compress the sample. This will allownpaction of the layers so that resin
pressure gradients through the thickness of thenktenare reduced. If the resin pressure

is lower than the void pressure, a void will oc[@]r

During the cure cycle, as the temperature and presscreases, the resin will
become less viscous and flow. As the resin flawsill “wet” all the surrounding fibers
and then congeal. If done properly the bleedempllybleed off enough of the resin to
allow for an appropriate fiber volume fraction gt leave the fibers too “dry”. When

the panel has cured the temperature and presslitgevdowered at constant rates until it
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can be allowed back into ambient conditions. Trzcess is intended to give a strong,

dense, void-free composite part that can be usethéantended application.

Fibers come in many different weaves. They camridirectional or woven in
such a way as to give an appropriate amount ofléesgength in a specific direction.
Strength can be added in any planer direction hgtirgy the fibers to the required
direction. Pre-impregnated weaves have the rggheal during manufacturing and must
be refrigerated or the resin will cure improperliyhe room temperature shelf life of a
pre-impregnated weave varies depending on the,rbsinis usually only a few days.

The procedure for a typical bagging lay-up is shawhigure 2.2.

Eesin dam

Wacuum b

ﬁBreamer p?iges
+— Breather plies
. 4—— P Orous release film
Elélbeder 1::5_

by eds5e TIC
4 Pe plies

Composite lay-up

-Peel plies
_&M:’; Release fabric

.......... e B Pelease coat film

.................... \ = -- \ \\\\\\\\\ Mold Plate

Figure 2.2: Typical Bagging and Lay-Up Schematic
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Vacuum bagging was done to apply pressure to thegoa to hold its shape
during the cure cycle. Vacuum bagging was accahptli by placing a plastic sheet over
the lay-up and sealing it with tacky tape. A vaoupump was turned on so that the air
inside the lay-up was evacuated. Figure 2.3 shine@sautoclave at the University of

Missouri-Rolla (UMR).

Figure 2.3: Autoclave at UMR



3. TRANSPARENT COMPOSITES

Transparent composites have potential use as faivaralows. Glass ribbons are
incorporated into the polymer matrix to give a casife material. The composite
produced is much lighter than regular window mateaind has four to five times the
strength of the plastic material. Transparent cositps can be obtained if the refractive
index of both the ribbon and the matrix match. Téfeactive index of the matrix can be
modified to match that of the glass ribbon by chagghe composition and/or degree of
polymerization of the polymer matrix. Various pessing factors such as the amount of
initiator, cross-linker, curing temperature anddimust be carefully controlled to obtain

a given refractive index.

Another method is to use a polymer matrix withgigen refractive index and to
modify the refractive index of the glass ribborise refractive index of the glass ribbons
depends on its chemical composition and thermabiyis Annealing can also increase
the refractive index of chilled glass and could fp&entially useful in fabricating

transparent composites [10-13].

The scattering of light by particles can been dbedr by two different
approaches: 1) the geometric optics approach ankde2wave theory approach. Each
has its own range of applicability depending upactdrs such as particle size, shape,

refractive index, number and position of scattereFBgure 3.1 shows monochromatic
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light rays that have been refracted because thexvatd ribbon of a composite have

different refractive indexes which is dictated bye#'s law:

n;*sin(8;) = np*sin(B,) (1)

where 1 is the refractive index of material 8; is the angle from perpendicular to
material 1 to the incident ray; s the refractive index of material 2 afiglis the angle
from perpendicular to material 2 to the refractayl rA diagram of Snell’'s Law is shown

in Figure 3.2.

Material 1, nl
Incident Fay
1

Eefracted Eay
Material 2, nZ

&2

Figure 3.2: Diagram of Snell’'s Law
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Figure 3.1: Refraction of Monochromatic Light witha Single Ribbon Composite

Figure 3.3 shows the transmittance of monochromagit as it passes through

the matrix and the ribbon without any refraction.

