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ABSTRACT

INTERFACIAL MODIFICATIONS IN FIBER REINFORCED GEOPOLYMER MATRIX

COMPOSITES FOR IMPROVED TOUGHNESS

Geopolymers have emerged in the recent decades as a potential matrix material for
advanced composites. Geopolymers, or more generically inorganic polymers, extend the
use temperature range over more common organic polymers, while retaining relatively low
processing temperatures. In fact, some of the techniques used to process geopolymers are
very similar to those developed for thermosetting polymers. This allows for processing of
near net shape components without many of the complexities that would be associated
with conventional ceramics or metals manufacturing technologies. To-date, fiber
reinforced geopolymers have seen limited use, primarily in areas that emphasize high
temperature resistance and good manufacturability over structural performance. The use
of all-oxide geopolymer matrix composites (GMC) for high temperature structural
applications remains uncertain due to limited toughness. Attempts to improve toughness
in these materials through the use of an interphase material, such as those associated with
ceramic matrix composites (CMC), have yielded mixed results. In some cases, an increase
in toughness was observed, but at the expense of modulus and sometimes strength. The
result was a composite that was less tough, or no tougher, than the composite with the
untailored interface condition. Additionally, methods that would indicate differences
between the tailored and untailored interface have not been employed leaving uncertainty

as to what is providing improved toughness. This research examines the ability of weak
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interface concepts, often employed in ceramic matrix composites and created using fiber
coatings, as means of producing greater toughness in GMCs exposed to elevated
temperatures. This was accomplished through examination of composite mechanical

properties and interfacial conditions.

Geopolymer matrix composites reinforced with the 3M Nextel series of ceramic fibers were
fabricated and exposed to elevated temperatures. From the fabricated composites, samples
were prepared for testing in flexure, tension, short beam shear, and single fiber push-out.
Microscopy techniques were employed to analyze fracture surfaces and results of push-out
testing of composites. Both a model coating, carbon and thermally stable oxide coating
known as monazite were applied to the surface of fibers and compared against a baseline

condition to support the changes observed.

The results of the research indicate the importance of ensuring adequate cure time of the
geopolymer matrix, which enhances it properties. In GMCs using carbon coated fibers to
achieve a weak interfacial condition, low mechanical properties of inadequately cured
matrix produced composites with limited shear resistance and limited ability to transfer
stresses to fibers. A moderate increase in the mechanical properties of the matrix via
extended cure time from 1 to 5 hours resulted in a roughly 50% increase in modulus and
150% increase in strength for GMCs containing the interphase material. In all cases the use
of fiber coatings resulted in a reduction of interfacial strength. This was revealed by fiber
push-out testing, which constitutes the first known use of this technique in GMCs to

directly analyze the strength of the bond between the fiber and the matrix. Analysis of the
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interfaces in specimens further revealed that simple reductions in bond strength are not
sufficient for producing better toughness and mechanical properties in GMCs, but that
there is a delicate interplay between the interface properties and improved mechanical
behavior. Increased toughness was observed in the specimens containing the carbon
coated and monazite coated fiber surfaces except in the instance where coating was
degraded by the oxidizing environment. GMCs containing the monazite coated fiber
demonstrated the greatest improvement in toughness. The improvement in toughness was
the result of increased damage tolerance and also a roughly ~32 to 44% increase in
strength as compared to GMCs without coated fiber surfaces. Both limited and elongated
elevated temperature exposure did not limit greater toughness from being achieved in
monazite coated fiber GMCs as compared to those composites without coatings. In general,
the use of fiber coatings did improve the toughness of GMCs as result of weaker interfacial
conditions and it was demonstrated that careful tailoring of the interfacial strength can

result in retention of mechanical properties.
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Chapter 1 : Introduction

1.1 Objective

The main thrust of this research effort is to investigate the effectiveness of interfacial
modifications for improving the toughness of geopolymer matrix composites (GMC).
Toughness being defined as area under the stress-strain curve with increases characterized
by improved damage tolerance through non-elastic deformation and non-catastrophic
failure. The investigation explores weak interface concepts often used successfully to
toughen ceramic matrix composites (CMC) to GMCs. While the technique varies little, the
implementation and solution are unique for GMCs because of the large difference in

mechanical properties between the geopolymer matrix and the fiber reinforcement.

The motivation for such a study is to explore the viability of using geopolymers, and more
specifically GMCs, as a structural material for high temperature applications. Geopolymers
offer higher temperature resistance beyond that of polymers, but can be processed using
similar techniques and at low temperatures. They also have low density. This makes GMCs
a very appealing material to replace the heavier metal components in auto, air, and space
vehicles that are exposed to high temperatures during operation. The less complex and
relatively low temperature processing associated with GMCs also makes them a more
economical choice than conventional CMCs for use at temperatures between roughly 400

and 900 °C.



The aims of the study will be accomplished by examining the influence that interfacial
modifications have on the mechanical behavior of these composites. The various
characterization techniques used will aid in revealing and account for changes in the
toughness of the material. The methods used will include both macro- (mechanical testing)
and micro-scale (SEM and single-fiber tests) analysis in order to understand the influence

of the interfacial region has on the toughness of GMCs.

1.2 Problem Background

Although many years in the making, the role polymer matrix composites (PMC) are playing
as structural components in high performance automobiles, aircraft, and spacecraft are
steadily increasing. The strength-to-weight ratio and tailor-ability offered by polymer
matrix composites is hard to beat in comparison to sometimes heavier and bulkier metal
components. That said, there are still areas within these technologies that are reserved for
materials that can withstand thermal oxidative environments. The upper end use
temperatures of some of the most thermally resistant polymeric materials is only near

400 °C [1]. Metals and their alloys can be considered for use in intermediate temperature
range of 400 to 1100 °C. However, it is the mass of these components that often limits
further gains in efficiency for systems trying to push the performance envelope. Advanced
ceramic materials are lightweight and can easily operate at and above the upper end use
temperatures of metals. Yet, despite advances in overcoming the very brittle nature of
ceramics through various means, including fiber reinforcement, the complex and therefore
ultimately costly processing procedures involved in their fabrication can limit production

and implementation. Furthermore, the high temperature processing of ceramic matrix



composites (CMC) can often result in an unfavorable bonding condition because of the
similar composition of the materials or residual stress state at the interface via a coefficient

of thermal expansion (CTE) mismatch of the constituent materials [2], [3].

