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ABSTRACT
Selecting materials for harsh or extreme environmental conditions can be a challenge. The
combination of a harsh environment, large forces over extended periods and the need for
lowest possible cost restricts the choice of materials. One potential material is glass fiber
reinforced polymers that are widely used in structural systems as load bearing elements,
they are relatively low cost and can be tailored to achieve a range of mechanical properties.
This investigation presents the preparation of transparent glass fiber reinforced unsaturated
polyester composite and the evaluation of its optical and mechanical properties under
extreme conditions of temperature. The polyester resin was reinforced with E-glass fibers
to manufacture a composite using the hand layup method. Transparency was achieved by
modifying the refractive index of the polyester resin to match that of the glass fibers. This
investigation also presents the evaluation of glass fiber reinforced unsaturated polyester
under quasi-static tension loading and puncture testing using a drop weight at extreme
conditions. The results showed that the reinforced composite had a higher fracture stress
and chord modulus at all temperatures ranging from +60 °C to -80 °C as compared to the
unreinforced polyester matrix. The unreinforced polyester has a higher stiffness at lower
temperatures due to reduced polymer chain mobility and higher clamping pressure of the
matrix on the glass fiber reinforcement. The damage created by the impact reduces with

decreasing temperatures, while the energy absorb remains constant with temperature.

Xiv



CHAPTER ONE: INTRODUCTION

1.1 Problem Statement

Fiber reinforced polymer (FRP) composites have many merits, such as high
stiffness/weight and strength/weight ratios, advanced fatigue and corrosion resistances,
etc., providing significant functional and economic benefits, ranging from strength
enhancement and weight reduction to durability features[1]. Many studies worldwide have
shown that FRP composite provide an excellent lightweight and strong substitute for steel
and glass. A variety of structural products and shapes are currently being produced by
utilizing the beneficial structural properties of these composite materials. Structural
elements reinforced with FRP, however, might be subjected to static or dynamic loadings,
such as wind loads, earthquake loads, explosions, etc. and varying temperature conditions
during their service life. Also, debris produced in explosion, especially the sharp glass
fragments produced in blast, can lead to large casualties. So the need of mitigating the
hazard caused by glass fragments is essential [2]. Under such conditions, the mechanical
properties of FRP involving Elastic’s Modulus, tensile strength, toughness, puncture and
fatigue resistances etc. may undergo great changes [3-7]. Therefore, the investigation of
the mechanical properties of FRP composites under static and dynamic loadings and
different temperatures is essential to design structures with these kinds of materials.
However, the mechanical properties of these FRP composites vary from one product to
another as a result of varied manufacturing processes. Therefore, detailed material
characteristics need to be established for specific loading and atmospheric conditions.

Research projects have often focused on the polymer composite's high glass transition



temperature (Tg), and the effects of moisture, while variable environment temperature FRP
performance data for cold and hot environments is limited and often unavailable.

Preliminary reports bring to our attention the potential benefits of the use of FRP products
at low temperatures. Tests outlined by Karbhari et al. [8] show how off-axis and transverse
strength can increase at low temperatures due to matrix hardening. Other low temperature
tests mentioned by Karbhari revealed increased strength properties of wound fiberglass
composites, and an improvement in the static load response of unfilled polymeric materials.
On the other hand, complexities may arise due to water absorption and freeze-thaw cycling.
At low temperatures, large residual stresses in composite components may develop because
of the thermal expansion mismatch between the fibers and the resin, which produce
microcracks in the composites. Also the strength has to be maintained at cryogenic
temperatures. Thus interest in studying the rate of generation of these microcracks at
cryogenic temperatures and its effect on strength of composites. The microcracks in
composites may cause leakage of fluids if the FRP is part of a storage vessel. And if a
transparent FRP is being used the transparency could be last in addition. Permeability is a
measure of how easily a given material can be penetrated by a fluid or gas. Hence the study
of permeability of composites to space fuels/gases in the cryogenic temperatures is of much
importance. Dutta [9] realized the importance of considering composite constituents and
the negative effects of matrix cracking due to extreme low temperatures. Discrepancies in
coefficients of thermal expansion of the constituent elements cause high residual stresses
to occur in composites at low temperatures. Comparative low temperature experiments are
a limited few and information regarding design of composites in cold temperatures or

climates is developing at a slow rate. The benefits of FRP reinforcement use in cold



weather environments may best be seen in rehabilitation of our glass windows structures,
bridge decks, and roadway systems. Construction benefits include lower residential,
transportation, labor, and maintenance costs. The deteriorating effects of reinforced
structures in other corrosive environments such as marine sites, waste water plants, and
near cooling towers, provide additional opportunities to consider FRP reinforcement. The
performance of FRP composite when exposed to elevated temperatures and harsh
environment. Hawileh et al. [10] experimentally investigated the variation of mechanical
properties in terms of the elastic modulus and tensile strength of composite glass (C),
composite glass (G) sheets and their hybrid combinations (CG) when exposed to different
temperatures, ranging from 25 to 300°C. Results showed that the elastic modulus of the C,
G and CG at 250°C was reduced by nearly 28%, 26% and 9%, respectively, and their tensile
strength at the same temperature was reduced by about 42%, 31% and 35%, respectively,
all as compared to room temperature values. Robert et al. [11] evaluated the variation of
mechanical properties of sand-coated FRP reinforcing bars subjected to extreme
temperatures (ranging from 0 to 315°C) and discovered that low temperature has a positive
influence on the strength of composites, while at very high temperatures, near the glass-
transition temperatures of the polymer matrix, the mechanical properties, especially the
stiffness and the strength of the composites are decreased significantly. Reis et al. [7]
conducted tensile tests on FRP at different strain rates and temperatures and found that
strain rate greatly affects the ultimate tensile strength while the Elastic’s modulus is almost
insensitive to it, however the temperature only influences the modulus. It is therefore
essential to develop a firm understanding of the durability of fiber-reinforced polymers

exposed to severe and frequently changing environments.



A good way to mitigate the damage caused by glass fragments at extreme conditions is
from windows to use damage resistant window glass, which is conventionally composed
of one polymer interlayer, one glass outerlayer and glass innerlayer. The polymer interlayer
of damage resistant glass can retain fragmented glass pieces and continue offering resistant
to the harsh environment. Currently available damage resistant glass is usually made of
one Polyvinyl Butyral (PVB) interlayer and two glass plies for low temperatures [12-15].
PVB interlayer is the industry standard interlayer because of its excellent adhesion and
optical qualities. But this kind of damage resistant glass is very thick and expensive for
very low temperatures [16], so it’s very difficult and costly to use them as windows in the
buildings which are located in extremely hot or cold areas. Therefore, a new damage
resistant glass, which is thinner and cheaper than traditional ones, should be developed. A
cost-effective technique for this purpose is to develop a kind of glass panel that replaces
the PVB interlayer with a transparent glass fibers reinforced polymer composite. Glass
fibers reinforced interlayer that is transparent is able to provide more strength to the glass
panel, which means the damage resistant glass with glass fibers reinforced composite
interlayer can be thinner than the damage resistant glass panel with PVB interlayer.
Because the composite glass panel is thinner, it uses less material and will therefore, be

cheaper while possessing higher damage resistance than what is currently in use.

The goals of the research are:
1. Fabricate glass fibers reinforced polymer composite interlayer. Study the transparency
characteristics of the composite and propose new method(s) to improve the transparency

of the composite.



2. Study the mechanical properties and fracture properties of the composite interlayer at
high (up to +80 °C) and very low temperatures (up to -80 °C).

3. Fabricate a laminated transparent composite interlayer glass panels and study the
quasi-static and dynamic response of these laminated glass panels under different loading
and environmental conditions numerically.

1.2. Effect of Temperature on physical and Mechanical Characteristics of Composites
1.2.1 Environmental degradation

Composite materials consist of two or more physically distinct and mechanically separable
components called reinforcement and matrix. These two components can be mixed in a
controlled way to achieve optimum properties, which are superior to the properties of each
individual component. Composite materials have been widely used in the glass laminate
manufacture because of the following advantages: high strength and modulus to weight
ratio, high transparency, low cost and flexibility in material and structure design. Glass
laminate should have a service life of 10 years in a variety of climates, which makes
environmental resistance one of the most important factors in the glass laminate design.
Actually, it has been reported that composite materials can be degraded by environmental
attack such as moisture diffusion, thermal spikes, ultraviolet radiation, and thermal
oxidation, etc [[17],[18]]. Moisture diffusion, for example, can decrease the strength of
composites, degrade the fiber / matrix interface, swell and plasticize the resin to lower its
glass transition temperature (the temperature where the resin transforms from the glassy
solid state to a visco-elastic state) [[17-27]16-26]. The relative degree of the degradation
process is related to the chemistry of the reinforcement and matrix, as well as the exposure

time [[21, 25, 27-29]. Different kinds of composites, however, are also sensitive to different



environmental attacks. The combination of two or more individual environmental factors
can aggravate the degradation of composite performance.

Composites for glass laminate may be exposed to low temperature conditions (up to -80°C)
or high temperature conditions (up to +80°C) in their service life. Exposure to low
temperature of some tough polymers may make them more brittle and the elastic modulus
may increase [30]. In recent years, a lot of tests have been carried out to evaluate the
response of composite materials to elevated temperature [31]. It has been reported that the
temperature effect on the fiber-matrix interface is as strong as those of the fiber treatment
and resin properties [32]. Other mechanical properties such as compression strength,
ultimate tensile strength, and tensile strength (which is matrix dominated) have also been
reported to decrease at elevated temperature [23, 25, 26, 33]. Temperature effects on the
fracture properties of composites were widely investigated by Marom [34]. The study
showed that interlaminar fracture energy decreased 25-30% as the temperature increased
from —50° to 100°C. The interlaminar fracture surface characteristics of graphite/epoxy
were also investigated and pronounced differences were observed in the amounts of
fiber/matrix separation and resin-matrix fracture with increasing temperature.

The temperature effect on the mechanical properties of composites derives partly from the
internal stresses introduced by the differential thermal coefficients of composite
components. Such internal stresses change magnitude with temperature change, in some
cases producing matrix cracking at very low temperatures. In practical applications each
polymer has its own operating temperature range. Usually a polymer has a maximum use
temperature slightly below its glass transition temperature (Tg), at which the polymer

transfers from rigid state to rubbery state and suffers substantial mechanical property loss.



Elevated temperatures combined with humid environments have been found to exacerbate

the problem by further reducing Tg, among other factors.

1.2.2 Chemistry of Polymer Composite

A polymer matrix is obtained by converting liquid resins into hard and brittle solids by
chemical cross-linking. Polymers can be classified as thermoplastic (capable of being
softened and hardened repeatedly by increasing and decreasing temperatures) or thermoset
(changing into a substantially infusible and insoluble materials when cured by the
application of heat or by chemical means). In glass laminate manufacture, thermoset resins,
including polyester, and a crosslinking agent are of interest. The variety of thermoset resins
provides flexibility for designers. Actually, the properties of the polymer resin depend on
the molecule units making up the three-dimensional network and, on the length, and density
of cross links. The former is determined by the initial chemical reactions and the latter is
determined by the control of processing and curing.

1.2.2.1 Polyester Resins.

Generally polyester resins can be made by a dibasic organic acid and a dihydric alcohol.
They can be classified as saturated polyester, such as polyethylene terephthalate, and
unsaturated polyester. To form the network of the composite matrix, the unsaturated group
or double bond needs to exist in a portion of the dibasic acid. By varying the acid and
alcohol, a range of polyester resins can be made. Orthophthalic polyesters are made by
phthalic anhydride with either maleic anhydride or fumaric acid. Isophthalic polyesters,
however, are made from isophthalic acid or terephthalic acid. The polyester resin is usually

dissolved in monomer (styrene is the most widely used), which will copolymerize with it



and contribute to the final properties of the cured resin. The addition of catalyst will cause
the resin to cure. The most frequently used catalyst is methyl ethyl ketone peroxide
(MEKP) or benzoyl peroxide (BPO) and the amount varies from 1-2%. The catalyst will
decompose in the presence of the polyester resin to form free radicals, which will attack
the unsaturated groups (like C=C) to initiate the polymerization.

The processing temperature and the amount of the catalyst can control the rate of
polymerization, the higher temperature or the more the catalyst, the faster the reaction.
After the resin turned from liquid to brittle solid, post cure at higher temperature may need
to be done. The purpose of the post cure is to increase Tg of the resin by complete cross-
linking. The properties of the polyester resin are affected by the type and amount of
reactant, catalyst and monomers as well as the curing temperature. The higher the
molecular weight of polyester and the more points of unsaturation in molecules, the higher
is the strength of the cured resins. Orthophthalic polyesters are environmentally sensitive
and have limited mechanical properties. They have been replaced in some applications by
unsaturated polyesters due to the excellent environment resistance and improved
mechanical properties of the latter. The crosslinking reaction of unsaturated polyester resin

is shown in Figure 1.1.
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Figure 1.1 Networking of unsaturated polyester with styrene monomer.

1.2.2.2 Chemistry of Glass Fibers

Glass fibers fall into two categories, low-cost general-purpose fibers and premium special-
purpose fibers. Over 90% of all glass fibers are general-purpose products. These fibers are
known by the designation E-glass and are subject to ASTM specifications[35]. The
remaining glass fibers are premium special-purpose products. Many, like E-glass, have
letter designations implying special properties [36]. Some have tradenames, but not all are
subject to ASTM specifications. Specifically:

Table 1.1. Types and specifications of Fiber glass

Letter designation | Property

C, chemical High chemical durability

E, electrical This kind of glass combines the characteristics

of C-glass with very good insulation to electricity.

S, strength High strength




M, modulus High stiffness

A, alkali High alkali or soda lime glass

D, dielectric Low dielectric constant

The properties of glass fibers reinforced polymer composite depend on many factors such
as matrix and fiber strength, fiber length, fiber volume fraction, fiber bonding with the
matrix, etc. It can be seen that fiber’s properties are very important to the composite
properties. According to the component, glass fibers can be classified as E-glass, S-glass,
Carbon and Boron fibers. Carbon and Boron fibers are very expensive. Therefore, in most
situations, only E-glass and S-glass fibers are used as the reinforcement in composite
materials. Although S-glass fibers’ mechanical properties are better than those of E-glass
fibers, the price of S-glass fibers is much higher than that of E-glass fibers (Table 1.2). So
considering the cost-performance ratio, E-glass fibers are used as the reinforcement in our

research[37].

Table 1.2 Properties of glass fibers [37]

Fiber  Density Tensile Tensile  Strain Tensile Diameter Refracti Price per

Data (Ib/in®)  strength modulus (%0) ratio Range ve index  pound($)
(Kpsi)  (Mpsi) (Hm)
E-glass 0.094 500 11 4.76 11 3-20 1.55 0.75-
1.00
S-glass  0.09 700 14 5.15 1.5 8-13 1.54 6.00-
8.00

10



E-glass fibers can be obtained from E-glass which is a family of glasses with a calcium
aluminoborosilicate composition and a maximum alkali content of 2%. The composition

of E-glass is shown in Table 1.3.

Table 1.3 E-glass compositions (wt. %) [36]

Components E-glass range
Silicon dioxide 52-56
Aluminium oxide 12-16

Boric oxide 5-10

Sodium oxide and potassium oxide | 0-2

Magnesium oxide 0-5

Calcium oxide 16-25
Titanium dioxide 0-15
Iron oxide 0-0.8
Iron 0-1.0

At present, E-glass fibers have been widely used in fiber reinforced plastics not only
because they have the advantage of low price, availability, ease of processing and high
strength, but also because they have good resistance to moisture. E-glass fibers were
reported to show a weight loss of 1.7 % when exposed to boiling water for 1 hour. Moisture
does produce the well-known static fatigue effect in E-glass, with a loss in strength of about

4% for each factor of ten in time under tensile stress.
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1.2.2.3 Chemistry of Fiber / Matrix Interface

The interface plays an important role in composite materials. Composite materials with
weak interfaces have relatively low strength and stiffness but can have high resistance to
fracture. On the contrary, composite materials with strong interfaces have relatively high
strength and stiffness but may be brittle. The nature of the interface depends on the atomic
arrangement and chemical properties of the fiber and on the molecular conformation and
chemical constitution of the polymer matrix [38].

Besides chemical adhesion at the interface, adsorption and mechanical adhesion also
contribute to the interfacial bonding. Coupling agents have been proposed to promote better
wetting between polymer matrix and reinforcement surface for reduced voids at the
interface by displacing the air (especially between closely packed fibers). In composites
there are a lot of internal stresses induced in the processing operations. For example, resin
shrinkage and the differential thermal coefficient of fibers and matrix can bring tensile,
compressive or shear stresses, which will affect the fiber / matrix interfacial strength.

1.3 Environmental Effects on Components of Composites

Environmental effects on composite materials depend on the environmental effects on the
individual components - fiber, matrix, and the interface between the fiber and the matrix.
Actually, overall effects depend on the environmental effects on the dominant component
materials. For example, transverse tension is a matrix dominant property, so the
environmental degradation of this property depends on the matrix sensitivity to
environment. The evaluation of environmental effects on composites can be well

understood if the effects on individual components are studied.
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1.3.1 Environmental Effects on Glass Fibers

Today, E-glass fibers have been widely used in glass laminate manufacture because of their
cost / performance characteristics. E-glass is a kind of low-alkali content borosilicate glass,
which provides good mechanical properties as well as chemical resistance. Since the glass
fibers are dispersed uniformly into the matrix, the resin protects them from many
environments, except where small molecules such as water can diffuse through the matrix.
The degradation of glass fibers with polymer matrices is not usually as great as that of the
matrix and interface between them. Shen and Springer [39] reported that for O degree
laminates (glass fiber dominant), changes in temperature from 200 K to 380 K have
negligible effects on the ultimate tensile strength, regardless of the moisture content. There
may be a slight decrease in strength (<20%) as the temperature increases from 380 K to
450 K. When the moisture content is below 1%, the effects of moisture seem to be
negligible. Above 1%, the tensile strength decreases with increasing moisture content. The
maximum decrease reported was about 20%.