[ Y

Rgkee = Moaguirix

Matrix

[

Figure 3.3: Transmission of Monochromatic Lightotigh a Single Ribbon Composite
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Future development of transparent composites ndluide curved shapes such as
canopies for fighter planes or helmets for astrtsand; eventually, shapes as complex

as lighting fixtures can be achieved.
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4. MANUFACTURING

41 SYSTEMSOF RESIN AND OTHER MATERIALS

The pre-impregnated glass ribbon reinforced tramspacomposites were
obtained from MO-SCI Corporation. The glass rikdbarere Corning 0211 glass which
have and ultimate tensile strength of 900MPa (130ksd a refractive index of 1.523.
The vacuum bag was Stretchlon 800 by AIRTECH. Maisuum bag will withstand a
temperature up to 200°C (400°F) and will elongagtetas 400%. It is not affected by
humidity and always stays soft with no crackingheTpre-impregnated composite used
was an epoxy resin coated glass ribbon with a tbiakness of 2gm (0.001in). The
breather cloth was Econoweave 44 by AIRTECH. Tikisa recycled non-woven
polyester breather designed for ambient or oveascuilhe maximum usage temperature
is 190°C (375°F) and the approximate weight is 188d4oz/yd). The mold release
agents used were Chemlease® 15 sealer, Chemleakg® semi-permanent release
agent and Chemlease® mold cleaner from Chem Trdihe. sealant tape was AT-200Y
from AIRTECH, which is designed to hold both theceram bagging material and the
base material. A glass mold was used to lay-upptres. Some samples used off-the-
shelf Mylar between the mold and the lay-up to emswrface integrity. The autoclave

was pressurized using nitrogen gas.

4.2 RIBBON PRODUCTION
Bulk glass was melted in an electrically heatediplen bushing. The glass was

heated for three hours at 1300°C (2375°F) to renmwgbles from the melt and then
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cooled to 1200°C (2200°F). Ribbons were startetiolighing a glass rod to the molten
glass flowing from nozzles in the bottom of theliing. The sizes of these glass ribbons
ranged from 1@Am to 25um. A stream of forced air was used to cool thezteszduring
the fining process to prevent the glass from flgyvprematurely. The ribbons were
quickly cooled after being pulled from the melt.helribbons were pulled across a
coating wheel, through a hot furnace and then lagth¢o a spinning take-up wheel. The
coating wheel consisted of a rotating grooved begBader suspended in a water-cooling
bath of silane solution. The wheel was designeth \grooves, one for each ribbon,
narrow enough so that they are filled with coatsodution by the rotation of the wheel,
which ensures complete coating of the ribbon serthaing pulling. The coating bath is
cooled with chilled water to prevent changes irarsl concentration due to solvent
evaporation by neighboring hot ribbons. Figureshaws the apparatus used for making
the glass ribbons. The coated and dried ribboaglkaced in an airtight and heat-sealed

polyester bag to protect them from moisture.

FIDDE PULILIER -

Figure 4.1: Ribbon Pulling Machine
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4.3 MOLD PREPARATION

A glass mold surface was used to lay-up the preegmated composites.
Chemlease® mold cleaner was applied to the molthsairwith clean 100% cotton
cloths. While the mold cleaner was still wet, theld was vigorously wiped dry with a
second clean cotton cloth. The mold was wiped reg\tenes until all residues such as
dirt, dust and moisture were removed. The mold tivas ready for application of sealer
and release agent. Chemlease® 15 sealer was dppltee mold surface with a clean
cotton cloth. The surface of the mold was wipethwi second clean cotton cloth using a
circular motion from the outside working inwardshe procedure was repeated until the
entire mold surface had been covered. Then the sedler was allowed to cure for 30
minutes before applying the mold release. Cheral@a®?l61 semi-permanent release
agent was applied to the mold surface with no nifweia a few square feet at a time. This
procedure was repeated for four to five coatsyailg 10 minute drying periods between

each complete coat.

The pre-impregnated transparent composites werentutplies and stacked in
several layers on the glass mold. Some of the lesmgpeated had Mylar between the
pre-impregnated composite and the mold. The sawplé Mylar used aluminum plates
for molds and the Mylar was to protect the surfategrity of the sample. The pre-
impregnated composites were then covered with anoglass mold on the top. A
peeling cloth was placed over the glass mold foldvy a breather cloth. One vacuum
line was attached at the top of the mold. The wloinfiguration was then covered using

a vacuum plastic bag. Prior to placing the configjon inside the autoclave, a vacuum
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was applied to the mold for a few minutes to deltbhélay-up. The whole configuration

was then carefully placed inside the autoclavectomg.