In recent decades, inorganic polymers, or more specifically geopolymers, have emerged
among the “big three” as a potential matrix material alternative. As already mentioned,
geopolymers offer temperature resistance beyond that of the best polymers, but do not
require the complex processing procedures associated with conventional ceramics. In fact,
the processing of geopolymers is very similar to that of thermosetting polymers and

completed at temperatures ranging anywhere from room temperature to ~120 °C [4].

Geopolymer matrix composites (GMCs) show potential to be used as load bearing
structures [5], [6]. Since the inception of GMCs [5], a great deal of research has been
conducted on them with continuous fiber reinforcement [7]-[18]. The studies tend to
focus on improving mechanical properties of the GMC through changes in processing
conditions or evaluating the GMCs mechanical behavior after exposure to elevated
temperatures. The use of carbon or silicon carbide (SiC) fibers is prevalent in studies
involving GMCs. This is likely because both provide a great deal of reinforcing capability
and some of the original experiments with GMCs used these fibers [5]. The incorporation
of natural fibers in GMCs has also generated a bit of research because of the potential for a
very economical composite with fire resistance. Very little attention in research has been
given to the use of oxide fibers to reinforce geopolymers. In most all cases, fibers improve

the mechanical properties of the geopolymer sometimes making them competitive with



some of the more common structural materials. From a specific property (value divided by
density) standpoint, GMCs show good potential and even more so if one factors in their
high temperature properties [19], [20]. Figure 1 shows one particular GMC compared to

other common structural materials.

Specific Specific Maximum
MATERIAL . Tensile P Flexural Flexural
Density Modulus Temperature
Ke/m’ Modulus MPa-m’/ Strength  Strength Capability
g GPa MPa  MPa-m‘/ pability
kg K C
g
Fiber-Reinforced 5, 30 13.0 14 0.006 400
Concrete
Structural Steel 7860 200 254 400 0.053 500
7000 Series Aluminum 2700 70 259 275 0.102 300
Phenolic-Carbon -, 55, 49 316 290 0.187 200
Fabric Laminate
ThenolicE Glass 490 21 110 150 0.074 200
Fabric Laminate
Geopolymer-Carbon g5, 76 410 245 0.132 > 800
Fabric Laminate

Figure 1: GMC compared to properties of some structural materials[19]

Despite great improvement in strength and modulus of GMCs with the use of continuous
fiber reinforcement, it has been found that GMCs, like ceramics, lack toughness when a
strong interfacial bond forms with fibers [7], [21]. In constituents with similar chemical
composition, this is exacerbated with elevated temperature exposure as diffusion of

species can often result in an even stronger bond.

In advanced CMCs, reducing the interfacial bond strength between fiber and matrix has
become a standard way of improving the toughness of the CMC. This often involves

tailoring the bond utilizing a fiber coating. When properly applied, the fiber coating can



allow for the dissipation of crack energy. Direct analysis of interface in CMCs through
mechanical testing or microscopy can generally reveal whether the tailoring will allow for

greater composite toughness.

Tailored interfaces are one consideration for improving the toughness of GMCs. In
previous work, GMCs utilizing a carbon coating on the fibers were exposed to various
temperature regimes. The results indicated the potential to use CMC weak interface
concepts on GMCs to improve toughness [21]-[23]. Despite potential for increased
toughness, there were observed drawbacks for the use of this particular coating. After
elevated temperature exposure, composite modulus increased and toughness decreased
indicating that the coating potentially degraded under the oxidizing environment [21]-
[23]. Degradation and loss of the carbon coatings is often expected after temperature
exposure above 400 °C and in some cases the loss could theoretically be beneficial [24]-
[27]. However, in this case it was not. The degradation of the coating and associated loss
in toughness of the GMC points to a need to consider oxidation resistant fiber coatings. The
carbon coating had one other not so obvious drawback. One study noted a significant drop
in modulus of specimens utilizing the carbon coating as compared to uncoated fiber GMCs,
which was attributed to reduced interfacial strength caused by the introduction of the
interphase [23]. The drop was not completely unexpected. Geopolymers have a low
modulus compared to the ceramics utilized in CMCs. Therefore, geopolymers rely on the
properties of the fiber to enhance the modulus and strength of the composite, not unlike
the effect of reinforcement of organic polymers. This occurs by means of shear transfer

from the matrix to the fiber, which is influenced by the interfacial bond strength [2]. The



observed loss in modulus with incorporation of fiber coating intended to weaken the
interface also appears to be the result of inadequate processing of the geopolymer

matrix [28], [29].

Knowledge of interfacial tailoring in GMCs is scarce. Only a handful of studies have
considered examinations of the interface for changes in composite mechanical behavior
[10], [13],[30], [31]. Very little work on the use of interphase in geopolymers to improve
toughness has been presented thus far [21]-[23], [32]. One publication [29] and one
conference paper [33] generated from preliminary investigations of this dissertation (see
Chapter 4) have added to the knowledge base and have begun to address concerns
previously discussed: substantial loss in modulus of the composite and oxidation resistance
of the fiber coating. Also, the previous studies have only suggested that improved
toughness is a result of the interfacial modifications made at the interface. Yet, none of

these studies have been able to provide a direct link to the interface.

The relationship between interface properties and composite toughness has been difficult
to establish because of the composite configurations and the experimental program used in
the earlier studies. In both cases, GMCs in these studies were exposed to increasing
temperatures. However, it is recognized that after curing geopolymers can continue to
undergo changes in their microstructure with additional thermal exposure [34]-[37]. For
the particular geopolymer used in the studies using interfacial modifications [21]-[23],
[32], the changes are now understood [28], [38]. Additionally, composite configurations

(e.g. woven fiber architecture, multiple fiber types, and matrix fillers) added a greater



number of variables. This leaves some uncertainty in how changes at the interface have
influenced the final toughness of the composites in these studies. To analyze the interface,
the composite design should be such as to reduce the number variables that may influence
composite mechanical behavior in the same way the interface might. Additionally, in order
to demonstrate that these improvements in toughness are the result of the fiber coatings,

techniques that directly assess the interface are necessary.