1.3.2 Environmental Effects on Polymer Matrices

The purpose of matrix is to bind the glass fibers together, keep them the right orientation,
provide for load transfer, provide the interlaminar shear strength and protect the glass fibers
from environmental attack. Generally, it is the matrix that determines the acceptable
working environments and controls the environment resistance. Typical polymer literature
lists environmental agents which attack particular matrix materials. The environment has
strong effects on the properties of the polymers. These effects can be classified as reversible
effects and irreversible effects. For example, when water diffuses into the matrix it can

plasticize and swell the polymer network, decrease the surface free energy and increase the
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free volume of the polymer [32], thus inducing a reduction in the glass transition
temperature (Tg). The change in Tg as a function of moisture is shown in Figure 1.2. This

process is a reversible process, so the property will recover after drying the material.
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Figure 1.2 Effect of moisture on glass transition temperature

Long term exposure to moisture can also result in irreversible damage (hydrolysis and
microcracking). Hydrolysis may be a primary reason for the weight loss of polymers after
long term immersion[19]. Microcracking in the matrix, on the other hand, may contribute
to further mechanical property degradation and more water absorption beyond the usual
equilibrium level of the undamaged matrix. When composites are exposed to moisture,
water molecules will diffuse into the matrix, passing through the open structure of the

polymer even in the absence of porosity. The uptake of the moisture is a function of the
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chemistry of the matrix. Different kinds of resins have different diffusivity and maximum
moisture content.

The mechanical properties of composites, especially those matrix dominated properties
such as transverse tension strength and [+45] tension strength, have been widely reported
to decrease in wet conditions[25, 27]. However, Hale and Gibson [28] reported no property
change due to oil exposure. Oil was not absorbed into the particular polymers like moisture
was, so the degradation of properties generally occurs when the agent is taken up by the
matriX. This tendency depends both on the size of the molecules of the environmental agent
and the interactions with matrix chemistry. Besides accelerating the water absorption
process, temperature also has strong effects on resins. Shen and Springer [40] concluded
that for 90 degree laminates (resin dominated), an increase in temperature can cause a
decrease in elastic moduli and strength. The reduction may be as high as 60 to 90 percent.
Parvatareddy et al [41] aged a Ti-6Al-4V/FM5 adhesive bonded system at three different
temperatures, 150, 177 and 204 °C. Results showed that the greatest loss occurs at the
highest aging temperature, 204°C. The strain energy release rate dropped by 10-20% after
aging for six months. Bowles [42] and the coworkers studied the physical and chemical
aging effects in PMR-15 neat polyimide resin. The polymer showed weight loss and length
decreased as a function of aging time at 316°C in nitrogen and air environment. The glass
transition temperature (Tg) varied as a function of aging time as well. Thus, temperature
alone can cause significant permanent degradation in some polymers, depending on

polymer chemistry.
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1.3.3 Environmental Effects on the Fiber / Matrix Interface

Composite materials consist of reinforcement and matrix, which have different elastic and
physical properties. It is the interface that provides the adhesion between them in order to
give the macroscopic mechanical properties of composite. The chemistry, morphology and
properties of the fiber-matrix interface play a major role in the properties of composites.
To produce high quality composite materials, the bond between the matrix to the fibers
must be strong. To retain the properties of composites under environment attack, the fiber-
matrix interface must have excellent environmental resistance. To understand
environmental effects on the fiber/matrix interface, the composition and structure of
fiber/matrix interface must be known. As noted earlier, coupling agents are applied on the
surface of glass fibers to improve the interfacial bonding to transfer the load through the
matrix to the fibers, and to resist heat/cold attack.

Generally speaking, the strength of the fiber/matrix interface decreases as the time of
exposure to water increases. Schultheisz and his coworkers [21] showed the degradation
of the interfacial strength after immersion in water at 25°C and 75°C by using single fiber
fragmentation test. Grant and Bradley [29] studied the degradation of graphite / epoxy
composites due to sea water immersion. Through observation by scanning electron
microscopy (SEM), they found that the measured 17% decrease in transverse tension
strength was associated with the degradation of the interface, which changed the
mechanism of fracture from matrix cracking to interfacial failure. According to Choqueuse
et al. [43], degradation in the interfacial strength may be related to the reduction of radial
residual compressive stress. The coefficient of thermal expansion of polymer matrices is

much greater than that for glass fibers. This results in a residual compressive stress across
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interface after the composite cools down from curing temperature. The residual
compressive stress provides mechanical frictional bonding. However, elevated temperature
and the swelling stress brought on by the water absorption in the matrix both can decrease
this kind of compressive residual stress, and thus degrade the interfacial strength. Besides
the type of coupling agent, the degree of network formation within the coupling agent and
the degree of interdiffusion of coupling agent with resin influence the mechanical
properties and durability of the interface [44, 45]. All these factors provide for an on-going
research field on the area of environmental resistance of the interface region, which is not
completely understood at this time.

Zhang and Wang [44] proposed a mechanical model of the construction for the pull-out
test of an fiber/polymer composite under temperature change, AT, as shown in Figure 1.3.
They presented an analytical method to investigate thermal effects on interfacial stress
transfer characteristics of single/multi-walled carbon nanotubes/polymer composites
system under thermal loading by means of thermoelastic theory and conventional fiber
pullout models. In example calculations, the mechanical properties and the thermal
expansion coefficients of carbon nanotubes and polymer matrix are, respectively, treated
as the functions of temperature change. Numerical examples showed that the interfacial
shear stress transfer behavior can be described and affected by several parameters such as
the temperature field, volume fraction of CNT, and numbers of wall layer and the
outermost radius of carbon nanotubes. From the results carried out it is found that mismatch
of thermal expansion coefficients between the carbon nanotubes and polymer matrix may
be more important in governing interfacial stress transfer characteristics of CNT/polymer

composite system. [43]
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Figure 1.3 Schematic diagram of the CN'T/polymer composites under thermal

environment [43].

the effective wall thickness h of the single walled glass tube SWGF is about 3.4 A°.
According to the effective stiffness, Eh = 360 J/m? [46], the corresponding effective elastic
modulus is E = 1.1 TPa. The outermost radius of the MWGF as shown in Figure 2.3 could

be expressed as;

Rn = po +d(N-1) (1.1)

Because the role of the glass fibers in advanced composite structures is to take up all
stresses that are transferred from the matrix through the interfacial shear stress [47, 48], a
well-known classical fiber pullout model was used to study the interfacial stress transfer
problem of CNT/polymer composites system and three dimensional, axial-symmetric

cylindrical thermoelastic model was proposed to analyze the stress transfer characteristics.
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Based on thermoelastic theory, the physical relationships between the stresses and strains

in reinforcing material or in polymer matrix, under thermal environment, are expressed as

[49];

o =50 = 2o —vi(of + o] + AT 12)
f = 5= glof vl +o)] + ar, 3)
f =5 = 2 [of = (o] + )] + @07, (1.4)

where superscripts, r, h and z, are used to denote the components of stresses and strains in
the cylindrical coordinate axes and the subscript, j, may be N which represents the physical
relationship of CNT or may be m which represents the physical relationship of polymer
matrix.

In the above formula, En, an Em and am are, respectively, Elastic’s modulus and thermal
expansion coefficients of CNT and polymer matrix, under temperature change
environments, which may be a function of temperature change as follows for carbon

nanotube reinforced polymer [50, 51].

En = EJ(1-0.0005AT), Em=EZ (1 — 0.0003AT) (1.5)

an = ag (1 — 0.0005 AT), am=ag(1 — 0.0003AT) (1.6)

EN ., ay , Ey, and af, are, respectively, elastic modulus and thermal expansion coefficients

of CNT and polymer matrix, under a room temperature environment. The Elastic’s
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modulus Ey of CNT estimated by using the local density approximation model and elastic

shell theory is written as [52];

N
Ey = N—1+R ESwerR (1.7)

where R expresses the thickness to spacing ratio of the GFs (h/d) and E§, ;5 €Xpresses
Elastic’s modulus of SWGF under room temperature environment. It is noted that for N =
1, the E§ = Edycr-

From the mechanics model of the construction as shown in Figure 2.3, the equilibrium
equations between the matrix axial stress, GFs axial stress and interfacial shear stress are

expressed as;

doy(z) 2y
i R (19
doi(z) 2
dz = — ET(Z) (19)
_ _R%
wherey = Py

Solving equation (2.9) and utilizing the boundary conditions at the two ends of the
GFs/polymer composite

model, and a5 (0) = opyiour, o5 (L) = 0;

01\21 (2) = wl(apullout) sinh(4z) + a)z(apullout) cosh(1z)

A, A;
o Y +— O'T) 1.10
(Al pullout Al ( )
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Substituting equation 1.10 into equation 1.9, the GFs interfacial shear stress in the

completely bonded region is given by

T(RN,Z) = %’M [w1(0puzzout) cosh(1z) + w, (Upuuout) sinh(Az) ] (1.11)

where the parameters of A1, A2, A, w, (pullout) and w, (pullout) are the functions of the
mechanical properties and geometrical factors of the GFs and matrix under thermal

environments,

a(1-2kvy)+y(1-2kvy)

A, = s (1.12)
_ —y(1—2kvy)
Ay = L) (1.13)

1.4 Coefficient of Thermal Expansion (CTE)

An increase in temperature causes the vibrational amplitude of the atoms in the crystal
lattice of the solid to increase. Therefore, the average spacing between the atoms increases,
causing the material to expand. If the temperature change, AT, is such that the material
does not go through a phase change, then the coefficient of volumetric thermal expansion

(o) [53, 54] of a material is defined as;

1[0V
ay =3 (a_T) (1.14)
where V is the total volume of the material. If we consider one dimension only, we obtain

the coefficient of linear thermal expansion (o) as

1/al
ay =7 (5) (1.15)
where | is the total length of the body. If the length increases approximately linearly with

the temperature in the temperature range observed and
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Al=1,-1 (1.16)
is small when compared with the initial length lo, then coefficient of linear thermal
expansion can be written as
@=7. (5) (1-17)
For most materials o is positive and Al / lo becomes negative on cooling. Thermal
expansion of polymers originates from different modes of vibrations and is strongly
influenced by the degree of crystallization and by glass transitions.
1.4.1 Factors Affecting the Coefficient of Thermal Expansion
Factors affecting the thermal expansion coefficient of composite materials are : fiber and
void volumes, lay-up angle, thermal cycling, temperature dependence, moisture effects and
material viscoelasticity.
1.4.1.1 Fiber Volume Fraction

The dependence of fiber volume is illustrated in Figure 1.4 for a unidirectional lamina
consisting of glass fibers dispersed in an epoxy matrix. These curves were calculated based
on formulas given by Schapery [53]. As seen in Figure 1.4, at approximately 60 percent
fiber content, the longitudinal coefficient of expansion (CTE) is unaffected by any changes
in the laminate fiber content. In the case of transverse CTE, the sensitivity is more
pronounced. For the angle ply laminates comprised of several layers, the effect of fiber

volume on the thermal expansion behavior of the laminate may not be negligible.
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Figure 1.4 Variation of CTE of an epoxy-glass fiber lamina with fiber content of 60%

1.4.1.2 Void Volume
The direct effect of voids on the CTE of composites is small within the bounds of
practical manufacturing requirements (1.5 percent max. void volume) [55]. However the
presence of voids can indirectly affect the CTE of a composite by initiating microcracks in
the matrix. Voids in the matrix also tend to increase the potential moisture content of the

matrix.

1.4.1.3 Lay-up Angle

One of the main advantages of laminated fiber reinforced composites is that mechanical
and thermal response of composites can be tailored directionally to satisfy design
requirements. This is accomplished by varying the orientation of each layer in a systematic
manner to reach the desired effect. Figure 1.5 shows the variation of CTE of unidirectional

composites with fiber orientation [56].
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Figure 1.5 Variation of CTE of an epoxy-glass fiber lamina with fiber content of 60%.
[56]

The sensitivity of the composite CTE to variations of fiber orientations can be severe.
Although manufacturing tolerances for the lay-up angles are typically +3°, this practice can
lead to serious CTE deviations for dimensionally critical structures [55].
1.4.1.4 Thermal Cycling

The primary influence of thermal cycling on CTE of composites is to induce matrix
microcracking. When microcracking occurs, composite becomes partially decoupled.
Matrix degradation proceeds gradually at first, and then somewhat more rapidly, and can
be detected by changes in the composite thermal response. Therefore, CTE of the
composite changes. This drift depends on many factors including materials, rate and
number of thermal cycles, temperature extremes, and mechanical load level and lay-up

angle[55].
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1.4.1.5 Moisture Effects

The dimensional stability of composites is highly affected by exposure to complex
hygrothermal histories. Moisture causes swelling and plasticization of the resin system.
The swelling phenomenon alters internal stresses, thus causing a dimensional change in the
laminate. Coupled with plasticization of the resin system, permanent dimensional changes
up to 30 percent have been observed in laboratory experiments after exposure to complex
hygrothermal histories. Dimensional changes caused by a temperature change are much
less than the dimensional change due to moisture exposure. It is therefore important to

account for moisture effects in assessing dimensional changes due to thermal effects [55].

1.4.1.6 Viscoelasticty

Changes in the internal stresses due to moisture and thermal environment can result in
significant dimensional changes in composites. Internal stress levels also change due to the
viscoelastic phenomenon called the relaxation of the matrix. Actually, relaxation of the
internal stresses is a continuous process even without any mechanical, thermal or moisture
excursions. This process is usually minimized by placing fibers in the direction where
dimensional stability is required.
1.4.1.7 Temperature Dependence

It is a common way to report the CTE of materials as a single quantity and these values
are often used by designers and analysts in the same manner. This practice may precipitate
significant errors in composite design because of the temperature dependence of the
thermal expansion behavior of composite materials. This temperature dependence is

mainly caused by the mechanical and physical changes in the resin system. The CTE is a
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calculated value, which is the slope of the thermal strain-temperature curve between two
temperatures, and the CTE values should be obtained from thermal expansion test data for
the specific design temperature. Figure 1.6 shows temperature dependence of linear CTE
data of the carbon reinforced composite. It is observed that all samples show a linear
expansion as function of temperature at room temperature and the slope decreases

gradually with decreasing temperature, which is similar to that observed in most materials

[55].
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Figure 1.6 The temperature dependence of the linear thermal expansions for the glass
fiber reinforced composites [55].

1.5 Brittle ductile transition

Some metals and polymers show a fracture behavior strongly dependent on temperature
(and somehow on the stress); at low temperature the material undergoes a transition, known
as the ductile-to-brittle transition temperature (DBTT). They show a brittle fracture, and at
high temperature a ductile one. This represents passage through a lower-order transition.
During this transition, the polymer loses a substantial level of kinetic energy, which results
in restricted motion of the chains. This transition results in a sudden, sharp loss in ductility.
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Table 1.4. Brittle-ductile transition temperatures (decrease with cold working)[49]

Brittle-ductile

Temperature
Material [°C (°F)]
Polyethylene (low density) —110 (—165)
Polytetrafluoroethylene —97 (—140)
Polyethylene (high density) —90 (—130)
Polypropylene —18 (0)
Nylon 6,6 57 (135)
Polyester (PET) 69 (155)
Polyvinyl chloride 87 (190)
Polystyrene 100 (212)
Polycarbonate 150 (300)

Body-centred-cubic (bcc) crystals, and amorphous materials, show a thermal brittle-
ductile transition (e.g. carbon steels, polymers), whereas stainless steels have face-center-
cubic (fcc) crystals and do not show a thermal brittle-ductile transition. Brittle-ductile
transition temperature in amorphous solids corresponds to the glass transition temperature.
Inclusions, dissolved gases, neutron irradiation, etc may also enhance brittleness.

The general behaviour for polymers is that they have brittle fracture if their glass-transition
temperature is above room temperature (as for PMMA and many epoxies), and ductile
fracture if they are near room temperature (as for PE); elastomers have their glass-transition
temperature below room temperature[57].

1.6 Specific heat

Specific heat (Cp) of polymers as a function of temperature has been investigated by
Hartwig [57] who observed that Cp decreases drastically at low temperatures. This is
explained by a quantum-mechanical theory [53]. The thermal vibrations which are the
carriers of heat, can be described by phonons. The quantization of the phonon energy
causes a temperature dependence of the internal energy quite different from the classical

theory. This change is especially strong at low temperatures at which phonon energy is
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small, and only few phonons are activated. At elevated temperature Cp is proportional to
the temperature T, which is specific for linear polymers. At low temperatures and
especially for composites with small coefficients of expansion, there is nearly no difference
of the specific heat at constant pressure or volume. Furthermore, the temperature
dependence of the specific heat is different for amorphous polymers and crystalline
polymers below T = 60 K (Table 1.5). For composite materials, the specific heat ccom can
be calculated from the specific heat cm of the matrix and cr of the fillers by a linear mixing

rule;

Ccom = Vfo + (1 — Vf)Cm (1-18)

where Vs is the volume content of the fillers.

Table 1.5 Temperature dependence of the specific heat of polymers at low

temperatures[55]
Temperature range Crystalline polymers Amorphous polymers
>100 K CpaT CpaT
~10 K- 60 K CpaT? CpaT?
~1K-10K CpaT? Cpa T3S
>10K CpaT? CpaT

The Grueneisen relation relates the coefficient of thermal expansion o, to the specific heat
Cp

1
e = 22¥,Cy (1-19)
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where p is the density, K the compression modulus and yq the Grueneisen parameter. In
composite materials, thermal expansion depends on the direction of the reinforcement and
on the volume fraction. The thermal expansion along the reinforcing fiber tends to be
dominated by the fiber, while transverse to the reinforcement the thermal expansion is
dominated by the matrix [55]. One particularity of carbon fibers (and Kevlar) is that they
are anisotropic. They show a small negative thermal expansion coefficient ae in the fiber
direction, but a very large positive one in the transverse direction. Experiments indicated
that in carbon fiber filled PEEK composites the transverse expansion of unidirectional
composites is Al / lo = -0.6% to -0.8% between RT and T = 4.2 K, whereas the thermal
expansion in parallel direction is slightly positive (Table 1.6).

