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CHAPTER 1

Introduction

Problem Statement

Carbon fiber composite materials possess very high specific strength and stiffness. They
can be engineered to specific applications due to their directional properties along the rein-
forcements. These characteristics make carbon fiber reinforced polymer matrix composites
ideal candidates for use in aerospace structures and other mobile applications where weight
is as important as the strength. For instance, the new Airbus A350 XWB has 53% compos-
ites by weight used in its structure whereas composites comprise about 50% by weight of

the Boeing 787 Dreamliner as shown in figures 1.1(a), 1.1(b) and 1.2 [1,2].

Unlike steel and aluminum, carbon fiber composites are relatively new materials and have
not been studied as much for their long term durability. Hence, this increased application
is also accompanied with a greater concern about their long term durability. The long term
durability of carbon fiber reinforced polymer matrix composites is especially important for
safety critical applications like aerospace structures which are often exposed to different
environments like moisture, temperature, and UV (ultraviolet) radiation. Such environ-
ments can cause synergistic degradation of the bulk matrix, the reinforcement and most
importantly, the interface. The environmental degradation of the interface directly affects
load transfer mechanisms in the composite and eventually results in poor long term dura-

bility.

As a means to develop environmentally resistant composite systems, scientists at the NASA
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Figure 1.1: Use of carbon fiber composites as structural materials for new age commercial
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Figure 1.2: Airbus A350 XWB material breakdown [2].



Langley Research Center have synthesized a fluorinated epoxy that exhibits reduced mois-
ture absorption. Due to this reduction in moisture absorption, such fluorinated epoxies
are expected to have an increased resistance to environmental degradation and hence po-
tentially improved long term durability. The focus of this research is to investigate the
interfacial shear strength between carbon fibers and such epoxies as a function of exposure

to environmental degradation by employing the microbond technique.

Environmental Degradation of Composites

Fiber reinforced polymer matrix composites are exposed to multiple environments like
moisture, UV radiation, thermal cycling in numerous applications such as marine, aerospace
and automotive. When exposed to such environments, these composite materials undergo
complex physiochemical degradation, which not only affect the reinforcements and the ma-

trix but also the fiber-matrix interface [3-6].

The conventional epoxies used as a matrix in fiber reinforced composites readily absorb
moisture in humid environments [7, 8]. Diffusion of moisture in the epoxy matrix causes
external plasticization of the epoxy [3,9, 10]. The absorbed moisture also leads to hydrol-
ysis of the matrix, thus affecting the physical, mechanical and chemical properties of the
composite [11-13]. Perhaps, the highly polar nature of the tetraglycidyl-4,4’-methylene
dianiline (TGMDA)/ diamino diphenyl sulfone (DDS) epoxy systems make them more
vulnerable to moisture uptake as shown in figure 1.3. Plasticization and hydrolysis reduce
the glass transition temperature of the epoxy thus affecting all the matrix dominated prop-
erties of the composite including the off axis tensile strength, compressive strength, and
interlaminar shear strength. Plasticization affects the composite properties only temporar-

ily, whereas hydrolysis causes permanent deterioration since it directly affects the chemical



bonds in the matrix and at the fiber—-matrix interface [14—19].

Furthermore, in the presence of UV radiation and thermal cycling, the diffused moisture
induce synergistic degradation of the fiber reinforced polymer matrix composites. For ex-
ample, Kumar et al. [4] have shown that when a carbon fiber reinforced epoxy composite
is exposed only to UV radiation, the composite is only affected within 1 to 3 ym from the
exposed surface. Nonetheless, in the presence of moisture and UV radiation, the degrada-
tion mechanisms lead to continual erosion of the matrix region. Figure 1.4 shows an SEM

micrograph of synergistic degradation in an IM7/997 carbon fiber composite.
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Figure 1.3: Water absorption of 0.125” thick castings conditioned in a humidity chamber

at room temperature for various commercial polymer systems [7].

Boiling Water Degradation

Conventional methods of ageing fiber reinforced polymer matrix composites such as hygric
loading, and temperature-humidity ageing have been widely used by several researchers

[3,20-22]. Although these techniques simulate the real life conditions of composite degra-



Figure 1.4: Synergistic degradation of an IM7/997 carbon fiber epoxy composite cyclically

exposed to UV radiation and water vapour condensation [4].

dation process, they take months if not years to result in any measurable degradation in
composite properties. Thus, a more practical way of ageing composite materials is to use
accelerated ageing methods like boiling water degradation [19,23]. Moisture uptake takes
place via a diffusion process, the kinetics of which depends on both the relative humidity
and temperature. High relative humidities result in a higher moisture absorption rate but
it causes a non uniform distribution of moisture within the material domain. However, if
the relative humidity is maintained at a constant level while increasing the temperature,
the moisture absorption rate increases without causing any non uniformity in the absorbed
moisture within the material [19]. Figure 1.5 shows a comparison of the results obtained
after Jeevan Kumar et al. [24] degraded an IM7/EPON 862 carbon fiber reinforced epoxy
composite using temperature humidity ageing and using boiling water degradation. It can
be observed from the figure that there is a substantial degradation in the composite proper-
ties from the baseline when the composite is degraded using boiling water degradation as
opposed to temperature—humidity ageing. Besides, when small microcomposite samples

in the form of single fiber composite specimens are aged using boiling water degradation,



the diffusion kinetics speed up substantially. This reduces the period of environmental

degradation to a very short amount, further accelerating the ageing process.
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Figure 1.5: Comparison of degradation of IM7/Epon 862 carbon fiber composite using

temperature humidity ageing and boiling water degradation [24].