It is hypothesized that through the use of fiber coatings, continuous fiber reinforced
geopolymer matrix composites can demonstrate improved toughness, while still retaining
high degrees of strength and modulus even after exposure to elevated temperatures. The
geopolymer characterization and interfacial studies have become the basis for this
research. To address the hypothesis, the research will use an alumina-based oxidation
resistant fiber with three different fiber surface conditions. Two of three conditions will be
fiber coatings, one model non-oxide coating and the other an oxide coating, LaP0O4, known
as monazite, which has been demonstrated to improve toughness in CMCs. The other fiber
surface condition, a heat cleaned surface, will be the baseline, or worst case, condition to be
used for comparison. Also, important to proving the hypothesis will be to leverage the
accumulated knowledge on proper processing of geopolymers in order to ensure sufficient
mechanical properties of the matrix. Mechanical characterization and microscopy
techniques will be applied to directly assess the interface and analyze the effect of the
interfacial conditions on mechanical properties of composites after heat treatment at

elevated temperatures.



1.3 Thesis Structure

The thesis is divided into eight chapters. The topics of chapters include a literature review,
background information, materials and processes used to fabricate composites,
preliminary investigations, physical characterization of composites, investigation of
toughness using fiber coatings, thermal aging of GMCs with fiber coatings, and a final

summary.

Chapter 2 specifically covers the definition of toughness as it is used in this research and
techniques that have been successful in promoting toughness in brittle matrix materials,
especially CMCs. It also discusses the relevant research conducted on geopolymers and

GMCs providing details on mechanical properties, thermal stability, and a more detailed

look at efforts to toughen GMCs through the use of fiber coatings.

Chapter 3 examines the materials and processes used to fabricate the composites of this

research. This includes all the constituent materials to include the fiber coatings.

Chapter 4 explains the two preliminary investigations that were conducted to support to
the main efforts of this research. The results and analysis of these two studies are covered

in this chapter.

Chapter 5 provides physical information about the composites of this research. The

chapter contains measures of fiber volume fraction and porosity of composites used in the



primary investigations. Additionally, this chapter involves a brief discussion on the quality
of manufactured composite specimens and the effect of thermal treatments on their

physical appearance.

Chapter 6 investigates how the interfacial modifications made in GMCs through the use of
fiber coatings are able to promote toughness. This was explored by series of mechanical
tests that provided measures for modulus, strength, short beam strength, and toughness. A
direct evaluation of the interface and fracture surfaces of the GMCs was also used to aid the

investigation.

Chapter 7 investigates the effect thermal aging in an oxidizing environment has on the

mechanical behavior of a GMC containing fibers with a coating. The discussion draws on

results and data presented in previous chapters to aid the analysis.

Chapter 8 provides a summary of the research and addresses some of the key findings.



Chapter 2: Literature Review

2.1 Promoting Toughness in Brittle Materials

2.1.1 Terminology

The term toughness, as it will be used through the rest of this document, refers to a
material’s ability to absorb energy before fracture [39]. Toughness is somewhat of an
abstract concept, but it can be quantitatively evaluated. Quantitatively, toughness can be
calculated as the area under a material’s stress-strain curve. A very closely related term to
toughness is work of fracture (WOF). Also, an energy term, WOF is the area under the
stress-displacement curve. The term toughness can also be used as shorthand for fracture
toughness, but in the following discourse it will not be used as so. The terms toughness and
fracture toughness have distinctly different meanings. That said, the mechanisms that
might lead to greater toughness in a material might also improve that material’s fracture
toughness. In that regard, the two terms share a common link. However, a material that
has a high value of fracture toughness may not necessarily be tough. This will be discussed

in greater detail in the following sections.

There are two other terms associated with toughness, which may at times be used
interchangeably throughout this document. The terms are graceful failure and damage
tolerance. Like toughness, these terms are used in the evaluation of stress-strain, or in

some cases, stress-displacement curves. These terms are commonly used in much of the
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literature regarding efforts to improve toughness in ceramic matrix composites. Although
both terms may be used in this document to suggest any increase in toughness, the term
damage tolerance is generally applied to discuss the resistance to failure a material
demonstrates that involves inelastic deformation. The term graceful failure is generally

used to suggest non-catastrophic failure of the material.

2.1.2 Modifications to Improve Toughness

Brittle materials lack the inherent mechanisms needed to prevent cracks from initiating
and then propagating. These mechanisms are referred to as intrinsic toughening
mechanisms[39], [40] and are result of a materials make-up. For example, the particular
structure of some metals such as aluminum and copper allow for prevention of cracks and
dissipation of crack energy through dislocation and plastic flow. To promote toughness in
brittle materials, such as ceramics, it is common to use a second phase or reinforcement.
Nanoparticles, whiskers, short fibers, and continuous fiber are all types of reinforcements
that can work to dissipate the energy of a crack and promote toughness. Increased
toughness is achieved through the activation of mechanisms such as crack bridging, crack
deflection, debonding, and/or fiber pullout [2], [39], [41]. Generally, the greater number of

these mechanisms there are at work, the tougher the material.

2.1.3 Conditions for crack deflection

Crack deflection is an important factor in increasing toughness in composites. As such
researchers have attempted to generate criteria for determining the appropriate conditions
for crack deflection [41]-[43]. The model developed by He and Hutchinson is well cited

and widely known. The model allows one to predict whether a crack propagating in one
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material (e.g. the matrix) will deflect at the interface or penetrate into the second material
(e.g. the fiber) based on three parameters: the fracture energy of the interface, the Mode I
fracture energy of the second material, and a term developed from the elasticity of the two
constituents. For elastically similar materials or where the matrix and fiber have similar
moduli, their model predicts the ratio of interfacial toughness to fiber toughness need be
less than 0.25 to allow for debonding [42]. This value is a good rule of thumb for CMCs
designated for high temperature environments where the matrix and fiber are likely to be
the same or very similar materials. In the case, where the modulus of the fiber is much
greater than the matrix, the ratio predicted by the model is not as restrictive and deflection
is more favorable. In other words, for the same fiber, the interfacial toughness can be much
higher in a composite where the modulus of the matrix is significantly lower than the

modulus of the fiber in order to allow for crack deflection.