Table 1.6 Thermal expansion of 60% CF filled PEEK composite [55]

Fiber direction Thermal expansion Al/l0(293 K—4.2 K)

11 +0.004

1 -0.6

Table 1.7 Thermal expansion according to [50, 58] and [55]

Material Thermal expansion Al/lo(%)
203 K—4.2K 293 K— 77 K)
PTFE -1.8 -1.7
PEEK -1.0 -0.9
Copper -0.32 -0.30
Carbon fiber in epoxy matrix (/1) +0.01
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Problems arise for most designs of cryogenic support structures from the thermal expansion,
especially if different materials are involved. In composite materials, different thermal
coefficients of expansion between matrix and fibers can lead to mechanical stresses at the
interface of components. Table 1.7 summarizes some data on thermal expansion of

different materials from the literature.

1.7 Thermal conductivity

Thermal conductivity occurs when a thermal excitation gives rise to transport of energy
with permanent local thermalization. The resulting temperature gradient drives the flux of
energy carriers which are phonons in the case of insulators [55]. The relationship between
the heat power Q per area A and the temperature gradient is given by the thermal

conductivity k

% =—kgradT (1-20)
Thermal conductivity k is proportional to the specific heat

k =xpC, (1-21)
where

K is the thermal diffusivity. The temperature dependence of thermal conductivity is

summarized in Table 1.8.
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Table 1.8 Temperature dependence on the thermal conductivity [49]

Temperature range Temperature dependence

Amorphous polymers

T<1K k, o< T?
T~4K-10K k, « constant
T>30 K k, o< T%3to TS

Semicrystalline

T<20K Keomi o T2

T>30 K Ksemils determined mainly by k,

The thermal conductivity of polymers at cryogenic temperatures depends little on the
composition. For semi-crystalline polymers, it depends mainly on the crystalline content
and on the crystallite size [49]. Carbon fiber composites have a strong temperature

dependence. They exhibit a very low thermal conductivity at very low temperatures.

1.8 Mechanical deformation behavior

The correlation between applied mechanical load and resulting deformation is described
by viscoelastic moduli. The basic component of viscoelastic moduli is controlled by
binding forces, originating from deformations of the electron configurations. The load acts
against the binding forces. This component reacts nearly immediately and is responsible
for the elastic behaviour. External forces cause deformations of molecular segments and of
electron orbital in polymers. The deformation can be elastic, viscoelastic or viscous. At

very low temperatures and not too high stress levels the deformation behaviour is
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determined by Vander waals binding potential. Time-dependent viscoelastic effects are
negligible and most polymers behave elastically [49]. Experiments reveal that the chemical
compositions of polymers have a rather small influence on the low-temperature
deformation behaviour. Also, below T = 100 K, no large differences exist between the
modulus of amorphous and crystalline polymers (Table 1.9). In the vicinity of secondary
and tertiary glass transitions, however, viscoelastic processes decrease the modulus of the
amorphous domains. Table 1.10 indicates Brinell hardness values for materials tested at
RTandat T =77 K.

Table 1.9 E-modulus at low temperatures [55]

Polymer E-modulus
Semicrystalline and cross-linked E =7 —9 Gpa (below 100 K
Amorphous E =5—-8Gpa

Table 1.10 10 s Brinell hardness values for materials tested at T=293 K and T= 77 K [53]

Polymer Hardness (MPa)
293 K 77K
PTFE 33 450
Copper 550 800
Stainless steel 1760 3120
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1.9 Refractive Index of Polymer Matrix

In the 1860’s, Maxwell published his famous unified equation [59, 60]:

e =n2 (1-22)

Where & the dielectric constant of a material and n is the refractive index of the material.

According to Maxwell-Garnett effective medium theory [61-63], the bulk dielectric
constant of the Composite can be described from the dielectric constants of the

host and inclusion as:

&, — &, :¢( & —&, J (1.23)

g, +2¢, & +2¢,

Where &;,&, and &; are the dielectric constants of the composite, host and inclusion,

respectively, and 4is the volume fraction of the inclusion. The refractive index n of the

composite can be calculated by using egn.1.22 and eqn.1.23. The dielectric constants of
the composite, host and inclusion can be measured by using a dielectric meter. It can be
seen that by adding inclusion(s) into the host, the refractive index of the composite can be
changed. If appropriate amount of inclusion(s) are added into the host, the composite with
right refractive index (same or very close to that of glass fibers) can be obtained.

Due to lack of a dielectric meter, this theory is not used now. Another theory- Lorentz-
Lorenz effective medium theory- is now used to help us minimize the refractive index
difference between the polyester and glass fibers.

The Lorentz-Lorenz effective medium expression for two components is [64-66]:

nfz—1:¢l[nf—1}+¢2(n§—lj (1.24)

ng, +2 n’ +2 n; +2
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where N, is the refractive index of the mixture or composite, N, and N,are the refractive

indices of the pure components respectively, ¢1 and ¢2 are volume fractions of

component 1 and component 2.

For three components [65, 67]:

n? -1 n? -1 nz -1 nZ -1
-1 4. 4. 1.25
n? +2 4 n +2 ¢2 nZ +2 % n2+2 (1.25)

where N.,N;,N, and N, are the refractive indices of the composite, component 1,

component 2 and component 3, respectively. ¢l,¢2 and ¢3are the volume fractions of

component 1, component 2 and component 3, respectively.

This theory can be extended to mixtures with more than 3 components.

According to the Lorentz-Lorenz equation, changing the component(s) or changing the
content(s) of component(s) in mixture can change the refractive index of the mixture. The
refractive index of modified mixture can be estimated by using the Lorentz-Lorenz
equation. In our research, polyester is in liquid state, for turning it to the solid state, an
initiator Methyl Ethyl Ketone Peroxide (MEKP) is added into it (Figure 1.7). Polyester’s
curing time is very long, so polymerization rate accelerator Cobalt Naphthenate (Cobalt)
is added into the polyester resin to accelerate the curing speed. In other words, MEKP and
Cobalt are two essential components of the polyester mixture. For the convenience of
studying, a small program-Refractive index calculator-was developed and used here to
calculate the refractive index of polyester mixture and plot the effect of additive on the

refractive index of the mixture.
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Figure 1.7 Chemical reactions occurring during the curing process of polyester

1.9.1 Light refraction

When a light moves from a medium with a refractive index n1 into another medium with a
refractive index ny, light refraction will occur (Figure 1.8). The angles that incident and
refracted rays make to the normal of the interface are given as @, , 0, , respectively.

Incident light Interface

Normal

o,

Refracted light

Reflected light
ny ny

Figure 1.8 Reflection and refraction of light in two materials interface
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The relationship between these angles is given by Snell’s law (equation 2.26)[60],

sin(6;) n,
sin(6,) ny (1.26)

Where n; and n, denote the refractive indices of two media, @ is the angle of incident

light to the normal line and ¢9r is the angle of refracted light to the normal line.

The fraction of light that is refracted is given by the transmission coefficient T (T=refracted
light/total incident light). As a consequence of the conservation of energy, the transmission
coefficient is given by T=1-R, R is the reflection coefficient. The calculation of R depends
on the polarization of the incident light, because light can be divided into S-polarized light
and P-polarized light. S-polarized light is perpendicular to the plane of Figure 1.8, the

reflection coefficient (Rs) of S-polarized light is given by equation 2.27:

i -
n, cos6; — nz\/l - <(Z—;) sin9i>
2
nycosf; +n, [1— <(%) sin9i>
2

P-polarized light is in the plane of Figure 1.8, and the reflection coefficient (Rp) of P-

(1.27)

ny cos6; —n, cos 6, ,
RS = =
n, cos 6; — n, cos O,

polarized light is given by equation 1.28 [59]:

R, =

(1.28)

] - ]
n

n, [1—((=2 sin@-) —n, cos 6;

(n1 cos 6, — n, cos Bi) , 1\/ <(n2) ' z '

n, cos 6, + n, cos 6; 2
ny [1-— ((:ll—;) sin9i> + n, cos 6;

If n1 is not equal to n2, Rs and Rp will be larger than zero, in other words, Ts and Tp will be

smaller than 1 and this means light transmission decreases. So the best method that can be
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used to improve the transparency of the composite is matching the refractive index of glass
fibers with that of the polymer matrix. The refractive index of glass fibers is about 1.559.
The refractive indices of polyester, polyurethane and epoxy are 1.552, 1.550 and 1.545,
respectively. The refractive index of polyester is closest to that of glass fibers.

So the unsaturated polyester is used as the composite matrix in our research. The refractive
index difference between glass fibers and polyester is around 0.007, method(s) should be
developed to minimize this difference to £0.0005.

a) Effect of Cobalt Content on the Refractive Index of Polyester

From Table 1.11 and Figure 1.9, it can be known that when the content of MEKP is fixed,
an increase of Cobalt content results in a refractive index increase of polyester mixture.
But, calculated results show that adding less than 0.1% Cobalt into polyester can’t change
its refractive index a lot (Figure 1.9). Cobalt is used as the polymerization accelerator in
the study and its color is reddish violet. More Cobalt content in polyester means less gel
time, less operation time and deeper color of the product. According to the experimental
results, when Cobalt content is more than 0.05%, polyester cures very fast and cured
product has a darker color. When the content of

Table 1.11 Refractive index of polyester with different cobalt contents [68]

MEKP content Cobalt content Refractive index”
1.2% 0.02% 1.5526
1.2% 0.03% 1.5560
1.2% 0.04% 1.5564
1.2% 0.06% 1.5626

*:Refracive index was measured by using ATAGO NAR3T refractometer
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cobalt is less than 0.01%, polyester cures very slowly. Therefore, appropriate content of

Cobalt is between 0.01% and 0.05%.

o] Refractive index calculator o|E] %
Refractive indesx Content
Waste 1552 = (mbidconponert ) [Cob2t
Cobalt 1462 0.0006
Refractive index result comparison
1564 [==="calculation resulf == experiment result
1562 +
5 1.560 +
]
= 1558 +
@
8
S 155
f
1554 +
1552 + )
1.550 + t t t t
100 200 300 400 500 600 700
Cobalt content (10~-6)
| Refractive index calculation result 1.5515722351963 Reset
Experimert deta 1:9926.1.5560,15564,1.6626
Plot

Figure 1.9 Experimental and calculated results comparison (Cobalt effect) [68]
b) Effect of MEKP Content on the Refractive Index of Polyester
From Table 1.12 and Figure 1.10, it can be known that with the increase of MEKP
content, the refractive index of polyester varies around 1.556. Calculated results show
that adding MEKP into polyester will decrease its refractive index. The gap between the

calculated results and experimental results is about 0.0025.
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Table 1.12 Refractive index of polyester with different MEKP contents[68]

MEKP content Cobalt content Refractive index
0.5% 0.025% 1.5562
1% 0.025% 1.5570
1.5% 0.025% 1.5556
2% 0.025% 1.5564

Refractive index result comparison

[==fe="calculation result == experiment result]

1.5575 . T

1.5570

1.5565 T

1.2360 4

1.23535 4

Refractive index

13350 +

1.5545 4

1.5540

1.5535

—t f } t f } t
0.000 0.005 0.010 0.015 0.020 0.025
MEKP content

Figure 1.10 Experimental and calculated results comparison (MEKP effect) [68]

According to the experimental results, it is known that increasing MEKP content has
almost no effect on the refractive index of polyester. Within the range of appropriate
content of Cobalt (0.01- 0.05%), the refractive index of polyester can’t be increased to that

of glass fibers (1.5595).

c) Effect of Phenanthrene Content on the Refractive Index of Polyester

Figure 1.11 shows the structure of phenanthrene. With the increase of Phenanthrene

content, experimental results and calculated results both show an increase of
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polyester’s refractive index (Table 1.13 and Figure 1.11). But experimental results

show a faster increase.

Figure 1.11 Structure of Phenanthrene

Table 1.13 Refractive index of polyester with different Phenanthrene contents[68]

MEKP content Phenanthrene content Cobalt content Refractive index
1.2% 0% 0.03% 1.5560
1.2% 0.5% 0.03% 1.5582
1.2% 0.9% 0.03% 1.5587
1.2% 1% 0.03% 1.5599
1.2% 1.2% 0.03% 1.5608
1.2% 2.5% 0.03% 1.5611

Refractive index result comparison

[=@=—"calculation result =—#=— experiment result |
1.562 T T

1.561 + ]
1.560 F ]
1.559 T 1

1.558 | B

Refractive index

1.957 + B

1.556 B

1555 F } } + t t
0.000 0.005 0.010 0.015 0.020 0.025 0.030

Phenanthrene content

Figure 1.12 Experimental and calculated results comparison (Phenanthrene
effect)[68]
According to the data shown above, the effect on harsh environment on mechanical and
thermal properties is diverse depending on environment conditions, material composition,

material properties and enforcement properties. The resistance polymer matrix or polymer
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composite to different mechanical loads may vary upon exposure to moisture and extreme
temperatures. Different applications require different materials and demands. Therefore, a
focus on the performance of transparent unsaturated polyester composite at different load
scenarios is an essential task for structural design; however, the available literatures didn’t
discuss these possibilities. Also, refractive indices calculated by the Lorentz-Lorenz
equation are always lower than those obtained from experiment. One reason is that the
Lorentz-Lorenz equation always gives a lower estimation [67]. According to the
literature[23], the Maxwell-Garnett theory can give a better estimation than the Lorentz-
Lorenz theory. Another possible reason is that the Lorentz-Lorenz theory doesn’t consider
the effect of crosslinking density on the refractive index. When experiments based on the
Maxwell-Garnett theory are finished, comparison among the Lorentz-Lorenz equation
results, the Maxwell-Garnett equation results and experimental results will be done. At that
time, the theory that can fit the experimental results better will be used to do a prediction

that how a polyester product with needed refractive index can be obtained.
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CHAPTER TWO: FABRICATION OF TRANSPARENT

POLYESTER COMPOSITE AND LAMINATE

2.1 Preparation of interlayer unsaturated polyester composite

Though there are several techniques that have been developed for the preparation of glass
fibers reinforced polymer composite, Hand Lay-up technique remains the simplest
technique till today. The first step of Hand Lay-up technique is the mold preparation

(Figure 2.1).

Aluminum
spacer

Figure 2.1 Mold for the composite
The second step involves preparing the resin for making the composite. First, the quantity
of polyester required to make a composite was dropped in a beaker. Then, initiator MEKP,
crosslinking agent Phenanthrene and polymerization rate accelerator Cobalt were added
and mixed together. The mixture was placed in a vacuum degassing chamber expel any
dissolve air chamber. This step is very important because air bubbles entrapped in the
polyester will greatly affect the transparency of the final product and also will affect the
damage resistance of the product. An unsaturated polyester—styrene resin (Commercial

grade, 65 wt % polymer, 35 wt % styrene, untreated, Aropol) was used as a precursor of
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the polymer matrix. The chemical composition of this resin was not supplied by the vendor;
a pre-molecular weight experiments by Gel Permeation Chromatography yielded a
molecular weight of around 1700 g/mol of the as received precursor. Polyester (-
(R’CH=CHCOOR) -, Ashland Specialty Co., USA) was mixed with 1.2 wt% methyl ethyl
ketone peroxide (MEKP) (CgH1g0s, Sigma-Aldrich Co., USA) as an initiator, 0.03 wt.%
cobalt (II) 2-ethylhexanoate (CE) (CisH30C0Os, Sigma-Aldrich Co., USA) as an
accelerator and 1.5 wt.% phenanthrene (PT) (C14H10, Sigma-Aldrich Co., USA), which is
a refractive index modifier. All above mentioned components were thoroughly mixed for
3-4 min by a glass rod in a glass bucket. The mixture was set in a vacuum degassing
chamber so as to allow air bubbles inside it to escape by creating vacuum inside the
chamber. After degassing, the mixture was poured into a 3 mm deep mold which was made
by placing a square aluminum frames on top of polyvinyl chloride (PVC) plate lined with
Mylar sheet cover. After filling the mold, another PVC plate with Mylar sheet lining was
placed on top of the mold, the top and bottom plates were clamped with C-clamps. The
clamped plates were placed vertical to let entrapped air escape from the mold. The setup
was left at room temperature for at least three days to ensure complete curing of the
polyester. Glass fiber-reinforced composite was prepared using a similar procedure as
described above. The polyester was mixed with 1.2 wt% MEKP, 0.03 wt% CE and 1.5
wt% PT. All components were thoroughly mixed for 2-3 min by hand in a glass bucket.
Then, the mixture was degassed in a vacuum chamber. Figure 2.2 shows the vacuum
chamber. But this time, after degassing, instead of pouring all mixture into the 3-mm deep
mold, a small amount of the mixture was first poured into the mold so as to wet the base

surface of the mold. Then a layer of glass fiber cloth (Aerospace Composite Products Co.,
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USA) was put in the mold and some more polymer mixture was poured in the mold. This
procedure was repeated five times, producing a composite of 3 mm thick with six layers of
glass fiber cloth. The setup was left at room temperature for three days to ensure complete
curing of the composite. The cured composite prepared had a fiber volume fraction of 15%.
After solidification, the solid polymer was tested in a simultaneous DSC TGA (SDT 600,

) for the thermal transition and the glass transition temperature (Tg) was obtained.

o

Figure 2.2 Vacuum chamber

The third step is the composite fabrication. First, a small amount of unsaturated polyester
mixture was poured into the mold so as to wet the base surface. Then, a layer of fiber cloth
which had been cut to the desired shape was placed in the mold and gently some more
unsaturated polyester was poured on top of the cloth. Any entrapped air bubbles were
removed by using a spatula through gently compacting the glass cloth against the mold.
This process was repeated six times to build up the desired thickness and fiber volume

fraction in the composite. Finally, the mold was closed and pressure was applied by
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clamping the old with the help of C- clamps (Figure 2.3). After 36-48h, open the mold and

get the desired composite.

Figure 2.3 Mold clamped with C-clamps

Although a precise prediction can’t be made at present, according to the experimental
results, three candidate polyester formulations that can be used to make the composite

interlayer are shown in Table 2.1. The products made by using these formulations have

good, not the best, transparency (Figure 2.4).
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Table 2.1. Candidate polyester formulations

MEKP content Phenanthrene content Cobalt content Refractive index
1.2% 0.9% 0.03% 1.558
1.2% 0.95% 0.03% 1.5582
1.2% 1.0% 0.03% 1.559
1.2% 5.0% 0.03% 1.4758
1.2% 5.5% 0.03% 1.50593
1.2% 6.0% 0.03% 1.5232

MISSOURI. 4% MISSOURI.