Fluorinated Epoxy Resins

Fluorinated epoxies are polymers produced by reacting one or more fluorinated groups
with epoxide groups and can be characterized as thermosets or thermoplastics. Fluori-
nated epoxies are not much susceptible to the van der Waals forces and hence are highly
hydrophobic. Due to these properties, they are widely used for tribological applications.
However, they have not yet been used in structural applications like composite materi-
als. A very limited number of researchers have studied fluorinated epoxies as resins for
structural materials. For instance, Hayward et al. [25] studied the moisture absorption
in halogenated resin systems and found that there is a lower percentage of bound water
in fluorinated resins. In another instance, Tao et al. [26] developed a novel fluorinated

epoxy and observed low moisture absorption of the resulting resin formulation. Ding et



al. [27] and Wang et al. [28] recently conducted similar studies and found similar results.
In other studies, Twardowski et al. [29], Chong et al. [30], and Maity et al. [31] studied the
wetting and adhesion characteristics of fluorinated epoxies in fiber reinforced composite
systems. As can be observed, the moisture absorption and adhesion characteristics have
been studied independently for the different fluorinated epoxy composite systems. Further-
more, as explained earlier, the polymer chemists at NASA Langley Research Center have
developed novel fluorinated epoxies, and have been studied for their moisture absorption
characteristics. Hence, this project aims towards studying the fiber—matrix adhesion of

these fluorinated epoxies in fiber reinforced composite systems.

Micromechanical Characterization of the Fiber—Matrix Interface

Any reinforced polymer matrix composite is made up of at least two components, the rein-
forcements and a matrix. The properties of such a composite material depend not only on
the properties of its individual constituents, the fiber and the matrix, but also on the fiber—
matrix interface and thus the interphase. On a microscopic level, there is a finite three
dimensional region between the bulk fiber and the bulk matrix. This three dimensional
region is called the fiber—matrix interphase which has a different structure than the bulk
components. The interphase also includes a two dimensional surface called the interface
which is the contact region between the fiber and the matrix. Figure 1.6 shows an AFM
scan of the cross-section of a fluorinated epoxy carbon fiber microcomposite with the fiber-
matrix interface. The interphase region may have a different composition and structure
depending on the use of the fiber sizings or treatments employed to enhance the compati-

bility between the fiber and the matrix [5].

There has been a considerable experimentation done in the area of environmental effects on
the structure and properties of fiber reinforced polymer matrix composites. Most of these

studies have employed the bulk or macroscopic characterization techniques [3, 20-22].
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Figure 1.6: AFM scan of the cross—section of a fluorinated epoxy carbon fiber microcom-

posite showing the fiber—matrix interface.

These tests have a complex process and only provide an overall information about the
effects of environment on composite material properties. It is difficult to interpret even
the qualitative fiber/matrix properties. However, micromechanical characterization tech-
niques using single fiber composite specimens or microcomposites provide an insight into
the fundamental interactions at the fiber-matrix interface and thus serve as a tool for mi-
crostructural characterization of composite materials. The amount of adhesion between the
fiber and the matrix govern important mechanical properties of a composite in the off axis

direction and to some extent along the reinforcement direction.

Several researchers have employed micromechanical techniques to study the interfacial
properties of fiber reinforced polymer matrix composites. For example, Andreevska et
al. [32], Broutman [33], Bartos [35], Bowling et al. [34], Mader et al [36] and Deng et
al [37] used the fiber pull-out technique to characterize the interfacial shear strength of the

glass polymer systems. Drzal used a single filament fragmentation technique to character-



ize the interfacial failure mode of composite materials in 1980 [38], and similarly followed
by Dilandro et al. [39], Netravali et al. [40], Figueroa et al. [42], Curtin et al. [43] and many
others [5,41,44-57] used single fiber fragmentation test for characterizing fiber—matrix in-
terface properties. A few researchers like Wadsworth et al. [58] and Mandell et al. [59] had
used microindentation technique in which they compression loaded the fiber to measure the
debond strength of the composite. Miller et al. [60] first used the microbond technique to
characterize the fiber—matrix interface which was later followed by a large body of inves-
tigators such as Gaur et al. [61], Biro et al. [62], Rao et al. [41], Herrerafranco et al. [5],
Schuller et al. [66], Kessler et al. [67], Liu et al. [68], Nairn et al. [69], Pisanova et al. [70],

and many others [64,65,71].

Many researchers have invariably quoted the interfacial shear strength (IFSS) as a measure
of fiber-matrix adhesion [72-74]. Besides the ability to probe deep into the microstruc-
ture of composite materials, micromechanical tests are also beneficial due to their smaller
sizes. These tests only need very minute quantities of materials for fabrication, treatment
and analysis. Smaller dimensions ensure rapid degradation kinetics and shorter treatment

timescales.

Techniques for Fiber—Matrix Interfacial Strength Characterization

As mentioned above, the fiber matrix interface plays an important role in the performance
of fiber reinforced polymer matrix composites since it transfers the stresses from the matrix
to the reinforcements and vice versa. Thus, interfacial shear strength is a key measure of
the effectiveness of any composite. There are a few experimental techniques that can be
used to determine the interfacial shear strength of fiber-reinforced composites at microme-
chanical level. These include single fiber fragmentation, fiber pull out, micro-indentation,
and the microbond test [5,41]. Figure 1.7 shows schematic illustration of fiber pull out,

microindentation and single fiber fragmentation tests.