44 CURE CYCLE

A cure cycle for composite parts is a series ofguee and temperature variations
that allow the resin and fibers to cure into adigtructure. Figure 4.2 shows the cure
cycle for a typical autoclave manufactured transpaicomposite. There are temperature
and pressure increases, decreases and hold segmt#mscure cycle. The figure shows
that the autoclave is pressurized to 690kPa (1p@psi heated at 11°C (20°F) per minute
to 60°C (140°F). Then the temperature and pregsureld constant for two hours. The
autoclave is heated again at 11°C (20°F) per mitmti21°C (250°F). The temperature
and pressure is again held constant for two hausled at 5.5°C (10°F) per minute to
32°C (90°F) and pressure dumped. Each resin sylssésnits own cure cycle. If a cure
cycle is used that is not specific to the resirtesys the composite will not be properly

cured. This will then cause an undesired opacityave some other weakness.

—

o
<
o
=

— Pressure

= Tenperatine l—\
100

[}
3
(=}

Pressure (psi)

= (=]

2 =
Temperatme (F

<
2

n
(=]

0 50 100 150 200 250 300 350

Thane (Ininutes)

Figure 4.2: Cure Cycle for Transparent Composites
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Several glass ribbon-reinforced transparent cong®svere manufactured using
the autoclave molding process. The transparentiyeofamples is assessed subjectively
by placing the panel over text with the intentead the words without squinting. Figure
4.3 shows one of the UMR technicians holding upaaufactured transparent panel. The
results of this work helped to eliminate much o guesswork involved with making

transparent composite panels using the autoclaveimggorocess.

L

Figure 4.3: Glass Ribbon Reinforced TransparenePdanufactured at UMR
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5. TESTING AND RESULTS

5.1 FIBER VOLUME FRACTION (ASTM C 3171)

The samples were cut into rectangles using a stdrglend saw found in the
Mechanical Engineering Machine Shop. Small redengllow for easy measurement
using vernier calipers. The sample edges werekelde@and found to be free of
delamination and stray ribbons. The samples wesglved on a scale to the nearest
0.0001g. The filter-lined crucible that was usedthe vacuum filtration was also
weighed to the nearest 0.0001g. The filter weiglas needed to subtract from the

combined filter and ribbon weight.

A 250mL Erlenmeyer flask was used in a hot wateh laad held using a clamp
and ring stand. The bath was ensured not to ex86&@ (175°F). The sample was
placed inside the flask and 30mL of 70% nitric asiele added. A condenser column
was attached to the flask as shown in Figure e column allowed any material that

splashed up during the reaction to be washed lreickhe flask.

Figure 5.1: Water Bath, Clamped Flask and Condebskimn
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The maximum time for the complete digestion of toenposite was six hours.
Once the digestion was complete, the condensemcolwas removed. The sample
mixture was then filtered using a sintered crucilnheler a vacuum, as shown in Figure
5.2. All the contents of the flask were removemhirthe flask; a wash bottle was used as

necessary.

Figure 5.2: Vacuum Filtration of the Sample

According to the American Society for Testing andtdfials (ASTM) standard C
3171 the weight percent of reinforcement in thecspen, W, is calculated using the

equation:

W, = (M¢/M;)*100 ()
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where M is the final mass of the specimen after digesitiograms and Mis the initial

mass of the specimen in grams.

Also, the ASTM standard specifies the volume peradrreinforcement in the

specimen, VY, is calculated using the equation:

V; = (M/M;)*100*pd/pr (3)

where M is the final mass of the specimen after digestiograms, Mis the initial mass

of the specimen in gramg; is the density of the specimen in g/mL gnds the density

of the reinforcement in g/mL. The results of theef volume fraction testing are given in

Table 5.1.