Unreinforced ' Reinforced

Figure 2.4 Transparency of the composite interlayer

(paper with words was placed underneath the composite)

2.2. Fabrication of Damage Resistant Composite Interlayer and Glass Panel
Fabrication

In our research, damage resistant glass consists of two parts, glass plies and reinforced

transparent composite interlayer. The structure of damage resistant glass is shown in Figure

2.5.
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Composite

Interlayer \

\

Damage resistant glass ,
Glass piles

Figure 2.5 Damage resistant glass structure

Laminated environment resistant glass panel is fabricated by sandwiching composite
interlayer between two glass plies. A two-part polyurethane resin is used as an adhesive
between the composite and glass plies. Because increasing the adhesive force among the
composite, glass and adhesive can increase the impact strength of environment resistant
glass [1]. Thus the composite and glass plies should be pretreated with silane before

laminating [2]. Because the NH2 group on the silane agent can react with the NCO group

o H

: : _ .
on the adhesive (polyurethane) and this reaction generates a new NH—c——~N— pond

(Figure 2.6). Since the new bond is very strong, so the adhesive force among the composite,

glass and adhesive is promoted.
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) 4) + OCN——Polyurethane— NCO
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>Si/\/\ NH— c—N ——Polyurethane — NCO

o)

\

Figure 2.6 Reaction happening in the silane process

The procedure for laminated blast resistant glass panel fabrication is as follows:

1) A glass sheet was placed on a table and a thin layer of the polyurethane resin was
evenly spread on the upper side of the sheet.

2) The composite interlayer was placed on the glass sheet. Suitable pressure was
applied to evenly spread the urethane and help in removing any entrapped air
bubbles.

3) A thin layer of polyurethane was evenly spread on the composite interlayer and
the second glass sheet was placed on it.

4) Guides were placed on all sides in order to prevent the glass sheets from moving
relative to the composite.

5) The setup was left to cure for 48 hours at room temperature (23 °C)
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The environment resistant glass fabricated by using this method can have a better
transparency than the composite interlayer itself. For S-polarized incident light,
transparency comparison between the laminated glass and the composite interlayer is
shown in Figure 2.7. For P-polarized incident light, transparency comparison between the
laminated glass and the composite interlayer is shown in Figure 2.8. Both figures

demonstrate that the laminated glass has a better transparency than the composite interlayer.
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Figure 2.7 Transparency comparison between the laminated glass and the composite
interlayer
(calculated by eqn.1.27)[3]
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Figure 2.8 Transparency comparison between the laminated glass and the composite
interlayer
(calculated by eqn.1.28)[3]

The refractive index is one of the most important fundamental properties of optical
components such as lenses and solar cells. Refractive index control is an essential
technique for processing light by manipulating its speed and passage, and material studies
for pursuit of high/low refractive index, Abbe’s number (wavelength dependence of the

refractive index) control and birefringence control have actively been studied.
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2.3 Haze test

2.3.1. Introduction

The industrial applications of polymer composites have significantly increased due to their
outstanding performance and properties compared to those of conventional materials.
Composite materials exhibit high strength weight and stiffness-weight ratios, corrosion
resistance and thermal stability, and are well suited for use in structures in which the weight
is a fundamental variable in the design process [4]. Polymer composites are increasingly
being utilized for automotive, aerospace, energy, packaging, and flame-retardant
applications [5-8]. Recently, polymer composite is also used to make window sheets and
utilized in buildings architects. Visual perception of the building facade is made to change
with the illumination conditions, increasing therefore the architectural expression of the
building. To this purpose, high light transmittance glass fiber-reinforced polymer (GFRP)
laminates are increasingly used due to their low cost, lightweight and impact resistance
compared to traditional glass components. Moreover, amorphous silicon (a-Si) flexible
photovoltaic (PV) solar cells can be encapsulated in the GFRP skins of freeform building
envelopes [9-11], integrating electric energy production in lightweight and low-cost
structures. Reducing the cost of the encapsulation process of PV cells has been a main issue
since the early age of photovoltaic energy and for this purpose systems using GFRP
composites can constitute a valuable option [11]. The integration of PV cells in
multifunctional composite elements has begun to be explored recently for high-tech
applications in aerospace [4, 6]. However, in such cases, FRP composites are subjected to
harsh environmental conditions such as high temperature, low temperature and humidity.

These conditions make an obvious impact om mechanical and transmission properties. In
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practical applications each polymer has its own operating temperature range. Usually a
polymer has a maximum use temperature slightly below its glass transition temperature
(Tg), at which the polymer transfers from rigid state to rubbery state and suffers substantial
mechanical property loss. Elevated and low temperatures combined with humid
environments have been found to exacerbate the problem by further reducing Tg4, among
other factors. With this in mind, a general and scalable strategy to achieve transparent and
hazy glass fiber reinforced polymer with excellent mechanical properties remains an
obstacle. Herein, we incorporate transparent glass fiber reinforced polyester of a uniformly
distributed fiber network into a laminated window glass sheets to fabricate transparent and
hazy composite with strong mechanical properties. The polymer prepared serves as a
matrix to enhance the transparency and smoothness, whereas the unidirectional network of
long and slender E-glass fibers simultaneously acts as a reinforcing phase to improve the
mechanical properties and a light scatting source to enhance the optical haze.
Consequently, the proposed composite sheet would combine a high transparency and
optical haze with superior mechanical. For this purpose, the present research investigates
light transmittance of GFRP laminates used as translucent window sheets, load-bearing
structures and encapsulants of solar cells. In the first part, the high transmittance polyester
matrix and composites are prepared and tested for its transparency at room temperature,
and the influence of environment on optical properties of GFRP laminates surrounded by
air at different temperatures. The refractive index is one of the most important fundamental
properties of optical components such as lenses and solar cells. Refractive index control is
an essential technique for processing light by manipulating its speed and passage, and

material studies for pursuit of high/low refractive index. Abbe’s number (wavelength
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dependence of the refractive index) control and birefringence control have actively been
studied. Light transmittance mainly determined by the surface reflection. The surface

reflection (r) is given by the following equation [12],

2

1
=T (2.1)
where n denotes the refractive index.
According to the Lorentz-Lorenz equation;
2 _1 n?—1 n? -1
néz = ¢1 ; +¢2 5
n,+2 n +2 n, +2 2.2)

Where N1 is the refractive index of the mixture or composite, N1 and N2 are the refractive

indices of the pure components respectively, @iand D2 are volume fractions of

component 1 and component 2.
Changing the component(s) or hanging the content(s) of component(s) in mixture can
change the refractive index of the mixture. The refractive index of modified mixture can
be estimated by using the Lorentz-Lorenz equation. In our research, polyester is in liquid
state, for turning it to the solid state, an initiator Methyl Ethyl Ketone Peroxide (MEKP) is
added into it. Polyester’s curing time is very long, so polymerization rate accelerator Cobalt
Naphthenate (Cobalt) is added into the polyester resin to reduce the curing time. In other
words, MEKP and Cobalt are two essential components for curing of the polyester mixture.
The refractive index of glass fibers (589 nm) was measured using the Central lllumination
Method (Becke Line Method) Abbe refractometer (NAR-3T, Atago, Co., Japan, with a
refractive index precision of 0.0001 in the range of 1.3 to 1.7) at room temperature. Table

2.1 shows the results of testing. Figure 2.9 shows the level of transparency obtained in
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making the polymer matrix and composite. Also, a fair transparency is obtained when
picturing was implemented by placing the sheets eight inches away from the paper. Figure
2.9 and 2.10 give a fundamental information on how to utilize these sheets in engineering

design of automotive, construction, architect and aerospace applications.
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Figure 2.9. Transparency of the composite interlayer

(paper with words was placed underneath the composite)
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Unreinforced Reinforced
Figure 2.10 Transparency of the composite interlayer

(paper with words was placed 8 inches from the composite)

2.3.2 Haze test

Haze is the scattering of light as it passes through a film or sheet of a material, resulting in
poor visibility and/or glare. Light that is scattered upon passing through can produce a hazy
or smoky field when objects are viewed through the material. Another effect can be veiling
glare, as occurs in an automobile windshield when driving into the sun [13]. Haze can be
inherent in the material, a result of the molding process, or a result of surface texture. Haze
can also be a result of environmental factors such as weathering or surface abrasion.
Luminous Transmittance measures the amount of light that passes through a sample. The
transparency of materials is characterized by both haze and luminous transmittance.

Luminous transmittance of a specimen is defined as the ratio of transmitted to incident
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light. In general, the higher is the luminous transmittance of a material, the lower is its
haze. But the experience is not applicable for all materials; many special materials could
not only have a high light transmittance but also have a high haze. Usually, transparent
plastic could loss its transparence for reasons of its crystallization, inorganic particles filled
or blended and so on. The loss transparence results from reflection and refraction of light
[14], which occur on the phase interface of non-homogeneous materials such as
composites. Thus, haze and transmittance measurements can be useful in product

development, process development, and end use performance testing.

2.3.2.1 Haze at room temperature: The Haze and Luminous Transmittance test of GFRP
and polymer matrix was conducted according to Haze and Luminous Transmittance of
Transparent Plastics Test Method: ASTM D1003-13 Procedure A (Hazemeter Method)

which is defined as [15];

Haze %= (T—4—T_3) x 100 (2.3)

Ty T1

Where;

Ta: incident light

To: total light transmitted by specimen

Ts: light scattered by instrument

Ta: light scattered by instrument and specimen

If T3is zero, the diffuse luminous transmittance, Tg, is calculated as follows:

_ T4

= (2.4)

d

Total luminous transmittance, Tt, is calculated as follows:
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t 7

(2.5)
Model, specifications and test conditions were as follow;

Hazemeter : BYK haze-gard i

[llumination: CIE C

Observer: 0°

Testing Conditions: 23°C + 2°C /50% + 10% RH

Sample Preparation: Tested as received.

Sample Conditioning: 40+ Hours At 23°C £ 2°C / 50% + 10% RH

Significance: ASTM D1003 specifies that haze, total luminous transmittance and diffuse
transmittance be reported to the nearest 0.1%.

Each test was repeated three times.

Table 2.2 shows the results of Haze and Luminous Transmittance test of GFRP and

polymer matrix at room temperature.
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Table 2.2 Haze, total luminous transmittance and diffuse of glass fiber reinforced

polymer and polymer matrix at room temperature

Sample name | Thickness Haze Total Luminous Diffuse
(in) % Transmittance % | Transmittance %

Unreinforced 0.11 5.6 92.2 5.2
polymer 6.1 92.0 5.6
matrix 5.7 92.2 5.3
Average 5.8 92.1 5.4
Glass fiber 0.11 22.1 80.1 17.6
reinforced 22.5 79.3 18.4
composite 22.4 80.7 16.8
Average 22.3 80.03 17.6

2.3.2.2 At different temperatures: The Haze and Luminous Transmittance test of GFRP
and polymer matrix was conducted according to Haze and Luminous Transmittance of
Transparent Plastics Test Method: ASTM D1003-13 Procedure A (Hazemeter Method).
Model, specifications and test conditions were the same as listed in the previous section
for room temperature testing, though samples at other temperatures were soaked for one
hour to obtain uniform temp-erratum through the thickness.

For post exposure:

Exposure No. 1: 1 hour at 60°C / 50% RH
Exposure No. 2: 1 hour at 0°C
Exposure No. 3: 1 hour at -30°C

Exposure No. 4: 1 hour at -60°C
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Each test was triplicated for high percent of precision.
Table 2.3 shows the results of testing the GFRP and polymer matrix at different
temperatures. At the time of experimentation, the post exposed specimens were left to
return back to room temperature. Then, retested for their Haze, total luminous
transmittance and diffuse transmittance. All results obtained were identical to Tables 2.2
and 2.3.

Table 2.3 Haze, total luminous transmittance and diffuse of glass fiber reinforced

polymer and polymer matrix at different temperatures

Exposure Sample ID Haze (%) Total Diffuse
NO. Pre Post Luminous Luminous
Transmission | Transmission

1 Non- 4.4 4.6 88.1 3.6
Reinforced
Reinforced 225 | 189 79.7 16.1

2 Non- 4.4 4.5 87.3 3.8
Reinforced
Reinforced 21.3 | 151 81.1 19.2

3 Non- 3.9 4.4 87.4 3.6
Reinforced
Reinforced 214 | 21.0 80.4 20.5

4 Non- 34 4.2 87.8 3.4
Reinforced
Reinforced 239 | 228 77.6 20.5
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2.4 Results and discussion

Optical properties like total and diffuse transmittance are of great importance for some
applications such as architectural glasses and natural light reflection buildings [16, 17]. In
these applications, polymers are extensively used. The prepared composite must meet the
requirements of total and diffuse transmittance. In the present study, the measured spectral
light transmittance curves of the unreinforced specimens at different temperatures are
shown in Figure 2.11. The test was conducted at room temperature of 23 °C, 60 °C, 0 °C, -
30°C and -60 °C. Light transmittance decreased when the specimens were exposed to high
or low temperatures. Light transmittance of unreinforced polyester resin at 60 °C was
approximately 4.3 % lower than for unreinforced specimens at room temperature but, the
test at low temperatures showed that the percent of total transmittance reduction compared
to room temperature was 4.6%. The total transmittance decreases between room
temperature and 0 °C, but begins to increase marginally with temperature below 0 °C.
The measured spectral light transmittance curves of the GFRP at different temperatures are
shown in Figure 2.12. The transmittance results of the polyester composite specimen show
an observed drop of total transmittance owing to adding glass fiber enforcement. Also,
exposing of specimens to different temperatures have reduced the total transmission. Light
transmittance of reinforced polyester resin at 60 °C was approximately 12 % lower than
the reinforced specimens at room temperature but, the test at low temperatures, -60 °C for
example, showed that the percent of total transmittance reduction compared to room
temperature was 14%. For both materials, the reinforced and the unreinforced, total

transmittance increased linearly as temperature decreases until -60 °C.
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Figure 2.11 Total transmittance of unreinforced specimens of unsaturated polyester

matrix at different temperatures
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Total diffuse luminous transmittance of unreinforced specimens of unsaturated polyester
matrix was determined at different temperatures. Figure 2.13 shows that changing
temperature from very low to high does not influence the total diffuse luminous
transmittance significantly. The only noticeable change in the slope of the curve is
observed at room temperature where the diffuse luminous increases to 5.4. The diffuse
light transmittance of glass fiber-reinforced polymer (GFRP) laminates was also
determined. Figure 2.14 shows the effect of chaining temperature on total diffuse luminous
transmittance and the big difference in values of the diffuse light compared to the
unreinforced specimens. It shows that going from very low to high temperature makes a
clear slope of the curve going from 20.5 to 16.1. The values of diffuse transmittance at
room temperature is higher than the values determined at high and low temperatures too.
Also, going through the low range of operation, changing temperature does not affect the
diffuse transmittance, i.e they are almost the constant. Refractive index mismatches
between glass fibers and resin and the presence of air flaws in the laminates were the major

parameters increasing light diffusion.
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2.5 Conclusions

Total light transmittance of GFRP laminates for building construction applications was
measured. The following conclusions were drawn:

- The most important parameter affecting the light transmittance of GFRP is the fiber
Reinforcement of the laminate: transmittance increases with decreasing weight.

- Big change was observed in the values of total transmittance as temperature changes from
low to high.

-Small change was observed as temperature going from room to low and high temperature.
- Overall, adding enforcement and working at fairly low temperatures does not make the
optical properties changes significantly. However, operating at high temperatures modified
the optical properties significantly. Thus, these window sheets, solar cell panels or fronts
of building are reliable for low scattering laminates only.

The properties described above and the low refractive index of the GFRP composite make
it an attractive choice for fronts building and aerospace applications. However, the indices
were different at low and high temperatures. This drawback, however, can be compensated
by the possible modification of glass transition temperature into high transition temperature
polymer matrix, opening up new possibilities in well environment resisted architectural

design.
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CHAPTER THREE: TENSILE BEHAVIOR OF GLASS FIBER

REINFORCED COMPOSITE

3.1 Introduction

Polymer composite materials are commonly utilized in civilian military and aerospace
applications. Thus, they are often exposed to a hostile environment, in which conditions
may change considerably and composite properties could change. In order to use these in
extreme environments, it is essential to determine how environmental conditions impact
their performance and life time. Many uses of these composites involve exposure to high
or low temperature such as in aircrafts or automotive applications. Although a variety of
polymers are used we have focused on investigating unsaturated polyester matrix
composites. This polymer is relatively low cost and when reinforced with glass fibers
provides high mechanical strength [1]. However, any changes in temperature and humidity
can affect the properties of the polymer matrix, which could in turn influence the durability
of the composite. Tensile and other quasi-static mechanical properties at temperatures
beyond the ambient condition are examined to obtain principle information about failure
and damage mechanism, and to provide essential data for utilization in simulation studies
at extreme temperatures. The tension test is the most widely used for understanding
mechanical behavior. This test supports designers with the necessary information on
elastic modulus and the ultimate tensile strength, among other properties. Tensile test is
specified as an applied load, transverse or longitudinal, for multidirectional and
unidirectional composites with respect to reinforcement orientation. In the longitudinal
test, which is a fiber control test, if a perfect interfacial linkage between the fibers and

matrix is assumed, the fiber and polymer matrix strains are equal. At the ultimate stress in
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the longitudinal direction the fibers reach their fracture strain. The transverse tensile test is
a polymer matrix-controlled test where the load is perpendicular to the fiber orientation
and the strain is concentrated in the matrix. Findings obtained by investigators [2-9]
described the mechanical behavior of reinforced composite under quasi static loading at
room temperature while references [10-14] describe the mechanical behavior of a fiber
reinforced composite under quasi static loading as a function of temperature from high to
low temperature. Ou et al [12] reported that there is an obvious dependence of the
temperature on the mechanical properties of glass fiber reinforced polyester (GFRP). They
reported that for GFRP, the tensile strength linearly decreases by about (31 %) when
temperature increases from room temperature to 75°C. However tensile strength showed
almost no change (within 3%) when temperature increased from -25 to 50 °C. Elanchezhia
et al [15] determined the mechanical properties of glass fiber reinforced polyeater at
different strain rates and temperatures. For a temperature range 35-70 °C they found a
negligible change at a constant strain rate. Lamb et al [9] reported a variation of 22% in the
tensile properties of a laminate made of unsaturated polyester reinforced with glass fiber
from -70°F to 200 °F. The increase in modulus of elasticity was about 40 to 80% at -70° F
and moderate decreases up to about 25% at 200° F. They also observed an increase in
flexural strength and flexural modulus of elasticity of about 17% at -38° F compared to
values at 78° F and 40% relative humidity. All these studies focused on damage modes and
strain rate sensitive nature of these opaque polymer matrix composites that are used for
automotive bodies and structures at room and extreme temperatures. The focus of this
investigation is to determine the behavior of a glass like fiber reinforced polyester

composite sheets under quasi-static loading as the temperature changes from +60°C to very
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cold temperature of -80°C, which are encountered by structural composites in outer space
applications, in arctic regions on earth and low temperature storage. The mechanical

behavior at various temperatures has been determined primarily using the tension test.