Fiber Pull Out Micro-Indentation Single Fiber Fragementation

Figure 1.7: Schematic illustration of fiber pull out, microindentation and single fiber frag-

mentation tests.

Since the fluorinated epoxy of interest is currently being synthesized in very minute quan-
tities, single fiber fragmentation and micro-indentation tests are ruled out as viable fiber-
matrix interface characterization techniques. This project employs the micro-bond tech-
nique to determine the interfacial shear strengths of fluorinated and non-fluorinated epoxy
based carbon fiber reinforced composites and their comparison before and after boiling wa-
ter degradation. The microbond testing technique involves pulling a single fiber having a
microdroplet deposited on it between two knife edged blades of a microvise and recording
the force needed to shear the micro-droplet along the length of the fiber, as shown in fig-

ure 1.8 [60].

Comparison of Micromechanical and Macromechanical Tests

The greatest skepticism surrounding the validity of micromechanical tests revolves around
the relationship between the results obtained by employing micromechanical tests with the
conventional bulk scale or macromechanical tests. Several researchers have studied fiber

reinforced polymer matrix composites using both, micromechanical and macromechani-
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Figure 1.8: Schematic of microbond test

cal characterization techniques. For instance, Herrerafranco et al. [75] studied the effects
of different types of fiber sizings or surface treatments on carbon fiber epoxy composites
using both micromechanical and bulk characterization techniques. They used microbond
and microindentation as micromechanical tests whereas Iosipescu and interlaminar shear
as macromechanical tests. They observed a change in interfacial shear strength with the
changes in fiber surface treatments accompanied with corresponding changes in the shear
and interlaminar shear strengths. Mader et al. [36] studied composite properties using pull
out tests, transverse tension and interlaminar shear. Park et al. [76] studied fiber surface
treatments on glass fiber polyester resin composites using interlaminar shear, mode II frac-
ture toughness and surface energy variations on fibers. Keusch et al. [77,78] also studied
the effect of fiber surface treatments on interfacial shear strength using fiber pull out, in-
terlaminar shear and transverse tension tests. Each of these studies showed that whenever
there was any improvement in the macroscopic properties of the composite, there was a cor-

responding improvement in the micromechanical properties of the composite as well [79]

11



CHAPTER 2

Materials

The resin used to fabricate microcomposites were supplied by Dr. Jeffrey Hinkley (NASA
Langley Research Center, Hampton, VA). They included a fluorinated epoxy and a non-
fluorinated epoxy based on tetraglycidyl methylene dianiline (TGMDA). The epoxy resins
were deposited on single filament, unsized HexTow IM7 carbon fibers (Hexcel Corpo-
ration, Stamford, CA). TGMDA is a tetrafunctional epoxy which is a major component
of high performance matrix formulations used for advanced aerospace grade composites.
Figure 2.1 shows the chemical structure of tetraglycidyl methylene dianiline epoxy. These
epoxies are characterized by high cross-link densities which results in high modulus of
elasticity and high glass transition temperature. However, the high crosslink densities of
these epoxies are also accompanied with low strain to failure values and high moisture

absorption levels [80].

Figure 2.1: Chemical structure of tetraglycidyl methylene dianiline [80].

Diamino diphenyl sulfone (DDS) is the curing agent used with the TGMDA epoxy resin
to form the non-fluorinated epoxy used in manufacturing advanced high performance com-
posite materials. DDS when used with TGMDA results in superior thermal stability and

mechanical properties such as tensile, flexural and glass transition temperatures [81]. Fig-

12



ure 2.2 shows the chemical structure of diamino diphenyl sulfone.
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Figure 2.2: Chemical structure of DDS [81].

6F-diamines or 2,2 bis(4-aminophenyl) hexafluoro propane is a fluoropolymer polyimide
which when blended with TGMDA forms the fluorinated epoxy studied in this project.
Based on the research done at NASA Langley Research Center, these fluorinated epoxies
show greatly reduced moisture absorption as compared to the conventional DDS-TGMDA
based epoxies [82]. Due to their low moisture uptake characteristics, these fluorinated
epoxies could be used as a matrix or as a fiber surface coating in a composite which would
therefore potentially result in improved long term durability against environmental effects.
However, it remains to be checked if these epoxies have mechanical properties suitable for

use in fiber reinforced composites [82].

Figure 2.3: Chemical structure of 2,2 bis(4-aminophenyl) hexafluoro propane [82].

The reinforcing fiber used was an as-received HexTow IM7 carbon fiber. HexTow IM7
carbon fiber is a continuous, high performance, intermediate modulus, PAN based fiber
available in 12K filament count tows. It has a carbon content of 94.0%, a nominal diameter
of 5.2 um, a tensile strength of 5.57 GPa and a modulus of 276 GPa [83]. Unsized fiber
was used in this study to investigate the direct boding of epoxy resins and the carbon fiber

surface.
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CHAPTER 3

Experimental

Sample Preparation

The microbond procedure involved preparing single fiber specimens by first mounting a
single carbon fiber on an aluminum tab. The tab had a 25.4 mm slot where the fiber was
suspended as shown in figure 3.1. The fiber was mounted using ‘five-minute’ epoxy and
high temperature aluminum tape. Microdroplets of epoxy were then deposited at the center
of gauge length of fiber. This was carried out under an optical microscope at a magnifi-
cation of 50 using a special applicator. The applicator consisted of a single carbon fiber
mounted on a glass rod. Since both the epoxy resins of interest were semi-solid at room
temperature, they were heated in a water bath to make them fluid enough to be picked up
and deposited as microdroplets. Furthermore, the applicator was also heated, using a sol-
dering iron, to keep the droplets fluid during deposition. Figure 3.2 shows the arrangement

employed to deposit microdroplets of epoxy on single carbon fiber specimens.