The model provides a good starting point for determining what may happen at the
interface between two materials or to conclude why a material may have exhibited a
specific behavior. The long-standing acceptance of their model attests to its applicability in
many cases [42]. However, it has been noted the criteria has difficulty predicting systems
where debonding takes place ahead of the crack tip and also in coated fiber composites [3],

[44], [45].

2.1.4 Achieving Toughness in Ceramic Matrix Composites

Ceramic materials make ideal candidates for structures exposed to high-temperature,
oxidizing environments. Yet, ceramics, because of their lack of intrinsic toughening

mechanisms, are very susceptible to failure in the presence of flaws i.e. cracks and voids. In
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other words, they are brittle and their brittle nature often restricts their use in most
relatively high load-bearing applications when the nature of the load is tensile. Their usage
is especially questionable when a human element is involved as catastrophic failure could

potentially result in injury or loss of life.

Continuous fiber reinforcement in ceramic matrices has proven to be one of the most
effective ways to produce toughness in these materials [2], [39]-[41]. However, in the case
of ceramic matrix composites (CMC), where the use of similar constituents (i.e. ceramic
fiber and ceramic matrix) is common, understanding the interfacial bond created by fiber
and matrix to becomes a critical area for promoting toughness. Often this requires very
careful tailoring of the bond otherwise the fiber reinforcement may do little to enhance the
toughness of the material. Further complicating this problem is this tailored interface can

change due to reactions with the service environment.

There are three types of bonding that can occur at the fiber-matrix interface: chemical,
mechanical, and physical [2]. Chemical bonding refers to primary atomic bonding and
creates the strongest type of bonding at the interface. Mechanical bonds involve surface
fiber roughness and expansions and contractions of the matrix and fiber, which create
residual stresses at the interface. Finally, physical bonding refers to weaker secondary

bonding.

Strong chemical bonds in conventional CMCs can be created as a result of the high

processing temperatures. At these temperatures, diffusion can create a volume between
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fiber and matrix with its own material characteristics. If this strong chemical bond is
created at the interface in CMCs, the material behaves as a monolithic ceramic and is really
no tougher than without reinforcement. On the other extreme, a condition where no
chemical bonding takes place, the composite is really no better as matrix is a block of a
material with a bunch of holes in it. This of course assumes other means of bonding are
also virtually absent. This results in the same brittle behavior. Therefore, adequate care
must be taken in tailoring the interfacial strength in order promote toughness in these

materials.

Mechanical bonding in CMCs is also an important consideration for achieving toughness.
Mechanical bonding is a combination of interface roughness and radially induced stresses.
Radially induced stresses are the result of thermal expansions/contractions and interface
roughness. Both interface roughness and radially induced stresses can greatly affect the
mechanical behavior of the composite. Radial induced stresses can prevent debonding,
increase friction, and limit fiber pullout [2]. Interfacial roughness can play a significant role

on fracture and fiber sliding at the interface [46]-[48].

At present, there are two prevailing methods for the incorporation of fiber in ceramic
matrices. In one method, a stronger bonding condition can exist at the interface and higher
level of porosity in the matrix, or weak matrix, promotes toughness [49], [50]. The porosity
in the matrix serves as a means to effectively stop crack propagation by relieving the
stresses at the crack tip as it encounters these voids in the matrix. The other method

involves the use of fiber coating, or interphase, to create a weak interfacial condition
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between fiber and matrix [3], [51]-[53]. Unlike, the chemical bond discussed above, the
interphase is intentionally placed becoming a discrete volume separating fiber from matrix.
The weaker interfacial condition in these composite systems serves to absorb crack energy
via crack bridging, crack deflection or meandering, debonding at the interface, and
ultimately fiber pullout (see Figure 2). The presence of fiber pullout is often consistent
with a weak interfacial bond and is an important fracture energy absorbing mechanism in
composite materials [2], [39], [41]. Fiber pullout is generally dictated by the magnitude of

the frictional sliding stresses. The lower the friction the longer the crack extends away

fiber [3].

from the original crack plane before stresses are transferred back from the matrix to the
Crack

deflection

& Crack Bridging Pullout
Debonding

Figure 2: Graphical representation of the various mechanisms that promote toughness in fiber reinforced
composites.

There are concerns to creating a weaker interfacial condition with interphase. If the fiber
coating creates a very weak bonding condition, stress transfer from the matrix to the fibers
via shear is limited. In the case where the mechanical properties of the fiber are much

greater than the matrix (i.e. the incorporation of the fiber into the matrix material was
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intended to take advantage of the properties of the fiber), an extremely weak bond can
severely limit the mechanical properties of the composite, as the magnitude of the shear
transfer between the constituent is reduced and thus any gains in toughness may be
irrelevant. Therefore, careful tailoring of the bond in these materials where fibers are

necessary to provide a reinforcing effect is even more essential.

2.1.5 Interphase Materials

Choosing an appropriate interphase material comes with many considerations. The
chemical compatibility with constituents and thermal stability are concerns especially
when considering the necessary high temperature processing steps needed in the case of
conventional CMCs and the final use temperature of the material. Additionally, the thermal
coefficients of expansion (CTE) of all constituents, including the interphase, must be
considered. As previously noted, differences in the CTE of each material can alter
interfacial conditions through the development of residual stresses [3], [51]. Coating
thickness is also important as it can also alleviate residual stresses and also be a route to
lower frictional sliding stresses [3], [54]. However, there is a give and take. Thicker
coatings can reduce compressive residual stresses and cause increase in surface roughness,
while thin coatings can reduce surface roughness and may effect compressive residual
stresses very little [3]. Determining which is more important to the toughness of the
composite generally requires experimentation. Also previously discussed, the degree of
fiber pullout, which is considered a measure of interfacial strength, is highly dependent on

these factors at the interface.
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Interphase materials are generally applied using gas or liquid-phase techniques. Chemical
vapor deposition (CVD) is a common gas-phase technique. Gas phase techniques are best
for preforms and helps to avoid problems with bridging of fibers, which is a common issue
when using liquid-phase coating techniques. Liquid phase techniques include transporting
filaments or tows through a liquid medium or dip-coating the fibers or preforms. These
techniques tend to be more economical, but are susceptible to a couple issues. Unless,
much care is taken, liquid phase techniques are less precise in achieving constant thickness
and could result in bridging of fibers or uneven coverage (see Figure 3). The bridging of
fibers can effect infiltration of the matrix, especially when using preforms. Bridging and its
subsequent effect on infiltration can definitely negatively affect stress transfer between the

fiber and matrix.