3.2 Experimental method

3.2.1 Specimen Preparation

The polymer specimens were cut into dog-bone shapes as shown in Figure 3.1. Their
dimensions were determined according to the ASTM D 638 standard mentioned earlier in

the introduction. The following procedure were followed to conduct this test;

Figure 3.1 Tensile test setup: specimen and gages installation
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(1) Measuring the thickness, width and gage length of polymer samples in mm. These

dimensions should be approximately the same for each sample.

(2) Making note of any sample defects (e.g. impurities, air bubbles, etc.).

The following samples were tested:

1) Unsaturated polyester polymer for analysis of tensile properties at room
temperature.

2) Unsaturated polyester composite for analysis of tensile properties at room
temperature.

3) Unsaturated polyester polymer for analysis of tensile properties at very low
temperatures (0°C — +80°C).

4) Unsaturated polyester composite for analysis of tensile properties at very low
temperatures (0°C — - 80°C).

5) Unsaturated polyester polymer for analysis of tensile properties at high
temperatures  (30°C — +60°C).

6) Unsaturated polyester composite for analysis of tensile properties at high

temperatures (30°C —-60°C).

Over the temperature range we planned, FLA-5-11-3LJC single axis gages (-196 ~
+150°C, Manufacturer: Tokyo Sokki Kenkyujo Co. Ltd.) were used. The -3LJC in the
part number indicates 3m long pre-attached lead wires that can connect directly to the
tensile frame and avoid having to place connecting terminals and soldering leads.
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Cyanoacrylate adhesive (CN, -196 ~ +120°C, Tokyo Sokki Kenkyujo Co. Ltd.) was
used for these gages and a primer chemical was used first to roughen the surface so the

adhesive can bond with the specimen.

3.2.2 Machine Software Setup

1. Turning on the tensile test machine. The switch is located on the right side of the
machine. Also turning on the video extensometer.

2. On the main page, select Test to start a new sample. Name your test and click Browse
to select the folder you would like to save it in. Click next.

3. Choosing which method, we would like to use.

4. Method set up: Saving after any changes are made.

e General: used for display purposes

e Specimen: specifies sample dimensions and parameters. A dogbone sample is used for
tensile testing. Select rectangular, and specify the width, thickness and gauge length
of the sample. The gauge length is the distance between the clamps before starting the
test.

e Control: describes the actual test. Select extension for mode of displacement, then
specify the rate of extension. Most use 5 mm/min or 50 min/mm, depending on if we
want a slow or fast test.

e End of Test: identification the criteria for the end of the test. A large load drop is
experienced when sample failure occurs. For this test, when the sample load drops by

a certain percentage of the peak load, the machine will stop.
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Data: specifying if the data is acquired manually or automatically, while the strain tab
recognizes whether the strain is measured from the video extensimeter or the extension.

Results and Graphs: select what data is shown and how it is displayed.

3.2.3 Instrument Setup

=

N

Making sure the proper load cell is installed, 10 kN was used for this test.

Calibration of the load cell by clicking on the button in the upper right-hand corner.
Make sure all loads are removed from the load cell and click calibrate.

Installation of the correct type of clamps for the testing. For tensile testing, 5kN or
50kN samples can be used. Install the clamps using the pins. Also, installation of height
brackets if needed. Setting the load to zero once the clamps are installed.

Pressing the up and down arrows on the controller until the clamps are just touching.
Press of the reset gauge length button at the top of the screen to zero the position of the
clamps.

Using the up and down arrows until the clamps are about 100 mm apart. This is a
typical gauge length for the dog bone samples.

The polymer sample was placed between the grips of both the tensile test machine.
While holding the sample vertically with one hand, another hand was used to turn the
handle of the top grip in the closing direction as tightly as possible. (The specimen
should be gripped such that the two ends of the specimen are covered by the grip,
approximately 3 mm away from its gage-length. It is important that the specimens are
tightly gripped onto the specimen grips to prevent slipping, which will otherwise result

in experimental errors.

81



a. Making sure that the specimen is vertically aligned, if not a torsional force, rather
than axial force, will result.
b. Turning the bottom handle in the “close” direction as tightly as possible. Visually
verifying that the sample is gripped symmetrically at its two ends.
7. Zeroing the extension by pushing zero extension button at the top of the screen. Also
zeroing the load if needed. Waiting for a few seconds to let the computer return its

value to zero.

The cooling system involves the supply of liquid nitrogen from the commercially available
liquid nitrogen tank through a control valve, which releases the evaporated liquid nitrogen
in to the environment chamber. The chamber has tin fins surrounded on a copper rod, which
circulates the gas inside the chamber. A feedback loop of temperature sensed by a
thermocouple controls the release of liquid nitrogen so that the temperature inside the
chamber is maintained steady within +/- 1°C. Figure 3.2 shows the cooling system. Also,

the thermocouple is connected to the data logger.

Liquid nitrogen tank cooling coil in the chamber

Figure 3.2 Cooling system
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The chamber could also be heated to a higher temperature by the heating coil mounted
inside the test chamber. Figure 3.3 shows the test chamber with the heating coil. Again, a
feedback loop control using thermocouple controls the temperature of the chamber. The

USP samples are tested at -80°C, -60°C, -30°C 0 °C, 30°C, and 60°C temperatures.

Heating coil in the chamber Temperature recorder

Figure 3.3 Heating system

3.2.4 Conducting tensile test

1. Entering geometry of the sample before starting.

2. Clicking on the Start button. Both the upper and bottom grips will start moving in
opposite directions according to the specified pulling rate. Observing the
experiment at a safe distance (about 1.5 meters away) at an angle and take note of
the failure mode when the specimen fails.

3. A plot of tensile stress (MPa) versus tensile strain (mm/mm) was generated in real-

time during the experiment.
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3.3 Results and Discussion

The composite specimens were prepared, shaped and examined for tension resistance under
extreme temperature conditions. Different behavior was observed at each temperature and
there were significant observations. In the next sections these observations are expressed

and discussed.

3.1 Thermal analysis

Highly crystalline polymeric materials with a Ty above the room temperature are usually
brittle which is proven by differential scanning calorimetry (DSC) test. The polymer matrix
prepared in this study was found to have a glass transition temperature, Tg, of 73.2 °C, at
this temperature the polymer matrix softens and turns into a more ductile polymer. This
polymer matrix is a semi-crystalline polymer and when subject to tensile stress the
amorphous chains will become aligned. This is usually evident for transparent and
translucent materials, which become opaque upon turning crystalline. The results of DSC
study show that the curing reaction starts at room temperature and gets completed almost
around 50°C. This clearly indicates that the unsaturated polyester resins have good
induction period under this condition and therefore it can be expected that at room
temperature the unsaturated polyester resins would have a very long induction period
which is needed for better damage resistance. The sample was heated at 20 K/min while
the sample was cooled slowly (0.1 K/min) it goes through its glass transition temperature,

Tg, at 73.2 °C.
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3.2 Tensile properties at different temperatures

The objective of this test is to determine the effect of high and very low temperatures on
chord modulus (calculated over 0.1 to 0.2 % strain range), ultimate strain and Poisson’s
ratio of unreinforced polyester matrix (UPM) and reinforced polyester composite (RPC).
Tables 3.1 and 3.2 summarize the various mechanical properties of the prepared UPC and
RPC specimens, respectively, for better comparison. Each value in these tables is the
average of five replicates’ experimental results. Tests were done at room temperature first

as a basis for the other temperatures.
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Table 3.1. ASTM D638 Tensile test results for UPM at different temperatures

Temperature Chord Modulus | Stress at Fracture | Strain at fracture | Poisson’s Ratio
[°C] [kpsi] [kpsi] [%]
[GPa] [MPa]
60 28.52 0.544 6.99 0.419
[1.96] [3.75]
30 311 6.07 3.83 0.403
[2.14] [41.85]
0 537 6.66 1.45 0.397
[3.7] [45.92]
-30 641 5.24 1.19 0.382
[4.41] [36.13]
-60 662 4.14 0.64 0.380
[4.56] [28.54]
-80 697 5.08 0.73 0.358
[4.80] [35.03]
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Table 3.2. ASTM D638 Tensile test results for glass fiber RPC at different temperatures

Temperature Chord Modulus Stress at Fracture Strain at fracture Poisson’s
[°C] [kpsi] [kpsi] [%] Ratio
[GPa] [MPa]
60 925 8.7 1.03 0.22
(6.38] [59.58]
30 1090 13.7 1.41 0.18
[7.52] [94.46]
0 1510 12 0.93 0.24
[10.41] (82.74]
-30 1640 14.4 1.14 0.21
[11.31] [99.28]
-60 1700 15.7 1.38 0.24
[11.72] [108.25]
-80 1830 17.1 1.48 0.21
[12.62] [117.90]

The results displayed in Tables 3.1 and 3.2 clearly demonstrate the favorable impact of
glass fiber reinforcement on mechanical properties of the composite material. Figures 3.4
and 3.5 depict stress-strain curves of UPM and RPC specimens, respectively, under tensile
loading at different temperatures. The chord modulus of the unreinforced polyester
increases with a decrease in temperature, implying that the polyester matrix is becoming
stiffer. The stress at fracture increase up to a low temperature of -30 °C but decreases for
lower temperatures up to -80 °C.
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The increase in stress at fracture with decreasing temperature up to -30°C is due to lower
mobility of polymer chains and hence higher stress could be sustained before failure.
However, for further decrease in temperature, the polymer matrix becomes too brittle and
could start developing microcracks that reduce the fracture stress from the peak value. The
Poisson’s ratio monotonically decreases with temperature, potentially due to reduced chain
mobility in the polymer matrix. The glass fiber reinforced polyester composite has a chord
modulus that is significantly higher than the unreinforced matrix nearly 2-3 times higher.
The chord modulus continuously increases with decreasing temperature and this trend is
similar to the response of the matrix. The stress at fracture also increases with decreasing
temperature and is the highest at -80°C. The addition of glass fiber reinforcement reduces
the Poisson’s ratio compared to the unreinforced polyester matrix. However, no particular
trend in the variation of Poisson’s ratio with temperature for the composite was obtained.
Both the unreinforced polyester matrix and the reinforced polyester composite display a
nearly linear deformation behavior with load at all temperatures below room temperature,

as can be seen in Figures 3.4 and 3.5.
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Figure 3.5 Stress-strain curves of a RPC under transverse tensile loads at different

temperatures
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Figure 3.6. Stress at fracture of RPC and UPM under transverse loads at different

temperature.

Generally, it is observed that the fracture stress of the RPC composite is higher than
unreinforced polyester by about three times, as shown in Figure 3.6. The RPC shows a
maximum in stress at fracture of 17.1 kpsi (117.9 MPa) at -80°C and the corresponding
elongation is 1.48%, which is also the highest. For the effect of temperature, peak stress
shows an increase as temperature reduced from -60 to -80°C. This may attribute to the
progressive growth of micro cracks at fiber matrix interfaces as temperature goes down.
Heating up reveals more reduction in peak stress over a temperature range of -80 to 60 °C,
which is caused by a transition from semi crystalline to amorphous phase (weakening of
bonding between polymer chains), which was already determined by thermal transition test
and continues to increase toward room temperature. A sharp decrease is observed at 60 °C
due to softening of the resin matrix when glass transition temperature of UPM (Tg= 73.2

°C) is approached. This softening effect would weaken the bonding between the polymer
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matrix and fibers. The unreinforced UPM specimen has the maximum value of ultimate
stress as 6.66 kpsi (45.9 MPa) and the corresponding elongation as 1.45 % at 0 °C. The
maximum displacement observed during the testing was 3 mm at 60°C. The ultimate load
at which the sample breaks is 6.69 kpsi (46.125 kN). For composites, the shear strength
increases at cryogenic temperatures but, due to the difference in thermal expansion
coefficient between the matrix and the reinforcement, thermal stresses are induced at
decreasing temperatures. These stresses may seriously weaken the interface bonding and

thus adversely affect the structural integrity of the composite material.

Figure 3.7 shows the effect of temperature change on the chord modulus of RPC with 15%
fiber volume fraction. The chord modulus was calculated over a strain range of 0.1% to
0.2%. The chord modulus increases with decreasing temperature for both unreinforced
polyester and glass fiber reinforced composite. The behavior of both materials is shown in
Figure 3.7, the trend is similar; however, the RPC exhibits a larger change in modulus for
temperatures below 0°C. The highest values of chord modulus were 1830 kpsi (12.65 GPa)
and 697.4 kpsi (4.78 GPa) at -80°C for RPC and UPM, respectively. The lowest values for
chord modulus were recorded for both RPC and UPM at 60°C because this temperature is

close to the glass transition temperature of polyester matrix.
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Figure 3.7 Chord modulus of RPC and UPM under transverse loads at different
temperature.
Figure 3.8 shows the effect of temperature on strain at fracture for RPC and UPM. For
RPC, the strain at fracture is in the range of 0.93-1.48% as the temperature changes from
+60° to -80°C. There is a gradual increase in strain at fracture as temperature decrease from
0°C to -80°C. For UPM the strain at fracture gradually decreases with temperature below
0°C. Thus, the stress at fracture and strain at fracture are correlated as can be seen from
Figures 3.6 and 3.8. In contrast, an obvious increase occurred in UPM at high temperatures
where strain at fracture jumped to 6.99% at 60°C. The lowest strain at fracture obtained
was 0.73 % at -80°C in the UPM and 0.93 % at 0°C in the RPC. Figure 3.8 reveals an
obvious improvement in strength of the polyester material and a low strain at fracture for

the composite manufactured.
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Figure 3.8. Strain at fracture of RPC and UPM under transverse loads at different

temperature.

3.3 Thermal expansion coefficient

Thermal expansion, a;, was determined by employing equation (1) to the axial strain
measured experimentally in this study and taking the temperature difference with respect

to room temperature;

Q= % (ﬁ) (1)

For most materials a is positive during heating and becomes negative on cooling and Al/lg

is the strain. Figure 3.9 shows the change in thermal expansion coefficient for temperature
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difference for unreinforced polymer (UPM). Equation 2 represent the polynomial
relationship of thermal expansion coefficient with temperature difference in the range of -

80 to 60°C;

a; = 3x10 AT 2 + 0.0004 AT+0.0154 )
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e

0.005 @ ©

-120 -100  -80 -60 -40 -20 0 20 40 60
Temperature difference, AT

Figure 3.9. Thermal expansion (in/in *1/°C) vs. temperature difference of UPM

Figure 3.10 shows the change in thermal expansion coefficient with temperature difference
for reinforced polymer composite (RPC). Equation 3 represent the polynomial relationship

of thermal expansion coefficient with temperature difference in the range of -80 to 60°C;
a; = 7.0x108 AT 3 + 1.0x10° AT 2+ 0.0006 AT +0.0081 (3)

It can be seen that the behavior of thermal coefficient of RPC was positive at high

temperatures and negative at low temperatures.
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Figure 3.10. Thermal expansion vs. temperature difference of the RPC

Moreover, the intrinsic thermal expansion coefficient values of the RPC are much lower
compared to that of UPM due to the physical constraint created by fiber reinforcement. On
heating, the polymer matrix expands more as compared to the fillers; however, if the inter-
phases are capable of transmitting stress, the expansion of the matrix will decrease giving
rise to a reduced value of thermal expansion coefficient for the composite as a whole [16].
When the composite is cooled below room temperature (AT= 0) the thermal expansion
coefficient decreases due to the increased clamping pressure on the fibers created by the

matrix, which contracts more than the glass fibers.
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3.4 Microstructural analysis of failure in polyester composite

Scanning electron microscopy (SEM) was used to study the fractured surfaces of the
samples at different temperatures. Figure 3.11 shows fracture surfaces in the UPM at
different temperatures. Figure 3.11a shows areas of smooth fracture surface with in depth
cracking and pickling of layer of polymer material at 60°C. The surface has a layered
appearance and potentially excessive stretching of the polymer due to the temperature
being close to glass transition temperature (Tg). Figure 3.11b shows the surface at 30° and
has the appearance of a delaminating material with visible cracks and areas of a rough
surface. Figure 3.11c at -60°C has the appearance of flaky surface with small size and
smooth regions. The room temperature fracture surface points to a relatively higher energy
absorption compared to the smoother surface appearances for the high and low

temperature.