A very minute amount of epoxy was then collected on the applicator and applied on the tab
mounted carbon fiber samples. When the applicator was retracted, a microdroplet formed
and assumed an ellipsoidal shape as discussed by Caroll et al. [84]. Typical microdroplets
formed had embedded lengths varying from 35 to 50 pm. A batch of 10 microdroplet spec-
imens was made at a time and cured in an oven at 177 °C for 2 hours. It was later realized
that this curing schedule was not effective in curing the microcomposites due to the size
effects. Since the mass of the epoxy used in fabricating the microcomposites was very low,

the heat of reaction which aids in curing, quicky dissipated in the surrounding area. Due to

14



this dissipation of heat, the microdroplets were not cured completely. The curing schedule
was then modified by extending the hold time to 3 hours instead of 2 hours and the epoxy

microdroplets were found to have cured completely.

High temperature
tape Carbon fiber

5 min epoxy Epoxy microdroplet

Grip area .
P Aluminum tab

;‘

A

Gauge length

Figure 3.1: Schematic illustration of mounting tab used for fabricating microcomposite

specimens.

Both, the fiber diameter and the microdroplet dimensions were required for analysis of mi-
crobond tests. The diameter of the fibers were measured using Fraunhofer slit diffraction
principle with a Helium-Neon laser as shown in figure 3.4. The microdroplet dimensions,
namely the major axis or the embedded length and the minor axis were measured under a
Nikon Eclipse L150 optical microscope using a traveling stage. Figure 3.3 shows an optical

image of a microdroplet on a single carbon fiber.

15



Figure 3.2: Setup for depositing epoxy microdroplets on single fiber specimens.

Figure 3.3: Optical image of a microdroplet deposited on a carbon fiber at 50x magnifica-

tion

16



Figure 3.4: Fiber diameter measurement using Fraunhofer slit diffraction setup

Microbond Tests

The microcomposite specimens were loaded using a microvise on an Instron 5567 tensile
testing machine equipped with a 10 N load cell to determine the debond force. The micro-
vise consisted of Aluminum forks mounted on an Aluminum base. Two knife-edged blades
were fastened on top of the forks. A micrometer screw with a least count of 0.5 um was
mounted on the top of the fork to adjust the gap between the blades. Figure 3.5 shows a
schematic illustration of the microvise loading fixture. The top end of the aluminum tab
was clamped and suspended on the load cell which was further connected to the crosshead
whereas the lower end of the aluminum tab was passed through the opening between knife
edged blades of the microvise which was fixed to the stationary platen of Instron. The
crosshead was then adjusted such that the microdroplet was located just below the blades.
The gap between the microvise blades was then reduced by adjusting the micrometer screw
attached to the fork of microvise. Contact was identified when there was a slight increase
in the force recorded by load cell while the crosshead was being moved. Figure 3.6 shows

a specimen ready for testing.

The crosshead and thus the fiber were then pulled between the microvise blades at a rate

17
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Figure 3.5: Schematic illustration of microvise loading fixture

Figure 3.6: Microbond experimental setup
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of 1 mm/min. As the fiber was being pulled, the microdroplet moved with the fiber and
at a certain point, established contact with the lower surface of the microvise blades. Af-
ter this contact, the load from the fiber was transferred to the fiber—matrix interface under
shear. In a typical experiment, the load reached a peak value and then dropped suddenly
to a very low value. The post-shear failure load was slightly greater than the initial force
due to the frictional force between the sliding microdroplet and the fiber. The peak force
was identified as the force when the interfacial stress reaches its maximum value and hence

represented the interfacial shear strength.

Using a simple analysis, that assumes a uniformly distributed state of pure shear, the inter-

facial shear strength of the microcomposite can be determined as given by equation 3.1.

Tint = Fa/mDyl, (3.1)

Where F}; is the pull out force, Dy is the fiber diameter, [, is the embedded length, and 7;,,; is
the interfacial shear strength. Note that if the embedded length of the fiber had been greater
than the critical fiber length, this loading would have resulted in a fiber tensile failure. The
microcomposite specimens that were tested after ageing were degraded using boiling water
degradation for 24 and 48 hours. The procedure consisted of mounting the specimens on
an aluminum holder and putting it inside a beaker filled with 1000 ml distilled water. The
beaker was suspended in a silicon oil bath to ensure uniform heating and had a condenser
mounted on the top to avoid evaporation of water. The entire setup was placed on a heating
plate, which was heated to a temperature of 295 °C. This ensured continuous boiling of
water and subjected the specimens to a condition of 100°C at 100% relative humidity.

Figure 3.7 shows the boiling water setup used to degrade the microcomposites.
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Figure 3.7: Accelerated ageing of microcomposites using boiling water degradation

Finite Element Modeling

The most commonly adopted method for evaluating stresses in the microbond test is the
finite element method [5, 65-67, 85, 86]. The simple shear analysis used to determine the
fiber-matrix interfacial shear strength assumes that the shear stress is uniformly distributed
along the embedded length of the fiber. However, In practice, the shear stress varies along
the embedded length. The shear analysis also assumes that the loading results in a pure
debonding type of failure. However, due to the meniscus formation, a very small length of
the microdroplet up to the point of contact of the blades is fractured and remains fixed along

the fiber followed by debonding of the remaining length of microdroplet. This introduces
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a large scatter in experimental results. Thus, in this study the microbond test was modeled
using finite element analysis to determine the variation of interfacial shear strength along
the embedded length of the fiber. ABAQUS CAE 6.7.4 from Dassault Systemes was used

for this purpose.