Uneven Coverage

Figure 3: Graphical representation of bridging and uneven coverage of fiber coatings.

The use environment can dictate the type of interphase material one should use. Both
carbon and boron nitride are very effective interphase materials for producing toughness
in CMCs and have been extensively researched [3], [41], [55]-[62]. Unfortunately, these
interphase materials, especially carbon, are not very resistant to oxidation. They are,

however, relatively inexpensive and they can serve as model materials to initially test the
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effectiveness of weak interface concepts in composite systems that will operate in oxidizing

environments.

Creating all-oxide CMCs derived much attention during the last two decades. Many
concepts and materials that have high-temperature stability in air have been considered as
potential interphases that create a weak-interface condition. One method involves the
removal of the coating after fabrication to produce the weak interface desired. This
concept is known as a fugitive coating and has shown some promise at producing damage
tolerant behavior [24]-[26], [63]-[65]. The most common of these methods utilizes an
initial coating of carbon on the fiber although molybdenum has been tried as well [63].
Either through initial processing or additional heat treatment the coating is removed via
oxidation creating a gap between fiber and matrix. The method relies on the roughness of
the surfaces to provide a means of shear stress transfer between the fiber and matrix.
Clearly, too large of a gap and shear stress transfer will be limited, negatively impacting the

mechanical properties of the composite.

A very promising interphase material that has been used in CMCs is a rare-earth phosphate
mineral, Lanthanum Phosphate (LaP0s4), referred to in the literature as monazite. Monazite
bonds weakly to other oxides [52], [66], is not toxic, and does not dissolve in water, acids,
or bases [67]. In addition, monazite exhibits excellent thermal stability. Its melting point is
2072 °C and it does not easily reduce below 1400 °C [67], [68]. The hardness of monazite
is low (5.6 GPa) and the modulus of elasticity is 133 GPa as measured by ultrasonic

resonance [66]. The thermochemical compatibility with oxide fibers and effectiveness of
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monazite to produce mechanisms that promote toughness, such as crack deflection and

fiber pullout, have been demonstrated (see Figure 4) [69]-[73].
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Figure 4: Fracture surface of Nextel 610/alumina matrix composite (a) without and (b) with monazite coated
fibers [73]. Pulloutin (b) indicates improved toughness. The curves in (c) show stress-strain of monolithic
alumina versus saiphkon monazite coated fiber in alumina matrix with only ~1% fiber volume fraction [71].

A whole host of other concepts and materials for interphase have been tried and suggested
in the attempt to produce tough, all-oxide CMCs. At what appeared to be the height of
coating research in CMCs, these concepts included porous coatings, easy-cleave coatings,
ductile coatings, reactive coatings, and interface weakening by segregation [3]. Reference
[3] is a good resource for finding out more about the specific materials and their

effectiveness in generating greater toughness in CMCs.
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2.1.6 Characterization Techniques

Upon conducting a review of the literature on the use of interphase materials in CMCs one
will find a small set of techniques commonly used to determine their effectiveness. In
general, the techniques used for evaluation of fiber coatings include some type of
mechanical testing to demonstrate improved toughness of the material. Often, to
understand how the interphase coating is promoting toughness, single fiber tests and/or
scanning electron microscopy (SEM) will be used in conjunction with the mechanical

testing done on the whole composite.

Generally, whole composite mechanical testing will be done in the tensile configuration
with or without a notch. 3-point flexural testing is also fairly common technique used. If
such testing is conducted with a notched specimen, the specimens generally have
reinforcement in at least two directions, which aids in guiding the propagation of the crack.
From these tests authors report on stress-strain curves pointing to relative changes in
toughness of samples with and without fiber coatings. As Figure 5 shows, in an ideal case,
the introduction of interphase material would shift composite stress-strain behavior from
graphic (b) to graphic (a). In the case of testing a notched sample, the sensitivity of the
material to the presence of a notch is made by comparing strength and/or the WOF to the
composite without a notch. Fracture toughness values of monolithic materials are
commonly generated from notched samples, but based on this author’s review of the topic
the use of notched specimens is a somewhat rare occurrence in the literature involving

CMCs with fiber coatings.
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Figure 5: Model stress-strain curves for CMCs that exhibit (a) tough and (b) brittle behavior [74].

Referring back to Figure 5, the evaluation of toughness does not always include an
objective value of toughness calculated as the area under the curve, but rather a subjective
evaluation of the stress-strain curve for indications of improved toughness. Clearly, one
can observe the two curves shown in Figure 5 (assuming the same scale) and qualitatively
evaluate that the area under curve (a) is greater than the area under curve (b). However,
one must be careful here. Greater area under the curve does not necessarily mean the
material is tough because clearly, if curve (a) was simply curve (b) with higher ultimate
strength, then it too would also have greater area under the curve. Yet, this does not

constitute toughness in the sense being described here. Toughness implies resistance to
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failure, or damage tolerance, which usually appears in the stress-strain curve as inelastic
deformation, or at least the ability to support load after the initial failure. This is apparent
in curve (a). Therefore, an assessment of toughness should include an evaluation of the
stress-strain curve along with an evaluation, quantitatively or qualitatively, of the area
under the curve. It should also be recognized here that materials like silly putty or bubble
gum (extreme examples chosen to demonstrate a point), which would exhibit a lot of
plastic strain, have low strength. This still results in a small amount of area under the
curve. In other words, just because a material exhibits lots of inelastic deformation this
does not mean that it is tough. Such a discussion also returns to the last part of Section
2.1.1 on terminology regarding differences between fracture toughness and toughness.
These materials, silly putty and bubble gum would have high fracture toughness because of
their ability to plastically blunt crack growth, but they are not considered tough materials

because they don’t absorb a great deal of energy.