188K
S A AL M

Figure 3.11.a. Microstructure of failed UPR specimen at 60 °C
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Figure 3.11c. Microstructure of failed UPM specimen at -60 °C
Figures 3.12 a, b and ¢ show SEM images of the fractured surface in RPC at different
temperatures. Fiber pull-out is evident in all cases and the fracture surface in the matrix is
nearly flat and smooth except for -60°C where the surface is stepped and slightly rougher.
More extensive adhesion of the matrix to the fibers is noticed for the low temperatures
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range around -60°C. This implies that there is stronger interface bonding stress transfer for
lower temperatures and that is reflected in higher tensile strength of low temperature tests.
However, between the low temperature specimens, that is 0°C and below, the energy
absorption is only marginally different and the increases in strength with decreasing
temperature is relatively moderate. Even though tensile strength increases due to increased
bonding and clamping pressure of polymer on the fiber, the microcracks formed and the
extensive fiber fracture due to reduced fiber delamination limits the increase in energy
absorption. Herrera-Franco et al. [17] also observed a similar behavior for a high-density

polyethylene-continuous henequen-fiber composites.
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Figure 3.12a. Fracture surface of reinforced composite specimen at 60 °C
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Figure 3.12b. Fracture surface of reinforced composite specimen at -60 °C
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Figure 3.12c. Fracture surface of reinforced composite specimen at 30 °C
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3.5 Conclusions

A glass-like fiber reinforced polyester composite has been manufactured using E-glass
fiber as reinforcement and unsaturated polyester as a matrix. The quasi-static tensile
behavior was determined under different temperature conditions. A different tensile
behavior was noted between reinforced and unreinforced specimens at all temperatures
tested; the reinforced specimens exhibit a more uniform brittle trend at temperatures below
room temperature and a reasonable portion of ductility at and above room temperature.
Tensile properties of the unreinforced material were found to degrade above room
temperature. The reinforced composite showed less degradation and better performance
under all temperatures and specifically possessed better performance at cryogenic
conditions. Different mechanisms of fracture and fracture surface were observed as
temperature varies. For temperatures below room temperature both materials show a brittle
behavior, though reinforced composites display small ductility potentially due to

microcracking.
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CHAPTER 4: FATIGUE CRACK GROWTH RATE

4.1 Introduction

One of the many challenges associated with aerospace engineering is material choice for
the structures of the craft and other equipment. The combination of harsh environment,
large forces at high cycles and the need for lowest possible installed cost mean that the
choice of materials is limited [1-3]. The heart of a glass fibre reinforced polymers (GFRP),
which are good candidate materials for these applications, is the polymer resin or matrix.
The most common polymers used for composite matrices are the polyesters. The polymer
is then cured, using a chemical or heat as a catalyst, causing irreversible cross inking of the
material. Most of fatigue failure occurs within polymer matrix. Few studies are available
related to fatigue crack propagation in these materials at extreme conditions. Broutman and
Gagger [5] studied the behavior of a polyester resin (Paraplex P43) subjected to cyclic
fatigue stresses. A tension-tension mode at zero stress loading in a fatigue machine was
used. Temperature on the surface of specimen was recorded at the time of the test. The
researchers concluded that the temperature rise during fatigue process is critical in
determining the life of the material. Joneja[6] investigated the influence of polyester
toughness on fatigue behavior of glass-fiber reinforced composites. The toughness of the
polyester was varied by adding a flexible isophthalic polyester resin as a modifier to a
standard polyester resin. The laminates fabricated form this resin was tested at four
different tensile stress levels under a load-controlled mode. The results show that at a high
fatigue stress, the rate of increase in fatigue life with respect to decrease in fatigue stress is

nearly equal for the composites studied.
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Waigaonkar et al. [7] studied the impact of promotor, and glass fiber on gel time and peak
exothermic temperature of curing of resin unsaturated polyester resin. It was found that gel
time and peak exothermic temperature are affected significantly by glass fibers as
reinforcements and methyl ethyl ketone peroxide as a catalyst. Strong interactions are
found between the process variables. Kim et al. [8] studies fatigue crack growth rate of
acrylonitrile butadiene styrene (ABS) over the temperature range - 50°C to 80°C . They
developed an Arrhenius type relationship between fatigue crack growth rate and absolute
temperature. They found that the fracture surfaces was rather coarse in the temperature
range (— 50°C to 19°C), whereas in the high temperature range (30°C to 80°C) it was
somewhat smooth due to different modes of crack at the two extremities. Sauer and
Richardson [9] had reviewed and discussed the general nature of fracture in polymers,
when subject to alternating loads as distinct from static or steadily increasing loads and
micromechanics aspects of the fatigue fracture process and concluded that various methods
can be utilized to provide significant degrees of enhancement in the fatigue resistance of
polymers. The polymer matrix is often used with fiber reinforcement to make polymer
composites. The effect of temperature on these composites could be an important aspect of
the design and application of the composite. The polymer matrices are initially low
viscosity fluids and can penetrate into the centre of the bundles and wet out all the glass
fibres[10]. The polymer is then cured, using a chemical or heat as a catalyst, causing
irreversible cross inking of the material. Most of fatigue failure occurs within polymer
matrix. Few studies are available related to fatigue crack propagation in these materials at
extreme conditions. Mandell and Samborsky [11] studied the propagation of a through-the-

thickness crack in notched specimens loaded in tension—tension fatigue (R = 0.1, f =4-7
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Hz). Laminates were made of polyester resin and glass woven plies lined up with the load
direction. The thickness was about 2.5 mm and the initial notch was cut with a 0.63 mm
thickness diamond saw. The main characteristic underlined was that the crack growth was
linked to fibre tow width. Moreover, difficulty was encountered in measuring the crack
length because of the stepwise nature of the crack growth and the extensive damage region
associated with the crack tip. Most polymer composites are subjected to mechanical
loadings and environmental conditions such as temperature, moisture, chemicals, and
radiation causes the formation and propagation of microcracks. Polymer composites
subjected to synergistic effects of mechanical loading and environmental exposure usually
are more susceptible to microcracks formation and propagation [11-16]. Tang et al. [17]
studied the effect of temperature on fatigue life of glass fiber/vinyl ester composites from
4-65 °C. They found that fatigue life is highest at 4 °C. Based on experimental data, the
material constants, constant and exponent of Paris law, were obtained as functions of
temperature.

Barring fatigue failure which can be attributed to thermal runaway, crack propagation in
polymers can generally be related to the Paris crack propagation law, originally developed
to describe metal fatigue crack propagation, which describes the crack growth rate (da) as

crack advancement per cycle (dN):

da

v =Cc@or (4.1)

Where C and m are material constants and AK is the stress intensity range (Kmax — Kmin).
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Nevertheless, “other polymeric solids have shown fatigue crack growth plots which assume
a sigmoidal shape; crack growth rates are sometimes found to decrease to vanishingly low
values as AK approaches some limiting threshold value AK™ and increase to very high

values as Kmax approaches K¢ [9].”

da/dN versus AK curve is typically divided into three distinct regions (region I, II and III)

as shown in Figure 4.1;

Region |
10 |
Ke
= -
=]
@
o
[=)]
S 1wt =
MK Region Il
10

log AK
Figure 4.1. Typical da/dN versus AK curve [10]

Region | represents the nucleation of the fatigue crack. This region is influenced by
microscopic features such as grain size, type of bond, applied stress, temperature and
environmental conditions. There exists a stress intensity factor range below which fatigue
cracks should not propagate. This is known as fatigue crack growth threshold and is
represented as AKw. Region Il represents crack propagation zone in which linear elastic
fracture mechanics concepts are applicable. In this region crack tip is long compared to
mean grain size but much smaller than the actual crack length. Stable crack growth can be

seen in this region and the effects of microstructure, mean stress, and ductility are small.
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Region 111 represents the unstable crack growth just before the fracture. Stress intensity
factor approaches fracture toughness Kc of the material. The plastic zone near the crack tip
is considerably large and concepts of Linear Elastic Fracture Mechanics (LEFM) are not
applicable in this region. Elasto Plastic Fracture Mechanics (EPFM) concepts should be
applied for accurately predicting the unstable crack growth and fracture of the material
[11]. Thus, determination of fatigue crack growth rate is a very critical component at
designing of material for a specific application. In the present study, the fatigue and
microstructure properties of a transparent polyester resin at a cryogenic condition (-60 °C)
and room temperature were studied at different crack lengths.

4.2. Experimental work

4.2.1 Fabrication of composite material

A commercially available unsaturated polyester—styrene resin (polymer content = 65 wt %,
styrene content = 35 wt %, untreated, Aropol) was used as a curable polymer matrix. The
vendor did not supply any information about the chemical composition of the resin as it is
proprietary; earlier size exclusion chromatography experiments yielded an average
molecular mass of around 1700 g/mol of the nonpolymerized resin as delivered. After
solidification, the solid polymer was tested for the thermal transition in possessed a Tg of
73°C. At this temperature the polymer matrix softens and turns into a ductile polymer.
This polymer matrix is a semi-crystalline polymer and under a tensile stress the amorphous
chains will become aligned. This is usually evident for transparent and translucent
materials, which become opaque upon turning crystalline. The results of a differential
scanning calorimeter (DSC) test show that the curing reaction starts at room temperature

and gets completed around 50°C. This clearly indicates that the unsaturated polyester resins
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have good induction period under this condition and therefore it can be expected that at
room temperature the unsaturated polyester resins would have a very long induction period
which is needed for better damage resistance. The sample is heated at 20 K/min while the
sample is cooled slowly (0.1 K/min) goes through its Tg at 73 °C. If it is then heated at 20
K/min, it does not transform until 73°C. This means that the sample must absorb more

energy to reach the enthalpy of the rubbery state.

All components were mixed together with a hand stirrer until the mixture was clear and
transparent. The mixture was set in a vacuum degassing chamber to allow air bubbles
inside it to escape by creating vacuum inside the chamber. After degassing, the mixture
was poured into a 3.2 mm deep mold, which was made by placing aluminum frames on top
of a polyvinyl chloride (PVC) plate with Mylar sheet. After filling the mold, another PVC
plate with Mylar sheet was laid on top of the mold, the top and bottom plates were clamped
with C-clamps. The clamped plates were erected sideways to let entrapped air escape from
the mold. The setup was left at room temperature (~20 C°) for two days to ensure complete
curing and crosslinking of the polyester matrix. The curing agent used was a cobalt 2-
ethylhexanoate accelerator (65% in mineral spirit, Aldrich) initiator system of 0.03/2.0
weight ratio, respectively, which was mixed into the resin first, before the MEKP initiator.
The initiator was a solution of MEKP diluted in dibutyl phthalate of 50% (w/w) MEKP
content. This cure system was chosen to allow cure to occur in a reasonable time, in order

to allow sheets of resin to be molded before gelation occurs.

4.2.2 Fatigue test specimen

The specimens used for this study are the unreinforced polymer matrix samples shaped

according to ASTM Standard D647. The polyester sheets prepared in section 2.1 were used
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for this test after shaping. A Compact Tension (CT) specimen geometry (Figure 4.2) was
used for this test, it is recommended for homogeneous structure and unidirectional fiber

reinforced structures.
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Figure 4.2. CT specimen dimensions and actual test specimen

To characterize the influence of temperature on the crack growth behavior of the
unreinforced samples, the specimens were tested at a/w = 0.2 and 0.35. Additionally, a
razor blade was used to make a notch of 0.5 mm length into the specimens prior to fatigue

test. Figure 4.2 shows the notch in the specimen.

110



4.2.3 Fatigue Test method

The testing was conducted according to ASTM E647 “Standard Test Methods for
Measurement of Fatigue Crack Growth Rates.” A servo hydraulic MTS 810 Material Test
System 380200-0 was used for this test (Figure 4.3).

Specimen was tested with an R ratio of 0.1, a sinusoidal waveform and a frequency of 2Hz.
Fatigue crack growth was monitored with an optical microscope. The number of cycles (N)
for each growth period was recorded. Specimens were cycled until failure occurred. The
cyclic stress intensity (AK) and the average crack growth rate (da/dn) for each specimen

were plotted. The cyclic stress intensity (AK) was calculated according to the following

equation:
AP
|2 |f(2
Ak (B\/W j O 4.2)
Where:

f (a/w) : is the geometric correction factor for compact tension specimen as shown

below.

a (2 + %) a a? a? ay*
F(5)= W [0.886 +4.64—-1332(=) +1472(=) -56(-) ]
1 —_

w

And AP = load range [lbs], B = thickness [in], W = width [in.].
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Figure 4.3. View of the MTS servo-hydraulic multipurpose testing system used for fatigue
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at low temperature. Right hand picture is a close-up view of the environment chamber.
Linear regression analysis was performed on each resulting curve. The slope and intercept
obtained from the linear regression analysis were used to determine the Paris law exponent,
m, and the coefficient, C. First, fatigue crack growth rate measurement was conducted at
room temperature. The samples were pre-cracked at room temperature and low temperature
with a starter razer blade crack followed by fatigue loading to initiate a sharp pre-crack.
For operation at the lowest temperatures of -80°C the specimen was very brittle, and no
crack initiation and growth were noted up to 40,000 cycles, following which the specimen
suddenly fractured into two pieces in a catastrophic manner. This behaviour was
reproduced with replicate specimen testing. When the temperature was increased to -60 °C

a more stable crack growth was observed after 20,000 cycles of loading.

A nitrogen cooling chamber was used to cool the coupon during testing. A radiation
thermometer measured + 1°C temperature change in surface temperature during the
fatigue test. The temperature in the lab which houses the 380200-0 machine varied between
15° and 19° C. Five coupons were tested at each of separate a/w levels (Figure 4.4).
Approximately twenty coupons of each material were tested over a maximum stress levels
at -60°C and room temperature that caused the coupons to fail between 20,000 cycles and

10,000 cycles.
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Figure 4.4. Ongoing fatigue crack growth test specimen

4.3. Results and discussion

For testing at room temperature, R=0.1 and a/w =0.2 and 0.35 data were obtained
considering only the positive range of Ac. This polymer resin did not exhibit a sigmoidal
variation consisting of the three regimes (near-threshold, intermediate growth rate and high
growth rate), typical of ductile solids. Crack depth generated upon applying cyclic load at
R= 0.1 and a/w =0.2 is shown in Figure 4.5. No crack growth was observed up to about

70,000 cycles of loading.
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Figure 4.5. Fatigue crack growth test of unreinforced specimen

at a/w= 0.2 and room temperature

A gradual increase in crack depth was observed. A crack was first generated at 72 k cycles
then increases with applying higher load. However, the specimens failed shortly at 87.3 k.
Fatigue crack growth rate was predicted by plotting da/dN versus AK as shown in Figure
4.6. The Paris law was fitted to these data by regression, m and C being presented in Table

4.1.
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Figure 4.6. The relationship between log (da/dN) and log (AK) of unreinforced specimen
at a/w= 0.2 and room temperature

Table 4.1. Fatigue crack growth parameters per ASTM E647 at room temperature

AP low level /AP
Specimen ID Exponent (m) Coefficient, C
high level
a/W=0.2 11bs/ 11 Ibs 5.72 2.01E-02
a/W=0.35 11bs/ 11 Ibs 4.83 1.84E-02
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The same trend was obtained for a/w =0.35 with higher rate of crack growth as shown in
Figures 4.7 and 4.8 and Table 4.1.
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Figure 4.7. Fatigue crack growth test of unreinforced specimen

at a/w= 0.35 and room temperature
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Figure 4.8. The relationship between log (da/dN) and log (AK) of unreinforced specimen

at a/w= 0.35 and room temperature
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Figure 4.9 shows the strain-life fatigue test results for the unreinforced unsaturated
polyester resin at a/w= 0.2 at -60°C. Based on the mean stress diagram procedure described
above certainly the polymer resin specimens are experiencing a progressive fatigue
damaged (crack length increases linearly between 60000-74620 cycles) before final failure
as can be seen in Figure 4.9. The semi straight curve produced here is due to the fact that
the specimen of unreinforced polyester resin became brittle at the low-test temperature of
-60°C and number of cracks generated are very low. Moreover, the propagation of these
cracks is very slow because of the shrinkage of polymer matrix caused by extreme cooling.
This was proved by the difficulty of measure the crack growth at the time of testing where
some of the specimens fractured without crack growth at about 40K cycles. According to
Figure 4.9, the crack started growing at 20 k cycle. As the number of cycles was increased,
a steeper growing is observed. Scatter is clearly seen at 20k which is an issue with
conducting the test at cryogenic conditions and for the main limiting factor on the crack
growth rate data achieved in these results.

As per Equation 1, crack growth rates were calculated from the acquired crack progression
data using the incremental polynomial method with a half window length of five points.
Representative crack growth rate curves are shown in Figure 4.10. The curve of Figure
4.10 was fitted to obtain the corresponding power law. The identified fatigue strain-life
power-law (Paris law) constants for the polymer material are given in Table 4.2, at R =0.1

and -60°C.

118



12
*
10 - e
*
£ L J
\E/ * > <& > ¢
= 3
(@]
c 6 - '0 *
R
X
o
©
G 41
2 i
0
0 1000 2000 3000 4000 5000 6000 7000 8000

Number of Cycles*10+!