The first step in modeling the finite elements microbond test was construction of the mi-
crodroplet shape. Some authors have reported that the geometry of the micro-droplet does
not play a significant role in the resulting interfacial stresses [65]. The analysis of circular,
spherical, and elliptical shape microdroplets have been commonly reported in the literature.
When a microdroplet is deposited on a fiber, the liquid droplet ends form a meniscus due
to the capillary forces, where the formed shape remains upon polymer curing. Neither cir-
cular nor elliptical shape results in a meniscus. The geometry for the finite element model
was thus modeled using a combination of elliptical section and fillet radii at the ends. The
dimensions used were taken from an experiment conducted on epoxy EPON 862/Epikure
3234 microdroplet on an as-received IM7 carbon fiber. The dimensions used were an em-
bedded length of 78.89 m, a microdroplet minor axis of 56.27 um, and a fiber radius 3.5

pm. Figure 3.8(a) shows the microbond test assembly.

In order to simplify the model no interphase region was introduced. Dimensions of the
blade were taken from the actual dimensions of the blade used in the experiment. The
microvise blade was modeled with a fillet radii of 5 m and a fiber-blade gap of 5 pm.
The fiber and the microdroplet were modeled as two-dimensional deformable axisymmet-
ric parts and the blade was considered to be two-dimensional axisymmetric rigid part. A
very fine mesh was required where the blade contacts the microdroplet, and the mesh was
biased accordingly. This contact between the blade and microdroplet was modeled using
contact interaction without friction. Element size of 0.2 yum was used in the region of con-

tact and 0.6 ym was used elsewhere. 3 and 4-node bilinear axisymmetric elements were
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used to mesh the microdroplet. Figure 3.8(b) shows the results after meshing the micro-
droplet. Finally, a geometrically nonlinear stress analysis was carried out to evaluate the
stress variation at the interface. The boundary conditions imposed on the model were a
vertical roller support at the left edge of the fiber, horizontal roller support at the top end
of the fiber, and the left edge of the fiber as the axis of symmetry. A downward load of
100 mN was applied on the blade after making firm contact between blade and the micro-
droplet. Blade was encastered to result in zero degree of freedom. Figure 3.8(c) shows the
results of the microbond model after imposing the boundary conditions and contact inter-
actions. The load was the actual load needed to debond the microdroplet from the fiber in
the microbond experiment carried out on the specimen of which the dimensions were used
above. The material properties used for modeling the epoxy microdroplet were obtained
from the EPON 862/EPIKURE 3234 data sheets from Hexion Specialty Chemicals Inc,
Columbus, OH [87]: Youngs modulus of matrix as 3.3 GPa, Poissons ratio as 0.35, Youngs
modulus of fiber as 270 GPa, and Poissons ratio as 0.25. The matrix was also modeled
as an elastic perfectly plastic material with a yield stress of 106 MPa to compare with the

elastic solution.
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(a) Finite element model of the microbond (b) Finite element mesh of microdroplet us-
test ing biased 3 and 4 node bilinear axisymmet-

ric elements

(c) Contact interactions and boundary con-
ditions on the finite element microbond
model

Figure 3.8: Finite element modeling of microbond test.
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CHAPTER 4

Results and Discussion

Failure Mode, Valid and Invalid

Figure 4.1 shows a typical load displacement curve of a microbond experiment after a suc-
cessful fiber—matrix interface failure. As the fiber moved upward with the crosshead, the
microdroplet made contact with the microvise blades and thus the tensile force on the fiber
was transferred to the fiber—matrix interface which was recorded by the load cell. The load

then increased linearly until a peak force F}; was reached. At this point the interfacial bond
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Figure 4.1: Typical microbond load displacement curve.

strength of the microcomposite was reached and the interface failed followed by sliding
of the microdroplet on the fiber with a frictional force F;. Figures 4.2(a) and 4.2(b) show

SEM micrographs of a degraded IM7 carbon fiber/6F-TGMDA epoxy microcomposite be-
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fore and after fiber—matrix failure respectively.

(a) SEM micrograph of an IM7 carbon (b) SEM micrograph of an IM7 carbon
Fiber/ 6F-TGMDA epoxy microcomposite fiber/ 6F-TGMDA epoxy microcomposite
degraded for 48 hours using boiling water degraded for 48 hours using boiling wa-
degradation before fiber—matrix interfacial ter degradation after fiber—matrix interfacial
failure. failure.

Figure 4.2: SEM micrographs of microcomposite before and after interfacial failure.