Table 5.1: Volume Percent of Reinforcement in$ipecimen

Sample Volume (mm) pc (g/ml) V; (%)
24 Layers 415.126 0.001444 23.22
24 Layers 405.285 0.001454 23.91
30 Layers 580.893 0.001448 20.49
30 Layers 595.505 0.001422 20.60
52 TENSILE

Tension tests were performed on the neat resirribbdn reinforced transparent

composite samples. Tests were conducted in acooedaith ASTM standards. Four
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specimens were tested and the average valuespded Dog bone (ASTM D 638)
molded samples were used for the neat resin samypiliés straight edge (ASTM D 3039)
specimens were used for the transparent compgséeirsens. Figure 5.3 shows the

tensile test setup used.

Figure 5.3: Tensile Testing Setup

Figure 5.4 shows the stress versus strain curvéhéoneat epoxy resin samples.
The curve is smooth up to its maximum stress; thigactures which is an indication that

there is no useful data beyond this maximum.
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50

0 01 02 03 04 05 06 07
Strain

Figure 5.4: Tensile Test for the Neat Epoxy R&amples

Figure 5.5 shows the stress versus strain curvesedat epoxy resin and two 20
layer cross-ply composite samples. The figure alsmws that the modulus of elasticity

was much higher for the composite compared to da resin.

B0F

!? ——Neat resin
——Composite: Longitudinal
50+ —e—Composite; Transverse

Stress (MPa)

Strain

Figure 5.5: Tensile Test for Neat Epoxy Resin @odhposite Samples
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Figure 5.6 shows the stress versus strain curvesnéat epoxy resin and
composite samples and that if a composite has ragees it will take more stress for the
same amount of strain. The figure also indicated the composite is a significant

improvement over the neat resin.

TOF ——20 Layer Unidirectional []
—20 Layer Crossply
sol ----Neat Resin i

Tensile Stress (MPa)
&

. _
20} )
10 o - _
0 T
T TR TR TR LT T TR T TR T AT BT R

Tensile Strain

Figure 5.6: Tensile Test for Neat Epoxy Resin @odhposite Samples

Figure 5.7 shows the stress versus strain curvesnéat epoxy resin and
composite samples and that if a composite has ragees it will take more stress for the
same amount of strain. It also shows that the ositg is a significant improvement

over the neat resin.
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Figure 5.7: Tensile Test for Neat Epoxy Resin @odhposite Samples

The tensile modulus and strength of the neat rasirwell as the transparent

ribbon reinforced composite samples are listed abld 5.2.

It is clear that the

transparent composites have a significant increesedulus when compared to the neat

resin sample. Also, an increase in the tensilength is observed for the transparent

composites.

Table 5.2: Tensile Properties for Glass RibbomReced Optically Transparent

Composites
Samole Tensile Modulus| Tensile Strength
P (MPa) (MPa)
Neat Epoxy Polymer 200.51+45 52+2.8
[0/90]z0 — Longitudinal 9,615.7 + 125.4 58.6 +3.5
[Unidirectionalko— Longitudinal 19,470 316.8
[0/90]30— Longitudinal 10,700 183.4
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5.3 FLEXURAL (ASTM D 790)

The flexural tests were carried out per ASTM D %80 an Instron Universal
testing machine. Flexural modulus and flexuragérggth were evaluated. All the tests
were performed at a crosshead speed of 0.5mm perteni At least five specimens were
tested for each different resin system and the amesrvalues were reported with
corresponding error bars &1 standard deviation from the mean. A picturehaf test

setup is shown in Figure 5.8.

Figure 5.8: Flexural Test Setup

Figure 5.9 shows the load versus deflection fromftexural tests on the epoxy
resin samples and that if a composite has moradayevill deflect less before fracture

during a flexural test.
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Figure 5.9: Flexural Test of Epoxy Resin CompoSiéples

Figure 5.10 shows the stress versus strain curees the flexural tests and that if

a composite has more layers it will take more stee=d strain.
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00 02 04 06 08 10 L2 14 18 18 20 22 24 26 238
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Figure 5.10: Flexural Test Data of Epoxy CompoSienples
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Figure 5.11 shows the stress versus strain curees the flexural tests and that if
a composite has more layers it will take more sttesnduce the same amount of strain

and that the composites are a significant improveroeer the neat resin.