Besides typical mechanical testing techniques, single fiber testing can be used to help
evaluate the toughness of a material. The use of single-fiber tests serve to evaluate
properties of the interface such as debond energy and friction stress both of which can be
used to indicate the ability of the interface to absorb crack energy and promote toughness
[44], [73], [75], [76]. The parameters also help infer the strength of the interface. Debond
energy is an evaluation of the interfacial toughness, or the force needed to propagate a
sharp Mode II crack at the interface [75]. As discussed previously, if the interfacial
toughness is too high the fiber and matrix will not deflect at the interface and crack will

instead penetrate the fiber. The measure of friction stress is the stress associated with the
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sliding of the fiber, and can ultimately dictate the amount of fiber pullout observed[75]. If
friction stress, or interfacial friction, is too high, fiber fracture will occur shortly after
debonding. Push-in/push-out testing [44], [76]-[82] can be used to acquire one or both of
these values and are relatively simple to execute. Fiber pull-out tests can be utilized as well

[48], [75].

Often both types of mechanical testing are accompanied by supporting images produced
using scanning electron microscopy (SEM), or in some cases, transmission electron
spectroscopy (TEM). SEM can be used qualitatively to assess conditions at the interface.
Figure 6 is a compilation of images demonstrating the various types of information that can
be gathered from its use. The images of Figure 6a and Figure 6b when compared show the
effectiveness of the coating to divert an incoming crack in the composite. The image in
Figure 6¢ shows the smooth fibers and the identification of coating on fibers. Figure 6d
shows the presence of fiber pullout, which was previously noted as an important measure

of interfacial strength.
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Figure 6: SEM images used to evaluate interfacial conditions and identify mechanisms that
promote toughness. (a) Crack deflection at the interface of a sample with fiber coating and
(b) lack of crack deflection at the interface in the same fiber-matrix system of an uncoated
sample [3]. (c) Surface of fibers indicating the presence of interphase material on the fibers.
Relative smoothness of fibers is generally a good indication of the strength of bond at the
interface [72]. (d) Fracture surface showing fiber pullout and the presence of fiber sockets
indicating fibers likely pulled out and existing on the other fracture surface [73].

2.2 Fiber Reinforced Geopolymers

Fiber-reinforced geoplymers are a relatively new composite material among the “big
three:” polymer, metal and ceramic matrix composites. In addition to their attractive
thermo-mechanical properties, geopolymer matrix composites (GMC) demonstrate
excellent fire resistance [6], [8]. These combined attributes have led to their consideration

for aircraft cabin materials, interiors of ships/submarines, and automotive components
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[83], [84]. An initial use for GMCs was for high temperature composite tooling [4], [85].
Other important applications could include replacement of heavier metal components in
aircraft engines and in other structures subject to temperatures that exclude the use of
polymer matrix composites (PMC). The mechanical properties of GMCs even make them a
consideration over CMCs for use in these environments because the means of fabrication is
more economical [20]. These projected use environments of GMCs, much like CMCs,
require the use of thermally stable constituent materials and a means to promote

toughness in order to optimize the composite mechanical behavior.

2.2.1 What are geopolymers?

Inorganic polymers, or more specifically geopolymers, are derived from a chemical
reaction of an aluminosilicate source with an aqueous alkali solution in highly alkaline
conditions[85], [86]. The reaction ends in the formation of a 3-D network of SiO, and AlO},
tetrahedral linked units which form an amorphous to semi-crystalline structure [85]-[87].
Figure 7 shows the three fundamental oligomer units, all referred to as polysialate for

short, that form the inorganic polymer based on Si/Al ratio [85], [87].
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Figure 7: Diagram representing the various polysialate molecular groupings[88]
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The formation of the geopolymer, or geopolymerization, is thought to consist of four steps
[86], [89]-[91]. The first step, already mentioned above is the dissolution of
aluminosilicate source and once this takes place curing of the geopolymer happens
relatively quickly. The resulting material is ceramic-like in that it is brittle, hard,

chemically resistant, and thermally stable at moderate-to-high temperatures [87], [92].

Unlike ceramics, geopolymers are generally processed at temperatures ranging from room
temperature to 120 °C. However, cure time and temperature seem to have an important
effect on the resulting mechanical properties of geopolymers. Two studies, one using
unreinforced and the other reinforced geopolymers, reported an ideal cure temperature
range for producing the best mechanical properties to be close to ~70-75 °C [12], [93].
Cure temperatures at or below these values are found in a majority of the literature. Also,
the literature commonly agrees on the use of cure times of 24 hours or greater in a humid

environment, which is thought to allow for full reaction of species [88], [94].

The reported mechanical properties of as-cured geopolymers can vary a great deal. In
addition to processing parameters, the variation is caused by which source materials (in
particular the charge balancing metal alkali, Na or K) are used and the ratio of those
materials. The relatively low magnitudes of mechanical properties demonstrated by
geopolymers differentiates them from advanced ceramic matrices. The metakaolin-based
geopolymer used in this study, MEYEB, created by Pyromeral Systems is a potassium-based

geopolymer. The mechanical properties of MEYEB after a 24 hour initial cure at 80 °C
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followed by a 650 °C post cure can be found in Table 1 compared against other potassium

polysialate geopolymers and also alongside more common matrix materials.

Table 1: Mechanical properties of some inorganic polysialate polymers
versus other matrix materials

MECHANICAL Inorganic LAS™
PROPERTIES Polysialate Glass
Polymers MEYEB* Ceramic Mullite Alumina Epoxy
Tensile Strength
(MPa) 3.7 - 100-150 83 250-300 7.6-96.5
Young's Modulus
(GPa) - - 100.0 143 360-400 0.8-10.0
Compression Strength
(MPa) 39-45 98 -- 550 3000 13.8-279
Flexure Strength
(MPa) 1.7-16.8 11-12 -- 170 400 --
Flexural Modulus
(GPa) 9.4-10.3 8 -- - - --
(8], [87],
References [88], [92],
[95], [96] [38] [2] [2],[97]  [2],[97] [97]

* Values after a 650°C post cure; **Lithium Aluminosilicate

Table 1 highlights a few important facts about geopolymers. The first detail worth noting is
the range of strengths displayed by geopolymers. The disparity is the result of different
processing conditions and ratios of source materials used in each study. Secondly, the
values of strength and modulus of geopolymers indicate a low strain-to-failure and
therefore limited toughness much like ceramics. Finally, geopolymers display similar
moduli to the best epoxies, which is relatively low compared to the ceramic materials.
Geopolymers are truly a unique material, separate from ceramics, given their mechanical

properties and structural make-up
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2.2.2 Previous work

The first recorded use of the geopolymers as a matrix material occurred in the 1980s by the
material’s designer, Davidovits, who introduced GMCs as high temperature tooling for use
in the plastic and foundry industries [85]. One silicon carbide (SiC) fiber reinforced
geopolymer generated from this work demonstrated a formidable flexure strength of

380 MPa and retained strength after exposure to temperatures greater than 650 °C. This
and other results spurred on the research generated by other researchers that occurred
over the following decade [6], [8], [13], [98]. These pioneering studies generated a great

amount of property data on GMCs reinforced with carbon and E-glass fibers.