However, the probability of obtaining successful fiber—-matrix interface failure from a mi-
crobond experiment is low since many experiments result in unwanted failure modes like
fiber tensile failure, cohesive failure of microdroplet, or handling failures as shown in fig-
ure 4.4. Excluding the initial experiments done on a different epoxy system, it was ob-
served that only about 17% tests resulted in fiber—matrix interfacial failure while 54% were
fiber tensile failures, about 21% cohesive failures, and the remaining 8% resulted in fiber
failure either during handling or clamping the sample between the microvise blades. For
instance, when the interfacial shear strength of a microcomposite exceeded the ultimate
fiber tensile strength, the microbond experiment resulted in a fiber tensile failure as shown
in figure 4.5(a). Such tensile failures occured consistently near the region just above the
embedded length of the fiber. Besides observing the microcomposite under an optical mi-

croscope, fiber tensile failure can also be identified from the load displacement trace. For
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instance, the load overshoots below the initial level immediately following a fiber tensile
failure event, as shown in figure 4.3(a). This is perhaps due to stress concentration near the

end of the microdroplet.
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(a) Load displacement trace obtained dur- (b) Load displacement trace obtained after
ing a fiber tensile failure of an IM7 carbon a cohesive failure of a microcodroplet in
fiber/ DDS-TGMDA microcomposite in a an IM7 carbon fiber/ DDS-TGMDA micro-
microbond experiment. composite.

Figure 4.3: Load displacement trace during invalid failure modes

In another instance. when the gap between the microvise blades and the fiber was greater,
and the microdroplet dimensions were greater, it resulted in a cohesive mode of failure
of epoxy microdroplet as shown in figure 4.5(b). This was also identified in the load
trace by its characteristic load fluctuation following the cohesive failure event as shown
in figure 4.3(b). Results from failure modes other than interfacial were not included for
interfacial shear strength calculations. Futhermore, depending on fiber—blade gap, and the
embedded length of fiber—matrix interface, a small amount of resin remained adhered to the
fiber after the interfacial debonding of the microdroplet. This adhered region is called the
meniscus and was corrected for during the calculations of interfacial shear strength. The

meniscus effect was not observed in microcomposites that were aged using boiling water
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degradation. Figures 4.6(a) and 4.6(b) show the interfacial failure with and without the

adhered meniscus.

Handling
Failure

Inmterfacial
Failure
17%

Fibar Tensile
Failura
54%
Coheasive
Failure

21%

Figure 4.4: Proportion of various failure modes during a microbond experiment.

Interfacial Shear Strength

Several batches of microcomposite specimens were tested over a period of time with each
batch consisting of at least ten samples. As discussed earlier, the interfacial shear strength
of microcomposites was determined. The interfacial shear failure of fiber reinforced poly-
mer composites is dependent on the statistical flaw distribution along the embedded length
of the fiber within the microdroplet. Furthermore, the random variable representing the
interfacial shear strength will always assume positive values and thus it is an asymmetrical
function about the mean. These characteristics rule out the use of normal distribution and
other similar functions and hence, Weibull analysis was carried out on the resulting groups

of data in accordance with the ASTM C 1239-07. The Weibull probability distribution
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(a) Optical image of an IM7 carbon fiber/ (b) Optical image of an IM7 carbon fiber/

DDS-TGMDA microcomposite at 50X after DDS-TGMDA microcomposite at S0X after
fiber tensile failure in a microbond experi- cohesive failure of epoxy microdroplet.
ment.

Figure 4.5: Optical micrographs of microcomposites after invalid failure modes

(a) Interfacial failure before boiling water (b) Interfacial failure after boiling water
degradation — meniscus present degradation — meniscus absent

Figure 4.6: Fiber—matrix interface failure with and without meniscus effect.
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function is given by:

Py =1—exp|—(c/og)™|o >0 4.1)

Where Py is the probability of failure, oy is the Weibull characteristic strength and m is the

Weibull modulus.

Weibull probability plot for interfacial shear strengths of fluorinated, non—fluorinated, be-
fore and after ageing using boiling water degradation is shown in figure 4.7. It was ob-
served that the Weibull modulus for both, fluorinated epoxy microcomposite and non—
fluorinated epoxy microcomposite, was identical before boiling water degradation. Simi-
lary, the Weibull modulus was identical for the two systems after being aged using boiling
water degradation. However, the Weibull modulus for the microcomposites aged using
boiling water degradation increased subsequent to ageing. The idential Weibull moduli
for the two epoxy systems indicated similar variability and defects in chemical bonding
between the fiber and the epoxies. Increased but identical Weibull moduli of aged micro-
composites indicated that the variation in adhesion after ageing remained similar in the two
epoxy systems but at the same time, variation in adhesion decreased due to possible break-

ing of the remaining chemical bonds between the fiber and the matrix.

The results obtained after Weibull analysis of interfacial shear strength data of the two mi-
crocomposite systems are summarized in Table 4.1. As can be seen, the interfacial shear
strength of the fluorinated epoxy based carbon fiber composites was higher than that of the
non—fluorinated epoxy based carbon fiber composites when the microcomposites had not
been not aged. Both the micrcomposite systems underwent a reduction in interfacial shear
strength after being aged using boiling water degradation. There was a significant, about

43% reduction in interfacial shear strength of fluorinated epoxy based microcomposites as
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Figure 4.7: Weibull probability plots for comparison of interfacial shear strengths of dif-

ferent epoxy microcomposite systems and degradation conditions.

opposed to only 9.2% decrease in the interfacial shear strength of non—fluorinated epoxy
based microcomposites. This indicated that the fluorinated epoxy based microcomposites

underwent relatively higher levels of degradation than their non—fluorinated epoxy coun-

terparts.
Fiber Matrix Degradation IFSS (MPa) Weibull Modulus
IM7 DDS-TGMDA None (As received) 88.7 3.2
IM7 6F-TGMDA  None (As received) 94.8 3.2
IM7 DDS-TGMDA BWD for 48h 80.5 5.5
IM7 6F-TGMDA BWD for 48h 53.5 5.0