15[] L L 1 T T T
/Composite: Longitudinal
Composite: Transverse Neat Resin

oo |1

= 100+ 1
wn

w

o

7

®

=0

3 50+ .
1.

D 1

0 002 004 006 008 01 012 014
Flexural Strain

Figure 5.11: Flexural Test of Neat Epoxy Resin @athposite Samples

Figure 5.12 shows the stress versus strain curees the flexural tests on the
epoxy resin samples, that if a composite has mayers$ it will deflect less before
fracture during a flexural test and that the conitpas a significant improvement over

the neat resin.
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Figure 5.12: Flexural Test of Neat Epoxy Resin @athposite Samples

Figure 5.13 shows the stress versus strain curees the flexural tests on the
epoxy resin samples and that if a composite ha® riayers it will deflect less before
fracture during a flexural test and that the conitpas a significant improvement over

the neat resin.
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Figure 5.13: Flexural Test of Neat Epoxy Resin @athposite Samples
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Table 5.3 shows some of the properties of ribbomfosced transparent

composites obtained from the flexural testing.

Table 5.3: Flexural Properties for Glass Ribbomfeced Optically Transparent

Composites
Sample Flexural Strength | Flexural Modulus
P (MPa) (GPa)
Neat Epoxy Polymer 104.1+ 2.8 2.06 £0.45
[0/90]z0 — Longitudinal 1489+ 3.4 9.1+ 0.65
[Unidirectionall — Longitudinal 383.41 + 28.27 15.48 £1.02
[0/90]30 — Longitudinal 261.1 +5.79 10.12 +0.21

54 IMPACT

A Dynatup Instron Model 9250 Impact Testing Machst®wn in Figure 5.14
with impulse control and data system was used ity caut the low velocity impact tests.
The maximum physical drop height of the maching. 26m (49.2in) and can simulate a
maximum drop height of 20.4m (803.1in). The imp@st instrument has a motor and
twin screw drive for rapid crosshead retrieval aftepact. The impulse control and data
system includes an impulse software controller pémetest configuration and high-
speed impulse signal conditioning unit. The imputkata software can calculate total
energy, contact force, impactor displacement anghotor velocity as a function of time.
A typical impact test lasted for around seven sgitionds. The measurement of contact

force, transient deflection and impact energy caruged to assess the extent of damage
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in composite structures. The fixture in the impasting machine has the capability to
test 7in x 10in specimens supported over a 5imxopening. As the samples were 2in X
2in, a fixture with an opening of 1.75in x 1.75irasvused for the impact tests. The
fixture opening was kept at 1.75in to ensure thattest specimens were clamped along
all four edges. The impactor had a mass of 6.§8k32Ibs) and a diameter of 0.0127m

(0.5in). An energy level of 5J was analyzed.

Three specimens were tested for the resin fornmnadi that energy level. The
specimen was first clamped in the fixture. The aetpr mass was then raised to the
desired drop height corresponding to the energymgfact. The impactor was then
dropped onto the clamped specimen. The impuls&aotata acquisition system was

triggered to start acquiring data when the impactade contact with the specimen.

Figure 5.14: Impact Testing Machine at UMR
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Figure 5.15 shows the contact force versus timm fitee impact tests at 5J on the
epoxy resin composite samples. The figure shows tle more layers a transparent

composite has the better it can resist a transv¥erse during an impact test.

E T T T T T T T | T
—— Transparent composite (M= 24)
18FL --- Transparent compaosite (N= 30} |H
16} .

Contact Force (kM)

Time {ms)

Figure 5.15: Impact Test at 5J for Epoxy Resint€d&lass

Figure 5.16 shows the energy absorbed versus tione the impact tests at 5J on
the epoxy resin composite samples. The figure shthat the 30 layer composite
absorbed only four joules of energy during the iotpast and that the 24 layer composite

absorbed all five joules.
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Figure 5.16: Impact Test at 5J for Epoxy Resint€d&lass

Figure 5.17 shows the velocity of the impactor usrsme from the impact tests
at 5J on the epoxy resin samples. The figure shbatsthe more layers a composite has

the lower its velocity will be during an impact tes
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w 05
E
.-55
L=
2 or
051
1 1 1 1 1 1 1 1 1 1
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Figure 5.17: Impact Test at 5J for Epoxy Resint€d&lass



31

Figure 5.18 shows the displacement of the impastosus time from the impact
tests at 5J on the epoxy resin samples. The figls@ shows that if a composite has

more layers it will be displaced less during anactgest.