Figure 4.9. Fatigue crack growth test of un-reinforced specimen

at a/w= 0.2 and -60°C
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Figure 4.10 The relationship between log (da/dN) and log (AK) of unreinforced specimen

at a/w= 0.2 and -60°C
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Table 4.2. Fatigue crack growth parameters per ASTM E647 at -60°C

AP low level Exponent Coefficient
Specimen ID
/AP high level (m) ©

a/W=0.2 11bs/ 11 Ibs 8.13 1.93E-02

The analysis of the data obtained at the environmental conditioned test shows that a unique
relationship exists between log (da/dN) and log (AK) for the test at -60°C. Overall, the
curve matches the typical representation of Paris law assumption (see Figure 4.1) which is
almost has a steeper slope. Thus, a good fitting of this curve to a straight line was obtained
with R2 = 0.9269. The results also show fairly good stable fatigue crack growth was
achieved in the polyester specimen subjected to mode I fatigue loading. The fatigue crack
growth rates (da/dN) from each specimen are shown in terms of stress intensity range (AK)
in Figure 4.10, and for comparison, the results are in good agreement with the constants
obtained by previous studies [18] who showed that operating at low temperatures
influenced the values of Paris law constant. With this in mind, one can observe that values
of m and C obtained at low temperatures (Table 4.2) are higher than those obtained at room
temperature (Table 4.1). It is difficult to identify a definite trend of the temperature effect
because of the very few literatures available for standardizing and comparison of results.
However, it can be fairly determined that reducing the temperature appears to decrease the
fatigue crack growth resistance, as described for most of the tough polymers including
unreinforced polymer resins [19-20].
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The crack length created versus number of cycles applied for the examined R-ratio = 0.1
and a/w =0.35 and -60°C is shown in Figure 4.11. The results of growing of crack length
as load increases prove that the relationship between number of cycles and crack length is
highly dependent on the a/w ratio. Regardless of the operating temperature, steeper curve
approaches low fatigue thresholds correspond to larger a/w ratio. For the impact of
temperature, a smaller number of cycles need for the specimen of unsaturated polyester
resin was need to fracture the specimen as temperature went down from room temperature
to -60°C at a/w= 0.35. The same finding can be obtained from Figure 4.12 of Paris law
curve. A steeper behavior is observed compared to Figure 4.10. Although cycles to failure
were lower, reign | mode is more obvious in a/w =0.35 which indicates that the specimen
has more time to grow the crack before failure. However, Figure 4.12 indicates that
operating at cryogenic temperature (-60°C) and at higher a/w =0.35 resulted in decreasing
the resistance of the fabricated specimen as proved by Paris law exponent and constant

shown in Table 4.3.
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Figure 4.11. Fatigue crack growth test of unreinforced specimen
at a/w=0.35 and -60°C.
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Figure 4.12. Fatigue Crack Growth Curves of un-reinforced a/W=0.35 and -60°C
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Table 4.3. Fatigue Crack Growth Parameters per ASTM E647 at -60°C

AP low level Exponent Coefficient
Specimen ID
/AP high level (m) ©)

a/W=0.35 11bs/ 11 Ibs 7.64 3.67E-02

4.4. Conclusions

The established formulations of Paris law for polyester resin manufactured in this study is
based on the commonly used total fatigue life concept. The derivation of the new model is
phenomenological, relying onto the existing experimental data under different a/w ratios
in order to estimate the necessary model parameters as functions of the a/w ratio at low
temperature. Thus, this work focused on determination of Paris law constants at low
temperature and different a/w-ratio for a transparent polyester resin. As temperature
decreases to -60°C, the fatigue crack growth resistance decreases due to extensive

microcracks generated as the material becomes more brittle at cryogenic conditions.
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CHAPTER 5: PUNCTURE RESISTANCE

5.1 Introduction

In addition to their excellent quasi-static properties such as high specific stiffness and
strength, fracture toughness and impact resistance of fiber reinforced thermoplastic
composites are among the most important properties of polymers and their modified
systems [1,2]. The impact capabilities and other properties of most composites has been
studied and investigated extensively in recent years and many technical articles, books, and
reviews about impact on composites, are available. Main goal in optimizing these materials
for use in ballistic applications is to understand their characteristic properties and to
evaluate their energy dissipating ballistic damage mechanisms [3]. One of them, quasi-
static penetration resistance of a composite structure represents the energy dissipating
capacity of the structure under transverse loading without dynamic and rate effects.
Erkendirci and Gama [4, 5] studied quasi-static penetration resistance of glass and Carbon
fiber reinforced composites. They reported dissipated energy capacity of these composite
laminates. Gama et al. [6,7] investigated the punch shear behavior of thick-section
composites under quasi-static, low velocity, and ballistic impact loading and identified the
energy dissipating damage mechanisms during quasi-static punch shear of thick-section
composites. Aslan et al. [8] studied experimentally the behavior of E-glass/epoxy laminate
under low energy impact using different masses of indenter and the indentation in laminate
was discussed. It was concluded that the delamination in the target plate increased with the
span size of plate. The effect of diameter of indenter on delamination in the target plate
was studied by Icten et al. [9] and it was concluded that the induced damage in the target

was more in case of impact by bigger indenter.
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Wen [10] investigated the influence of projectile nose shape on penetration and perforation
of fiber reinforced plastic composite laminates by varying impact velocities. Theoretical
equations were derived for perforation tests in terms of penetration depth and ballistic
limits. It was shown that theoretical and experimental predictions were in good agreements
in terms of penetration depth and ballistic limits. Bandaru et al. [11] investigated the effect
of hybridization on the ballistic performance of hybrid composite reinforced with various
combinations and stacking sequences of Kevlar, glass and carbon fibers. It was found that
stacking sequence of the fibers showed the major factor for ballistic performance. For
example, it is revealed the good ballistic performance in the case of Kevlar fiber at rear
side, glass fiber in the exterior side and carbon fiber at front side. Several studies have
shown that these materials are sensitive to moisture and heat [12]. Findings obtained by
investigators [13-19] describe the mechanical behavior of reinforced composite under
quasi static or dynamic loading at room temperature while references [20-26] describe the
mechanical behavior of a fiber reinforced composite under quasi static or dynamic loading
as a function of temperature from high to low temperature. Ou et al [23] reported that there
is an obvious dependence of the temperature on the mechanical properties of glass fiber
reinforced polymer (GFRP). They reported that for GFRP, the tensile strength linearly
decreases nearly 31.1 % when temperature increases from room temperature to 75° C.
However tensile strength  showed almost no change (within 3%) when temperature
increased from -25 to 50 °C. Elanchezhia et al [26] determined the mechanical properties
of GFRP at different strain rates and temperatures. For a temperature range 35-70 °C they
found a negligible change at a constant strain rate (8%). Lamb et al [20] reported a increase

of 30% in the tensile properties of a laminate made of unsaturated polyester reinforced with
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glass fabric at -70°F over that at room temperature. The impact strength based on the Izod
test increased by 45% at -70°F over the room temperature most of the studies focused on
damage modes and strain rate sensitive nature of these opaque polymer matrix composites
at room and extreme temperatures. In 2010, Koerner and Koerner [27] have discussed the
puncture resistance of polyester and polypropylene nonwoven geotextiles and found that
there is a significant impact strength of temperature in reducing the puncture resistance.
With all these research works in mind, investigation of puncture resistance at extreme
conditions of unsaturated polyester composite is lacking. The present study focuses on
examining the impact of exposure to extreme conditions (high and very low temperatures
and moisture) on puncture behavior of transparent unsaturated polyester matrix and
composite to obtain the optimum conditions under which these materials would be utilized

for engineering applications.

5.2 Experimental work

5.2.1 Background

Drop weight impact testing is another type of low velocity testing, and it is the most
common test for composite materials. Drop weight impact tests are done to test the impact
behavior on composite plates, which most closely resemble impact damage in the field.
When using a drop weight impact tester, two categories of damage can occur. The first is
clearly visible impact damage (CVID), which can easily be seen by the naked eye. The
second type of damage is barely visible impact damage (BVID), which can seldom be seen

by the naked eye.
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In drop weight impact testing, a mass is raised to a known height and released, impacting
the specimen. The choice can be made between either an instrumented or non-
instrumented test machine. A figure displaying how an instrumented impact machine

works is shown below.

Instrumented !
Tup ’ .
! Velocily
: gate
y 9 H
x(t) Yy
Support - Specimen

Figure 5.1 Example of the operation of a drop weight impact test machine

In Figure 5.1, x(t) is the coordinate system, H is the initial drop height, W is the impact
weight, and v, is the impact velocity. The tip is a hemispherical impactor that measures
the strain during impact [28].

In order to characterize composites during impact, theory has been developed by Jang,
Huang, Hsieh, Kowbel, and Jang [29]. This theory consists of treating the specimen like a
beam in bending. In this treatment, the plate is clamped along two sides only. This theory
is different from a more classic approach in which the plate is constrained on all sides. In
order to begin, Newton’s second law is used and the solution for acceleration, a(t), is given

as
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a(t) = g -2 (5.1)

where g is the gravitational acceleration constant, P(t) is the load with respect to time, and
M is the mass of the impactor. t = 0 at the time when impact has just begun, and, knowing
the initial conditions,

v(t)=V,att=0 x(t) =0,att =0 (5.2)
where V is the velocity just prior to impact. Equation 5.1 can be integrated to obtain an

expression for v(t), and this can be integrated to obtain a solution for x(t).

v(t)
tPD
——2 d 5.3
v[ g-5p d (53)
x(t)

It is important to remember that equations 5.3 work as long as the composite laminate is
not punctured. Once the previous quantities are known, it is now possible to solve for the

energy absorbed as a function of time.

r(e) = f P v(d) di (5.4)
0

Integrating equation 5.4 from 0 until the time t that the impactor is no longer touching the
specimen will yield the total energy. This is a simplified method used to determine the

energy absorbed by the specimen.
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5.2.2 Experimental setup

The puncture resistance of the reinforced and unreinforced unsaturated polyester was
measured using the procedure ISO 6603-2 international standard test method for
determination of puncture impact behavior of rigid plastics. A temperature range of -80 °C
to 60 °C was covered. At least three specimens per temperature were tested and the
crosshead speed was set at 25 mm/minute. All specimens were machined, as a flat plate
specimen (100 mm square plates, thickness 3 mm) from the sheet prepared in Chapter 2
using a water-cooled diamond saw; the edges were sanded prior to conditioning. The
impact striker has a 20 mm diameter hemispherical tip, and the test specimen support ring
has a 40 mm diameter hole. Figure 5.2 shows the test assembly. The wet samples were
stored in a plastic container of distilled water at 23°C in an oven. The schematic view of
test setup is shown in Figure 5.3. This test was done in a compressive mode on a 15-kN
Instron Dynatup 9250HV impact tester Drop-Tower for impact testing. Environmental
chamber option allows testing from -40°F to +350°F. Under standard conditions of
different temperatures and humidity 55% RH. Table 5.1 presents the specifications of this

machine.
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Figure 5.2 Puncture test assembly

Figure 5.3 Experimental setup of puncture resistance test
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Table 5.1 Specifications of puncture test machine

Test Equipment Frame Frame 3 (CEAST Instron 9250 floor standing system)
Last Calibration 8/23/2017
Designed load  0.59 -757 J (0.44 - 558 ft-Ib)
Data acquisition 4 MHz simultaneous sampling.
Impact Speed 0.77 - 24 m/s (2.53 - 78.7 ft/s)
Drop Height 0.03-29.4m (1.18 - 1160 in)
Drop Weight 2.00 - 70.0 kg (4.41 - 154 Ibs)

The load probe has a hemispherical tip with a radius of 5 mm at the tip and has a straight
stem of diameter 10 mm. A puncture probe test speed of 25 mm per minute was used for
all samples. A five-pound load cell was used for this study. It was made sure that the load
range to break was between 20 to 80% of the load cell capacity. The peak load and energy
to break were noted. The reinforced and the unreinforced sample was secured in a clamping
mechanism so that the rubber O-rings attached to the edge of the specimen holder
prevented any slippage during the testing procedure. Each sample was placed in between
the rubber padded grips of the CEAST Instron 9250 testing machine. The pressure on the
grips was controlled pneumatically so as to prevent any slippage. Once the test specimen
is clamped down, the mass is raised to the desired height, and the mass is locked into place.
Once the machine is set to its correct configuration and all data acquisition software is
running, the mass is released and allowed to impact the plate. A picture of an impacted

test specimen is shown in Figure 5.4.
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Figure 5.4 Post impact drop weight test specimen
The strains measured by the tup are loaded into a software program, and the data obtained

from the test can be examined to see the impact resistance of the plate.
In this experiment, we measured and recorded the following operational parameters;

1. Drop mass (kg)

2. Drop height (meters)

3. Time elapsed from the moment of impact (a typical event lasts ~10 msec)

4. Velocity of the falling mass at impact (meters/sec)

5. Force exerted by the striker on the test specimen from the moment of impact until
the end of the event (Newtons)

6. Energy (Joules) and Deflection (mm)

The data is plotted as force, energy, or displacement vs. time. The puncture data of the
reinforced and the unreinforced specimens were analyzed to check if there was any
significant effect based on the variables mentioned above and also for regression. The

regression analysis was done on time-based puncture results to check if the values showed
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a corresponding change with change in temperature. Experiments at each temperature gave
two typical graphs with load (kN), and Energy (J) plotted as a function of 1) time (ms), and

2) deflection (mm).

5.3. Results and discussion

Three composite specimens were tested in each category. Seven different temperature were
tested (80°C, 60°C, 30°C, 0°C, -30°C, -60°C and -80°C). All the specimens consist of

six layers of E-fiber glass cloth embedded in a polyester matrix.

5.3.1 Impact Loading Characteristic

Load time curves from the puncture testing are shown in Figures 5.5 and 5.6. These shows
that for temperatures below 60°C up to -80° C the contact time of the impactor is higher
for reinforced specimens compared to unreinforced polyester specimens. For unreinforced
specimens at temperatures below 60° C the contact time is a function of temperature and
reduces with reducing temperature. For temperatures of 60° C and 80° C, that is in the
vicinity of glass transition temperature, the contact time and peak load shows a dramatic
increase. This is due to increased ductility of the matrix in the vicinity of the glass transition
temperature resulting in higher deformation of the matrix region in contact with drop-
weight [30]. At low temperatures the stiffness of the material is higher [31] and hence the
the frequency of vibration of specimen is higher along with slightly higher wave speed in
the specimen that makes the impactor bounce back earlier (thus reducing contact time with
decreasing temperature) than at higher temperatures. The unreinforced samples generally
behave in a very brittle fashion and are completely perforated when the peak load is reached

resulting in a steep drop in load, as shown in Figure 5.6. For reinforced specimens below
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80°C temperature the contact time is independent of temperature variation as the composite

is only partially damaged with no preformation.

When the unreinforced specimens is subjected to puncture load, the load increases linear
by up to the damage initiation point. In the temperature range -80°to 30°C the peak load
is nearly the same. The sudden drop in load after reacting the peak load is due to complete
perforation of the specimen. The peak load values for reinforced specimens continuously
increases from 80°C to 0°C, for temperatures below 0°C to -80°C the peak load is constant.
The load-time curves for E-glass reinforced specimens reveal that the peak puncture load
is higher than unreinforced at all temperatures. For temperatures above room temperature
(309 60°and 80°C) the load-time curve is linear initially followed by a constant load region
before the load begins to drop due to a combination of increasing damage, flexure in the
panel and bounce back of the drop weight. In the constant load region (or a plateau)
duration of the constant load increases with increasing temperature signifying greater,
contact duration of impactor. The polymer matrix is more compliant as temperature
increase up to the glass transition temperature of 73°C and the flexural deformation on
impact does not result in increased load. Below room temperature and up to -80°C (09, -
30°, -60°and -80°C) the load — time curves are nearly identical and the peak load is higher
than temperatures above room temperature ( ~20°C). It may be noted in Figure 4 that for
temperatures 0° C to -80° C the load-time curve is symmetric about the peak load. This
signifies that the energy absorption in the pre-peak region is same as in the post-peak
region. However, in the higher temperature conditions the post-peak region is larger than
pre-peak region which indicates that these specimens can continue to sustain a load for

longer duration after damage occurs at peak load [32]. Instrumented falling weight
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puncture testing involves varying time scales, as seen in Figures 5.5 and 5.6. The time
taken for damage initiation and propagation through the entire specimen to the point of
total collapse is smaller for unreinforced polyester specimens compared to reinforced
specimens at each respective temperature. This indicates that the time taken to reach the
peak impact load is strongly influenced by the stiffness of composite at different

temperatures.
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Figure 5.5. load - time traces of puncture event in the reinforced polyester composite

material
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Figure 5.6 Load - time traces of puncture event in the unreinforced polyester composite

material

In Figure 5.7, the influence of load level on the mechanical response is plotted
schematically. The puncture occurs in 3 stages: The penetration force begins to
continuously increase after the probe tip touches the upper surface of the reinforced (or
unreinforced) composite until the tip causes damage or pierces the surface of the
composite, resulting in the drop of load. From point a to b the load increases linearly due
to elastic loading, from b to c the load — time curve becomes non — linear as localized
damage initiates around the point of impact due to the high stresses caused by Hertzian
contact of the drop — weight. After point c the load begins to drop due to significant damage
in the material resulting in loss of stiffness or decoupling of the drop — weight with the

specimen due to bounce back. If the spherical portion of the drop—weight penetrates
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through the specimen, the area of specimen damage does not increase. The load (or stress)

reaches the maximum at point ¢ and the load drops after that point.

N

Energy

Load
A3i3u3

b Load

Deflection

Figure 5.7 Damage stages in the punctured specimens.
For temperatures above room temperature (309 60¢ 80°) the peak load achieved in
reinforced specimens decreases with temperature while the deflection increases with
temperature, as shown in Figure 5.8. In this temperature range a load plateau is observed
indicating the start of damage in the specimen but the load carrying capacity is not degraded
as the fibers are able to be carrying the load until. More widespread damage causes fiber-
matrix delamination, fiber breakage and matrix cracking. Below room temperature and up
to -80° C the peak load and deflection is nearly the same at all temperatures. For
unreinforced polyester specimens at temperature below 60°C a brittle behavior is observed
where in the deflection is linear up to the peak load at which point there is catastrophic
failure and perforation in the polyester panel, resulting in sudden drop of load, as seen in

Figure 5.9. However, at temperatures of 60° C and 80° C, which are closer to the glass
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transition temperature, the specimens behave in a more ductile manner due increased
stretching of the polymer matrix without fracture. The value of the peak load achieved is

highest at these temperatures and occurs at higher deflections.

BOC wreveeees 60C =mmmm 30C=+= 0C=+= -30C=— —-60C— - =-80C

Load [KN]

-0.5
-1000 0 1000 2000 3000 4000 5000 6000 7000

Defelection* 10A-3 [mm)]

Figure 5.8. load — deflection traces of puncture event in the reinforced polyester

composite material
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Figure 5.9. Load — deflection traces of puncture event in the unreinforced polyester
composite material

5.3.2 Energy absorption

Puncture damage in composite materials involves different fracture modes. Figures 5.10
and 5.11 show the variations in energy absorption for reinforced and unreinforced
specimens respectively. Figure 8 shows that energy observed after contact in the composite
specimen with the drop — weight continuous to increase with time up to about 2000 ms
after which a small drop is displayed as the drop — weight becomes back and reverses it

velocity direction. Energy absorption is calculated using the formula shown below.
Eap(t)= 5 m [ (Vanp)? = (V(1))?] (5.5)
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Where:

Ean(t): energy absorbed.

t: is the time after impact at t=0.

The maximum energy absorption is reached when the velocity of the drop — weight is zero,
which occurs at~2000 ms for the reinforced specimens at all temperatures from +80°to -
80°C. Moreover, the peak energy absorption is nearly the same for all temperatures and is
about 75 % of the available energy in the drop — weight before impact. No difference is
noted as there was no puncture in all cases, though the damage zone showed a variation

with temperature (and is discussed in the next section).