Table 4.1: Experimental results for fluorinated and non—fluorinated epoxy carbon fiber

composite systems before and after boiling water degradation
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The adhesion between the fiber—matrix interface in the microcomposites is characterized
by weak dispersion forces (van der Waals forces) between the functional groups on sur-
face of the fiber and on the matrix, and strong local bonds (chemical bonds) between the
fiber and the matrix molecules. When the microcomposites were subjected to boiling water
degradation, the adhesive bonding between the fiber and the matrix was weakened. Water
molecules diffused into the interface via flaws in the fiber, the matrix or the fiber—matrix
interface. The diffused water molecules might have damaged the chemical bonding at
the interface causing a permanent irreversible damage due to hydrolysis. Intuitively, one
would hypothesize that since the fluorinated epoxy underwent reduced moisture absorp-
tion, it would exhibit reduced plasticization at the matrix and reduced hydrolysis at the
fiber—matrix interface. However, the results indicated otherwise. Perhaps, even though
the fluorinated epoxy microcomposite experienced reduced moisture diffusion through the
microdroplet, it failed to resist the diffusion of water up to the fiber—matrix interface via
capillary action at the meniscus region. The diffused water molecules at the fiber—matrix
interface disrupted the intermolecular hydrogen bonding resulting in substantially reduced
interfacial shear strength. The relative difference of degradation in interfacial shear strength
between the two epoxy microcomposite systems could be explained by chemical bond
analysis at the interface. In order to explain this counter intuitive observation, Raman spec-
troscopy was attempted to analyze the two microcomposite systems, however, it resulted in
a very low signal to noise ratio and damaged the microcomposite systems at higher gains. It
was also postulated that these differences could be due to the difference in residual stresses

which can be detected by post debonding friction.

Interfacial Friction

Interfacial shear strength can also be influenced due to the residual stresses developed due
to thermal shrinkage difference between the carbon fibers and the epoxy matrix. In order to

understand this effect of residual stresses on the interfacial shear strength, an approximate
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Fiber Matrix Degradation Friction Stress (MPa) Weibull Modulus

IM7 DDS-TGMDA None (As received) 4.5 0.8
IM7 6F-TGMDA  None (As received) 7.5 1.7
IM7 DDS-TGMDA BWD for 48h 6.2 1.8
M7 6F-TGMDA BWD for 48h 9.1 23

Table 4.2: Friction stress results for fluorinated and non—fluorinated epoxy carbon fiber

composite systems before and after boiling water degradation

analysis of the post—debonding microdroplet friction was performed. After the fiber—matrix
interface failure, the microdroplet slides along the fiber with a force [y which was mea-

sured by the load cell. The friction stress was then determined by:

Tf:Ff/T('Dle (4.2)

Where F} is the frictional force at the fiber—-matrix interface after interfacial failure, D is
the fiber diameter, and /. is the embedded length of the fiber—matrix interface. Friction
stress was calculated for both, the fluorinated epoxy based microcomposites and the non—
fluorinated epoxy based microcomposites before and after being aged using boiling water
degradation. Further, Weibull analysis was performed on the friction stress data. Figure 4.8
shows a comparison of friction stress between the two epoxy microcomposite systems be-
fore and after boiling water degradation. It was observed that the Weibull modulus was
greater for the fluorinated epoxy microcomposite after boiling water degradation relative
to the other microcomposite systems. This suggested that there was a greater variation in
the adhesional pressure between the fiber and the matrix in the non—fluorinated epoxy be-
fore being aged relative to the other remaining microcomposite systems. Table 4.2 shows
results of the Weibull analysis on friction stress data. It was observed that the friction stress
increased substantially after the microcomposites were aged using boiling water degrada-

tion. For instance, there was an increase of 21% in friction stress in fluorinated epoxy
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based microcomposites and an increase of 28% in the non—fluorinated epoxy based mi-
crocomposites. Since the curing conditions for the two epoxies were same, the greater
increase in friction stress in non—fluorinated epoxy microcomposites suggested that the
non—fluorinated epoxy underwent higher swelling due to boiling water degradation and
hence experienced a greater post—debond friction. It was also observed, that on an average,
the friction stress was within about 10% of the interfacial shear strength values. Thus, the

effect of residual stresses on the interfacial shear strength were ignored.
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Figure 4.8: Weibull probability plots for comparison of friction stress of different epoxy

microcomposite systems and degradation conditions.

Influence of Microdroplet Geometry

The influence of microdroplet geometry on the interfacial shear strength of microcompos-
ites was studied by analysing the variation of interfacial shear strength with fiber—matrix
embedded length, fiber—matrix interfacial area and the microdrolet volume as shown in
figures 4.9, 4.10 and 4.11. It was observed that the interfacial shear strength increased
as the embedded length of the fiber was decreased. Further, it was also observed that the

distribution of interfacial shear strength decreased with increasing fiber—matrix contact or
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increasing microdroplet volume. This observed influence of the microdroplet dimensions
on the interfacial shear strength of the microcomposites was due to the fact that the simple
strength of materials based approach of determination of interfacial shear strength is very
simplistic and global. This approach also was responsible for the observed scatter in the
experimental data, thus making it difficult to obtain reproducible results amongst different
researchers. Recently, Pisanova et al. have determined that by defining a local parameter
for interfacial shear strength in terms of the ultimate interfacial shear strength, the results

obtained are much more accurate, reproducible and comparable [70].
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Figure 4.9: Effect of embedded length on interfacial shear strength.