A series of studies of most importance to the proposed research herein, occurring in the
late 2000s, acknowledged the lack of toughness in GMCs with oxide constituents. The
referenced works conceptualized and introduced the first studies on GMCs with tailored
interfaces such as those widely studied in CMCs [21]-[23], [32], [84], [99]. In addition,
these studies continued to focus on the projected use temperatures of GMCs by using oxide

fiber and/or subjecting composites to elevated temperatures in excess of 650 °C.

Appearing in the mid-2000s to the present, a handful of studies using mostly carbon and
ceramic fibers generated knowledge on the high-temperature stability of GMCs at
temperatures from 650 °C to 1400 °C. The studies addressed important concerns related
to the retention of mechanical properties, matrix thermal stability, and interactions at the
fiber matrix interface at these temperatures [9], [10], [14], [17], [30], [31], [100], [101].

Welter and He et al. explored interactions at the interface with increasing temperature
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exposure on basalt and carbon fibers respectively. After thermal exposure in air, Welter
noted the creation of a single reaction zone after heating treating past 600 °C to 800 °C and
two distinct zones after heating to 1000 °C. These were the result of chemical interaction
between the fiber and matrix [30]. Investigating the geopolymer as a potential ceramic
precursor, He et al. exposed carbon fiber/geopolymer composites to temperatures up to
1400 °C. Prior to 1100 °C composites demonstrated a drop in their mechanical
performance, but then experienced gains after exposure to temperatures between 1100
and 1300 °C. The gains were attributed to completion of the crystallization of the matrix

and appropriate interfacial strength between fiber and matrix [9].

Radford et al. and Mills-Brown generated underreported tensile property data on GMCs at
room temperature, as well as, during high temperature exposure [14], [17]. To this
author’s knowledge, Radford et al. has been the only investigation conducted on the long-
term exposure of geopolymers to elevated temperatures in order to simulate degradation
under service conditions. For SiCr/geopolymer composites, the authors’ reported a
substantial decrease in the mechanical strength after 500 hours at 650 °C [17]. The aged
specimens, which were also tested at 650 °C, demonstrated a more brittle fracture, but it
was uncertain whether this was due to changing properties of the matrix increasing the
interlaminar strength or increased interfacial strength between fiber and matrix. Using the
same GMC, Mills-Brown did note decreasing tensile strength for the composite when tested

at temperatures from ambient up to 760 °C [14], [15].
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2.2.3 Important considerations for evaluating GMCs toughness

2.2.3.1 Thermal stability

The survivability of geopolymers at operating temperatures above those of even the most
thermally resistant polymers has brought this material significant attention. However,
there is much to be understood about the changes that take place in the geopolymer at
microstructural level from elevated temperature exposure. The changes clearly have
implications for the mechanical behavior of geopolymers. The literature indicates that
geopolymers can begin to form crystalline phases in the range of 650-1100°C [34]-[37],
[102] and in some cases completely crystallize near the upper range of these
temperatures [36], [103], [104]. Recall, prior to this shift the as-cured geopolymer is
amorphous to semi-crystalline in structure. The onset of the phase change in geopolymers
appears to be dependent on the initial source materials and processing conditions.
Thermal stability up to 1400 °C has been noted for geopolymers that have the appropriate
balance of starting source materials and are optimally cured [34], [36], [37]. Changes
occurring in the geopolymer up until 800 °C are also generally related to dehydroxlyzation
and sintering of the geopolymer accompanied by physical shrinkage and densification [34].
Figure 8 shows the changes in the microstructure of a particular potassium-based
geopolymer after heat treatment at 300 and 600 °C. Figure 9 shows the evolution of the
microstructure that occurs in MEYEB (the geopolymer used in this body of research) at
different exposure temperatures. It is clear with increased temperature exposure the

particles become more interconnected with total change in the structural appearance
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occurring at 870 °C. Prior to this temperature, studies [38], [84] seem to suggest MEYEB to

be thermally stable after 650 °C treatment (see Figure 10).

Figure 9. SEM images of MEYEB after (a) initial 24 hour cure at 80 °C then after heat treatment for 5 hours at
(b) 250 °C, (c) 650 °C, and (d) 870 °C [38].
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Figure 10: Thermal analysis of MEYEB (a) TGA of MEYEB after 24 hour, 80 °C initial cure (b) TGA and DTA of
MEYEB after heat treatment at 650 °C for 5 hours [38]. Note: In (a) the rising curve is temperature.

Despite a good deal of information on changes to the physical nature of the geopolymer in
these temperature regimes only a limited amount of information exists on how exposure
temperature effects their mechanical properties. Only two known studies have provided a
set of mechanical property data on unreinforced geopolymers after exposure to various
temperatures [38], [103]. Figure 11 compares the flexural strength results of the two
studies. Both show increasing flexural strength of a geopolymer with increased
temperature exposure. Note the difference in strengths of the two geopolymers even at
low heat treatment temperatures. Lin et al. attribute the significant increase that occurs
after 600 °C to densification and crystallization of the geopolymer [103]. Rahman suggests
densification for gains in flexural strength after 650 °C, but also reports a loss in the
compression strength of the same geopolymer after exposure to 870 °C due to the complete

loss of its particle nature (see Figure 8) [38]. These two studies exemplify the variability
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between geopolymers, but also indicate that elevated heat treatment temperatures tend to

improve their mechanical properties, at least up to a certain point.
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Figure 11: Flexural strengths of two different potassium-based geopolymers after various heat treatments
compared. (a) as reported by Lin etal. [103]. (b) as reported by Rahman [38].