Figure 5.10 displays the energy absorption during the puncture event in the reinforced
polyester specimens as the temperature changes from +80°C to -80<C. At the temperature
of +80°C, which is slightly higher than glass transition temperature 73°C of the polyester
matrix, no puncture is observed as the matrix material can stretch significantly on impact
and eventually the drop — weight comes to the rest after about 6000 ms. The energy
absorption in unreinforced polyester specimens is low for all temperatures below 80°C as
the material fractures around 1000 ms, as shown in Figure 5.10, after impact and the drop

— weight pushes through the punctured region.

In the case of reinforced polyester specimens at 80°C a similar behavior is observed though
the impactor reverses its movement at about 4000 ms after impact, however, the rebound
velocity is low at about 0.1 m/s compared to the impact velocity of 0.9 m/s. The rebound
velocity at all negative temperatures in reinforced sample is higher at about 0.4 m/s, as
shown in Figure 5.11.
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Figure 5.10. Absorbed energy as a function of time during a drop — weight puncture test

of the reinforced polyester composite.
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Figure 5.11. Absorbed energy as a function of time during a drop — weight puncture test

of the unreinforced polyester composite.
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Figure 5.12 and 5.13 compares the velocity-time curves for different test specimens.
Although puncture velocity alone does not the puncture properties of material but it can
affect the energy dissipated during puncture. The change of the puncture momentum as it
passes through the specimen relates to the energy consumed by the fracture process. The
velocity of the puncture become zero when the composite specimen reaches the maximum
deflection. The velocity of puncture in unreinforced is higher than in reinforced. In
reinforced reduced the velocity with reduce the temperature the same thing in unreinforced

except at 60°C was higher velocity than the other
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Figure 5.12. Velocity as a function of time during a drop — weight puncture test of the

reinforced polyester composite.
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Figure 5.13. Velocity as a function of time during a drop — weight puncture test of the

unreinforced polyester composite.

5.3.3 Fragmentation characteristics under dynamic loading

Glass fiber reinforced polyester composite specimens and unreinforced polyester
specimens were subjected to dynamic (impact) loading by a drop — weight. Test were
conducted at different temperatures ranging from +80°C to -80°C. The damage created in
the vicinity of the impact region in the two types of material is shown in Figures 5.14 and

5.15 for the unreinforced and reinforced polyester specimens, respectively.

The unreinforced polyester undergoes permanent local deformation without puncture for
temperatures 60°C and 80°C, which are close to the polyester glass transition temperature

of 73°C. At room temperature and negative temperatures, the material punctures under the
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dynamic load. At very low temperatures of -60°C and -80°C the polyester specimens begin

to shatter into fragments on impact as shown in Figure 5.14.

As fiber reinforced composite specimens behave differently from unreinforced specimens
in terms of damage evolution under impact damage in the composite specimens at 60°C
and 80°C is different form that seen at room temperature and below up to -80°C. At the
two higher temperatures in the proximity to the glass transition temperature of 73°C the
damage zone is of random shape, as seen in Figure 5.14 with slightly more damage on the
back side of the specimen. As the temperature continuous decrease the damage is more
symmetric and organized. At the point of impact there is a Hertzian — like crushing of the
material. This is then followed by flexural deformation of the specimen. The maximum
principal stress occurs in the back side on the line directly behind the impact point. Thus,
local damage zone and radial cracking initials at these locations at the front impact point
and the backside of the specimen. As the temperature decreases the residual stress in the
polymer matrix increases due to greater shrinkage of the matrix relative to glass fiber
further promoting radial cracking. Figure 5.15 shows an enlarged view of the damage in
the composite specimens on the near side with respect to the impacted side. The damages
are clearly visible as a transparent composite panel was used for testing. At 0°C fiber de
bonding is apparent along the radial cracks, minor fiber breakage below the impact point
on the rear face and extensive de bonding and matrix cracking over a circular region around
the impact point. At a lower temperature of -60° C the damage zone is smaller in size,
however, the fiber breakage and longer cracks in the matrix are visible on the rear side,

as seen in Figure 5.15.
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Figure 5.14. Fragmentation characteristics under dynamic loading for unreinforced

specimens.
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Figure 5.15. Fragmentation
characteristics under dynamic loading

for reinforced specimens.

149



5.4. Conclusions
In this work, the dynamic behavior of reinforced and the unreinforced preconditioned in a
humid environment was studied. The findings can be concluded as follows;

e A better behavior, in terms of maximum puncture load, was observed for the
reinforced specimens for the low temperatures. A low puncture resistance was
obtained at high temperatures.

e Aninvestigation has been conducted to study the effect E-glass fiber reinforcement
on the low velocity puncture response of an unsaturated polyester.

e The change between reinforce specimen and unreinforced results in an increased
damage propagation phase thus increasing the puncture resistance properties. At
reinforce specimen the failure mode of the composites is more ductile with

correspondingly higher energy absorption characteristics.
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CHAPTER 6: CONCLUSIONS AND FUTURE WORK

6.1 Conclusions

The objective of this dissertation was to develop an environment resistance polyester

composite to withstand high and temperatures at the time of engineering applications and

examining the material performance under different mechanical loadings. Because of this

work, several important conclusions were derived and are listed below.

An optically transparent glass fiber reinforced polyester composite was manufactured
with high light transmittance. However, transmittance decreases as fiber is added as a
reinforcement agent. A low temperature environment does not significantly change the
optical properties. However, operating at high temperatures above room temperature
modified the optical properties significantly.

Significant improvements were obtained under tensile loading in glass fiber reinforced
polyester due to their superior tensile properties at low temperatures compared to
unreinforced polyester. Tensile properties of the unreinforced material were found to
degrade above room temperature. For temperatures below room temperature up to -
80°C both materials show a brittle behavior, though reinforced composites display
higher tensile strength and small ductility potentially due to microcracking.

The Puncture test, also displayed high damage resistance to impact loading in reinforced
composite at low temperatures whereas a low puncture resistance was obtained at high
temperatures. A decrease in damage propagation phase has been observed along with
a higher energy absorption characteristic in reinforced polyester composite compared

to the unreinforced material.
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e Formulation of Paris law model of polymer matrix at different a/w ratios and low
temperature reveals that fatigue crack growth rate increases as temperature decreases
potentially due to extensive microcracks generated as the material becomes more brittle

at cryogenic conditions.
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6.2 Future Work

Based on the experimental results obtained and behaviors observed, following suggestions

are made for future investigation.

Incorporating polymer additive to raise glass transition temperature may also provide
additional advantage of good performance of the polymer matrix and the composite at
high temperature with respect to mechanical and thermal stability.

Study the effect of fiber-matrix interface bonding characteristics to maximize the
mechanical properties of the composite at both high and low temperatures.

Simulation of the composite material prepared under different static and dynamic
loading could be conducted by finite element analysis in ANSYS or LS-DYNA to set
up the loading distribution on the specimen and determine any defect with composite
and determination of change in mechanical behavior due to heating or cooling.
Fracture life time is a very indicative design parameter and could be measured at
different temperatures to predicted life time of engineering parts manufactured from

the materials fabricated in this study. Some of preliminary results are shown below.
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6.2.1 Introduction to fracture toughness of polyester composite

The polymer matrix is often cured, using a chemical or heat as a catalyst, causing
irreversible cross inking of the material. Few studies are available related to fatigue crack
propagation in woven laminates. Much effort has been put into researching and developing
tougheners that can improve the fracture toughness of thermosets, in particular epoxy
resins. But for unsaturated polyester resin (UPM), which is a low-cost thermosetting resin
with advantageous chemical resistance that requires only mild curing conditions [1, 2 ], the
toughening results are still far from satisfactory. Han et al. [3] reported the use of a
commercial epoxy-based nanocomposite with 2 wt % nanosilica to enhance the fracture
toughness and wear performance of neat epoxy under marine environment. The neat epoxy
and the nanocomposite were deleteriously affected by salt water immersion, with decreased
fracture toughness values. However, the increment of fracture toughness due to the addition
of nanosilica was able to complement the loss due to salt water immersion. He et al. [4]
studied the impact of adding graphene oxides (GO) and its appropriately functionalized
derivatives as materials for toughening of unsaturated polyesters. Chemical modifications
studied in that work improved the toughening effect by enhancing particle-matrix bonding
and surface compatibility. Silva et al. [5] showed that, in general, the fracture toughness
was not affected by the applied strain-rate in coconut fiber composites and is inferior to the
sisal fiber ones and even to the neat polyurethane matrix, whereas the best performance
was displayed by the sisal fabric composite. Ali et al. [6] studied the fatigue and fracture
properties of bamboo fiber composites made of woven layers. In these experiments,
unsaturated polyester (UP) and bamboo fiber (BF) strips were prepared through a hand lay-

up technique using 3-mm thick aluminum mold. These findings suggest that the bamboo
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strips, based on unsaturated polyester, provided relatively good fatigue and fracture
properties and a good method of reinforcing fibers to combat fatigue and fracture failures.
For the influence of temperature and moisture on performance of composite materials,
several studies had been implemented [7-9]. Many tests have been set up to quantify the
toughness of composites since interlaminar fracture may occur during practical
applications under extreme conditions [10]. Experimental evidence of these studies is
strictly related to their studies’ conditions and components of composites. Moreover, most
of the published experimental data are limited to the opaque polyester composites that are
used for automotive structures excluded thin and transparent types of polyester composites.
Since it is very time and fund-consuming to estimate the fatigue threshold, and difficult to
monitor the fast region of fracture, the majority of studies focus on following cracks in
notched specimens loaded in tension-tension fatigue to calculate Kic parameter and
examine fracture morphology. In continuation of a strategic project to develop a
comprehensive evaluation of glass-like unsaturated polyester composite at extreme
condition, the present study aim to characterize fracture toughness difference in a humid
environment and over a wide range of temperature. These findings suggest that the bamboo
strips, based on unsaturated polyester, provided relatively good fatigue and fracture
properties and a good method of reinforcing fibers to combat fatigue and fracture failures.
For the influence of temperature and moisture on performance of composite materials,
several studies had been implemented [7-9]. Many tests have been set up to quantify the
toughness of composites since interlaminar fracture may occur during practical
applications under extreme conditions [10]. Experimental evidence of these studies is

strictly related to their studies’ conditions and components of composites. Moreover, most
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of the published experimental data are limited to the opaque polyester composites that are
used for automotive structures excluded thin and transparent types of polyester composites.
Since it is very time and fund-consuming to estimate the fatigue threshold, and difficult to
monitor the fast region of fracture, the majority of studies focus on following cracks in
notched specimens loaded in tension-tension fatigue to calculate Kic parameter and
examine fracture morphology. In continuation of a strategic project to develop a
comprehensive evaluation of glass-like unsaturated polyester composite at extreme
condition, the present study aim to characterize fracture toughness difference in a humid

environment and over a wide range of temperatures.

6.2.2 Experimental method
6.2.2.1 Coupon fabrication of polymer composite

The specimens used for this study are the polymer composite samples shaped according to
ASTM Standard D647. The specimens prepared in Chapter 2 were used for this test after
shaping. A Compact Tension (CT) specimen geometry (Figure 4.10) was used for this test,
it is recommended for homogeneous structure and unidirectional fiber reinforced

structures.
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Figure 6.1 Fracture toughness specimen

To characterize the influence of temperature on fracture toughness, KIC test with a
statically induced crack was conducted to give an estimate of toughness but not crack
growth rate. In the beginning of this study it was planned to estimate fatigue crack growth
rate; however, at the time of the test there were several cracks in the polymer but the
compliance of the sample is not changing due to the fibers. Therefore, the tests were
switched to fracture toughness. The only change made to the dimensions of CT specimens
is only making a crack that is half way though the width of the sample. A razor blade was
used to start the crack and perform just a particular load to failure to estimate K at the

different temperatures.
6.2.2.2 Test method

Samples were measured using ASTM E399 as a guide. To minimize the effects of residual
stress and residual plastic deformation around the pre-crack tip, a sharp pre-crack was

introduced to the sample by razor blade tapping. The notch was sharpened using a razor
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blade prior to testing. Samples were held at temperature for 1 hour prior to testing. Samples
were loaded using a constant displacement rate to failure using a 1,000 Ib load cell. K was

calculated using the original notch size and the K calibration coefficients listed in ASTM

E399. A servo hydraulic MTS 810 frame and a chamber of MTS 651 last calibrated in June

14, 2018 were used in this work. Figure 6.2 shows the frame under the environmental

chamber during testing at 60, room temperature, 0, -30, -60 and -80 °C.

Figure 6.2 Fracture toughness specimen clamped on MTS servo-hydraulic multipurpose

testing machine

A nitrogen cooling chamber was also used to cool the coupon during testing. A radiation
thermometer measured less than 1° C temperature rise/drop in surface temperature during

the highest stress cycling test. The temperature in the test room with the testing machine is
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maintained at 21° C and the temperature in the lab which houses the machine varies
between 15° and 19° C. Five coupons were tested at each of three separate a/w levels.
Specimen was tested with an R- ratio of 0.1; a sinusoidal waveform and a frequency of 2
Hz. depending on the load we run the test at we can correct for the COD gage by adjusting
the R-ratio to cancel out the effect of the COD gage forces.

All fracture tests were conducted a loading rate of 1 mm/min. Only those specimens which
fulfilled the condition of a/W =0.2 (a: the pre-crack length; W: the distance from the centre
of the loading pin to the edge of the CT specimen) were used to calculate the critical stress
intensity factor (Kic). At least 3 CT specimens were tested for each temperature. Figure 6.3

shows the procedure of determination. Figure 6.4 shows the CT specimen after failure.
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Figure 6.3. Process of following fracture propagation

Figure 6.4 CT specimen after failure
6.2.3. Results and discussion
Dynamic mechanical behavior of the fiber glass polyester composite has been performed
in regards to fracture toughness properties at different temperatures. The impact of
exposure to different temperatures is shown in Figure 6.5. From Figure 6.5, it can be seen
that working at different temperature resulted in a significant change in fracture toughness.
It is suggested that the toughness increases as time of testing is going on characterization.

The Kic at room temperature approaches a maximum of 5.3 kpsi* in®° after 10.4 secs.
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Fracture toughness increases as temperature decreases over the cryogenic range of 0
through -80 °C. Fracture toughness index jumped to 7.5 kpsi* in®° after 11.6 secs as
temperature decreases to -60 °C and to a maximum value of 10 kpsi* in®® after 18 secs as
temperature has been reduced to -80 °C. The sharp increase of fracture toughness index as
temperature decreases may attributes to the increase in multiple microcracking and fiber
bridging for post-curing of polymer matrix during reinforcement. As temperature increases
to 60 °C, an obvious decrease in fracture toughness is observed. Figure 6.5 shows that
fracture tough at 60 °C is 3.5 kpsi* in®® at 22 sec compared to 8.6 kpsi* in®° at -80 °C
recorded at the same time of testing. This indicates over 150% increase in the fracture
toughness. Marom [11] showed that interlaminar fracture energy decreased 25-30% as the
temperature increased from room to 50°C. The temperature effect on the mechanical
properties of composites derives partly from the internal stresses introduced by the
differential thermal coefficients of composite components. Such internal stresses change
magnitude with temperature change, in some cases producing matrix cracking at very low

temperatures. The cyclic stress intensity (AK) was calculated according to equation 1:
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Figure 6.5 Fracture toughness vs. time of polyester composite materials comparing

atmospheric to different temperatures.

_[_AP_ @)
)0
Where:

. 2+ 2 . 22 A A
f(—]=—w 0.886 + 4.64 ——13.32(—j +14.72(—) —5.6[—)
w 1- a)3/2 w w w w

AP = load range, [lbs], B = thickness, [in], W = width [in.], f (a/w) = geometric correction

factor for compact tension specimen.

167



6.2.4 Visual analysis of fracture-tested composites
The purpose of this evaluation was to study the fracture surfaces of composites after
fracture testing at various temperatures. Samples were tested at -100°C, -80°C, -60°C, 0°C,

ambient temperature, and +60°C. Some of these samples are shown in Figure 6.6.

Figure 6.6: Samples after fatigue-testing; from left to right: +60°C, ambient temperature, -30°C,
-60°C, and -80°C

Figures 6.7 and 6.8 show the surfaces of each sample at different temperatures and
magnifications. These figures show the fracture surfaces of each sample with the fatigue
origin notch to the right of each image.

Figure 6.7a shows fracture surface areas near fibers from sample tested at -100°C; crack
arrest (arrow) is shown. Fracture surface of general area (top) and area away from fibers
(bottom) from sample is shown and smoothness is observed in bottom image. Fracture
surface of general area from sample tested at -80°C is shown in Figure 6.7b. Fracture
surface areas away from fibers from sample is shown in this figure. Smoothness in top
image and crack arrests in bottom image (arrows) are observed. The direction of crack
growth is indicated by arrows. Fracture surface of general area from sample tested at -60°C
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is shown in Figure 6.7c. Fracture surface areas away from fibers from sample tested is
shown and directions of crack growth are pointed by arrows. Fracture surface of general
area (top) and area away from fibers (bottom) from sample tested at -30°C is shown in
Figure 6.7d. The direction of crack growth is pointed by crack arrest (arrows). Fracture
surface area (top) and fracture origin (bottom) near fibers from sample tested at -30°C.

Fracture surface of general area (top) and area away from fibers (bottom) from sample
tested at 0°C; the directions of crack growth (arrows) are pointed in Figure 6.8-a. Fracture
surface area near fibers from sample tested and directions of crack growth (arrows) are
shown. Figure 6.8-b shows fracture surface of general area (top) and area away from fibers
(bottom) from sample tested at ambient temperature; directions of crack growth (arrows)
are shown. Fracture origin (arrow) is observed in this figure. Fracture surface of general
area (top) and area away from fibers (bottom) from sample tested at +60°C; note directions
of crack growth (arrows). The bottom image shows fracture surface areas near fibers from

sample tested and directions of crack growth and crack arrests (arrows).
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Figure 6.7: a) Fracture at -100°C b) Fracture at -80°C c) Fracture at -60°C
d) Fracture at -30°C
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Figure 6.8: Fracture surface areas near fibers from sample tested at a) 0°C; b) ambient
temperature and ¢) +60°C
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