1[] T T T T T T T T T
— Transparent composite (M= 24)
9 -== Transparent composite (N= 30}

Displacement {mm)

U | | | 1 | | | | |
0 2 4 B B 10 12 14 16 18 20
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Figure 5.18: Impact Test at 5J for Epoxy Resint€d&lass

Figure 5.19 shows the damage caused by impachdgesti the samples. The
damage inflicted on the 24 layer sample is muclatgrehan the damage done to the 30
layer sample. The ribbons are easily seen aftertdkting is complete. The exposed
ribbons makes the damaged areas easily detectabitednspection so that repairs can

be arranged.



Figure 5.19: Front View of the Damage Caused hydoh Testing
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6. CHALLENGESAND RECOMMENDATIONS

With any new project there are always some unfemsabstacles that occur.
Since the autoclave was refurbished several détaile needed resolution. Some of the
samples used aluminum plates for support. Mylaeped the plates to give the samples
a smooth surface. Other samples had breather &etite glass molding and a flat
aluminum plate. Still, others had glass molding dopport and an aluminum flat plate
underneath. The samples with glass molding haslsgidates on top to distribute the
pressure evenly. The Mylar samples had aluminuvereal Mylar on top to distribute
the pressure evenly. Several of the glass moldirgsked or shattered during the curing
cycle of the resin. The next run of the autoclaad the ramp up and ramp down parts of
the cure cycle slowed down to 2.2°C (4°F) per menuthe aluminum plates with Mylar
did not give the clarity that was desired in thengke. Because of this, all glass moldings
are now being used. Pyrex glass also proved toubgerable to rapid temperature
changes and have shattered or broken. It is irapbtd use only one caul plate, flat and
weighted plate, per sample; one caul plate for reév@amples will not distribute the
weight properly and will cause the moldings to Bre&lass plates of the same size are
also necessary because the gaps between the atubpt the lower molding are too big.
Support of the bag can be obtained by placing sbreather material between the bag
and the plates but it is always a risk that the Wwalgstretch beyond capacity and burst.
Problems can also arise when liquid nitrogen rurts @& even one bag bursts or tears, a
226.8kg (500Ibs) bottle of liquid nitrogen can Ipeist before the cycle is complete. This

is due to the fact that there is not enough nitnotgekeep up with the vacuum suction.
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An air compressor has been used to substituteittogy@en pressure. The air compressor
was able to maintain the pressure in the autoci@esjuately, but is not an appropriate

substitute for pressurizing the autoclave.
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7. CONCLUSIONS

Glass ribbon reinforce transparent composites #rat light in weight, load
bearing and have a high impact resistance have ie@nifactured using the autoclave
process. The ribbon reinforcement helped makessible to get the clarity required.
The testing showed that the composite is a greatavement over the neat resin and that
for greater strength and stiffness a greater nurabkyers in the axial direction will be
required. The testing also shows that the tramespacomposites have a high impact
resistance. Aircraft that have transparent compasindows will be lighter and more
fuel efficient than commercial aircraft currently use. A police officer or soldier
utilizing transparent composite shielding will haselonger endurance than a person

using current methods for protection.

The objective of this research was to manufactuteamsparent panel that has
high impact resistance, is light in weight and ighhin strength which also has enough
transparency to clearly see objects and text ompip@sing side. Curved shapes present
another call for research, the convex or concagpelof the composite will cause light to
converge or diverge as it is transmitted. The eogence or divergence will cause light
to shift in a manner that will distort objects ¢ topposing side. Future development of
transparent composites will include curved shapes s canopies for fighter planes or
helmets for astronauts and; eventually, shapesoagplex as lighting fixtures can be

achieved.
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