Finite Element Results

The stress distribution along the interface of fiber and microdroplet in a microbond test was
calculated by using finite element analysis. The results were compared by plotting the nor-
malized stresses versus the normalized length along the fiber—matrix interface. The error
in average shear stress along the interface calculated from the FEM and the experimental
IFSS was approximately 5%. The contour plots of shear stress for the elastic and elastic—

perfecty—plastic microbond models are shown in figures 4.12(a) and 4.12(b). As can be
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Figure 4.10: Effect of interfacial area on interfacial shear strength.
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Figure 4.11: Effect of microdroplet volume on interfacial shear strength.
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observed in the elastic model the contour of maximum shear stress started from the point
of contact between blade and the microdroplet and it extended up to the interface. Along the
interface the shear stress was maximum in the vicinity of the blade-microdroplet contact
point. The shear stress reduced on moving away from the blade. Whereas, in the elastic—
perfectly plastic model the shear stress was constant along the interface except around the
blade—microdroplet contact point. The elastic—perfectly—plastic model of microbond repre-
sents the condition of microcomposites when the epoxy crosslink densities are not high. As
explained earlier, the strength of materials based approach of determination of interfacial
shear strength is too global since the interfacial shear strength varies substantially along the
embedded length. Figure 4.13 shows a normalized plot of interfacial shear strength along
the normalized distance on fiber—matrix interface. As can be observed, the normalized
shear stress was maximum near the region where the fiber—matrix embedded length began

and reduced down further along the embedded length.

It has been recently shown that a more accurate parameter to characterize the fiber—matrix
interfacial bond strength is the ultimate interfacial shear strength 7,;; [70]. Equations exist
for the calculation of the ultimate interfacial shear strength, however, it also needs me-
chanical and physical properties of the matrix other than the debond force values and fiber
properties. Since the epoxies synthesized by NASA were available in very minute quanti-
ties, characterizing the physical and mechanical properties of the epoxies was not feasible
and thus it ruled out calculating the ultimate interfacial shear strength. However, It was
decided to pursue mechanical and chemical characterization studies of the epoxy systems

as the future work which is discussed in the next section.
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CHAPTER 5

Conclusions and Future Work

It is clear from the results obtained from this project that before any novel epoxy or sizings
are established for a fiber reinforced polymer matrix composite, the adhesion between the
fiber and the resin system must be evaluated for optimum performance of the composite
system. A novel fluorinated epoxy was synthesized which exhibited reduced moisture ab-
sorption but its adhesion properties were not known. The microbond technique was used
to study the interfacial shear strength of this novel fluorinated epoxy as well as the conven-
tional non-fluorinated epoxy based single carbon fiber composites. The single fiber com-
posites fabricated based on the two epoxy systems were aged using accelerated degradation
technique in the form of boiling water degradation. The failure modes of the microcom-
posite specimens were tracked during the microbond testing. There was a low probability
of obtaining successful fiber-matrix debonding failure mode occuring due to the accompa-

nying failure modes like fiber tensile failure and cohesive failure modes.

The experimental results show that the interfacial shear strength of fluorinated epoxy based
single fiber composites was higher than its non-fluorinated counterpart. There was a sig-
nificant reduction in the interfacial shear strength after the microcomposite systems were
aged for 48 hours using boiling water degradation. The interfacial shear strength of fluori-
nated epoxy based microcomposites was decreased by 43% after ageing whereas there was
a9.2% decrease in the interfacial shear strength of non-fluorinated epoxy based microcom-

posites after ageing.
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The effect of interfacial frictional stress on the interfacial shear strength was studied by
performing post debonding friction analysis. It was found that the friction stresses were
within 10% of the interfacial shear strength of the microcomposites ruling out any require-
ments to conduct residual stress analysis. The effect of meniscus was taken into account
for calculating the interfacial shear strengths of microcomposites that were not aged. The
influence of microdroplet geometry on the interfacial shear strength of microcomposites
was studied and it was observed that a decrease in embedded length of microcomposite
increased the interfacial shear strength. Finite element modeling of the microbond test was
done to evaluate the variation of the interfacial shear stress along the embedded length of
the microcomposite. It was confirmed that the interfacial shear stress was highest at the
region near fiber entry and near the region where the blade made contact with the epoxy
microdroplet. It was confirmed that the average interfacial shear strength parameter was
not a very accurate metric for qualifying the performance of a fiber/matrix system in a fiber

reinforced polymer matrix composite.

There are a few things which can be addressed to further understand the interfacial mi-

cromechanics of fiber reinforced polymer matrix composites more clearly.

e The tensile testing of the microcomposites can be carried out under an optical micro-
scope and hence the crack initiation and propogation can be tracked and correlated.
Using this procedure, the energy-release based approach could be used to estimate

the local failure criterion for determining fiber-matrix interface strength.

e The physical and mechanical properties of the fluorinated epoxy can be determined
and used with the local ultimate interfacial shear strength approach proposed by re-

cent researchers to estimate the interface properties more accurately.

e The fiber-matrix interface traction-separation property can be estimated and used

with cohesive zone modeling to characterize more accurately the fiber-matrix debond-
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ing phenomena using finite element technique.

e The fiber-matrix surface chemistry can be studied using raman spectroscopy or FTIR

techniques to study the changes in interatomic bonding at the fiber-matrix interface.

e The microbond experimental technique can be modified by introducing a pre-existing
crack length along the fiber-matrix interface. Exact equations exist based on the
fracture mechanics approach. This would form a novel microfracture experiment

which would potentially characterize the fiber-matrix interface very accurately.
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