Studies characterizing the mechanical effects of elevated temperature exposure on GMCs
with continuous reinforcement are also limited. In addition, to those already mentioned
under Section 2.2.2, few other studies exist that explore the mechanical effects on GMCs
containing oxidation resistant fiber [13], [21], [23], [85]. The work by Davidovits on GMCs
revealed differing trends in changes to flexural strength with increasing temperature
exposure. Reinforcing fibers, as well as, the type of geopolymer matrix likely played a role
in the trends observed. With SiC fabric geopolymer composites, Hammel reports reduced
strength and a slight reduction in damage tolerant behavior after exposure to 800 °C.
Looking at the group of studies, a case could be made for decreasing flexural strength and
toughness for heat treatment temperatures beyond 250 °C, but the results are not
definitive. For the study examining interfacial modifications [23], the difficulty arises in

separating interfacial effects from changing matrix properties.
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2.2.3.2 Strength of the geopolymer

As previously noted in Table 1, the mechanical properties of geopolymers are relatively
poor compared to more common ceramic matrices. The low tensile and compressive
strengths for the unreinforced geoplymer indicate the matrix is also weak in shear. It’s no
surprise then that several authors predominately report failures in shear and compression
(and/or fiber buckling) during flexural testing of geopolymers [8]-[10], [13], [105]. Even
at span-to-depth ratios of 32:1, such as those reported by Welter, the tensile failure mode is

usually absent in as-cured GMCs tested in flexure.

The weak nature of the geoplymer can make investigating the strength and toughness of
the geoplymer difficult especially when involving interfacial modifications. Gains in
strength obtained through careful development and processing of the geopolymer are
possible [28], [94], [106] and may help prevent these types of failures in GMCs. A quick
review of these sources and Table 1 reveals that further gains in strength are likely limited
without an additional second phase to the geopolymer in the form of whiskers or
nanoparticulates. As such, the use of different test configurations that reduce the effects of
shear such as longer spans, tensile testing, or even four-point flexure should be used. Itis
also likely that the strength of the interfacial bond played a role in the failures observed for

the studies reporting failures in shear and compression.
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2.2.3.3 Promoting graceful failure

GMCs generally lack toughness except in systems where the interfacial bonding conditions
are likely to be more ideal. These systems usually involve carbon or SiC fibers [8], [13],
[16], [18]. However, carbon and even SiC are non-oxides and thus susceptible to oxidation.
Given the amount of attention fiber reinforced geopolymers have received its interesting
that very little attention has been given to interface evaluation in geopolymers. Most
recently, Welter examined interfaces in a basalt fiber GMC indicating a transition of from
physical to chemical bonding after exposure temperatures in air after 600 °C and He and Jia
noted similar reaction in a carbon fiber GMC after exposure at 1400 °C in non-oxidizing
environment [30], [31]. In both cases the composites became more brittle and decreased

in strength.

As noted previously, two groups of researchers in the mid-late 2000s indicated that the use
of more oxidation resistant fiber reinforcements in geopolymers resulted in reduced
toughness [7], [21], [22], [99]. To promote toughness, both groups recognized that weak
interface concepts employed through the use of an interphase, such as those studied

extensively in CMCs, might be appropriate for GMCs.

In a series of experiments, originating in the Colorado State University Composite
Materials, Manufacture, and Structures (CMMS) laboratory, MEYEB geopolymer composites
were made with tailored interfaces. A model carbon coating was created on the surface of
Nextel fibers, which was intended to create a weaker interfacial bond. The chemical

similarity of the alumina-based Nextel fibers and the geopolymer was suspected to be a
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worst-case scenario for the interfacial bond between fiber and matrix. Initial results were
promising. Results indicated as much as a 50% increase in strength with samples
containing the carbon interface, as well as, indications of fiber pullout [21]. Fiber pullout is
generally consistent with a weak interface and as noted previously, an important fracture
energy absorbing mechanism [2], [39], [41]. An attempt to characterize the interface using
short beam shear was conducted, but the specimens did not fail in shear [22]. However,
the investigators were unable to directly link improvements to composite strength via the
use of interphase. Following these results, additional mechanical characterization was
carried out on individual and combined effects of tailored interfaces with matrix fillers in
unidirectional GMCs [23], [32]. While results indicated some potential gains in toughness
of samples containing a weak interface (changes in interfacial strength evaluated by
observing changes in modulus), the results did not clearly indicate the success of the
interfacial modifications. At the time, the effect of the matrix fillers on composite strength
and toughness was uncertain. It appears, based on a recent study, that some matrix fillers
are beneficial to GMC mechanical properties [38]. As for the composites samples with only
interfacial tailoring, the fibers with the carbon surface condition demonstrated an
unacceptable drop in flexural modulus (as much as 40%) as compared to samples without
and did not show any gain in strength [23] (see Figure 12). Another important aspect to note
was that processing of the MEYEB matrix in these studies followed manufacturer
recommendations and not the optimized cure cycle produced by Rahman and Radford [28]

as it was not yet available to these investigators.
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Figure 12: Stress-strain curves of Nextel 610/Geopolymer composites showing comparison between baseline
specimen without coating and specimen with carbon interphase before and after heat treatment [23].

The drop in elastic modulus was consistent with a weaker bonding at the interface. In this
case, the combination of weak interface and poor mechanical properties of the matrix were
detrimental to composite modulus. Ideally, for the weak interface concept to be an
appropriate means of toughening GMCs, gains in strength with minimal effects on

composite modulus need to be observed.

2.3 Conclusions

The low toughness of the geopolymer without, and often with reinforcement has been
established. Like ceramics, geopolymers lack the inherent intrinsic mechanisms to absorb
crack energy. For consideration in load bearing applications these materials must display
increased damage tolerance and non-catastrophic failure. A portion of the review of the
literature summarized in this chapter has focused on applying the interface concepts
established for promoting toughness in CMCs to GMCs. The incorporation of continuous

fiber has produced the greatest gains in toughness in CMCs. However, careful tailoring of

37



the interface is often necessary. Without tailoring, the advantages of adding fiber can be
lost and cracks still advance unimpeded. A great deal of theoretical models and
experimentation has established that a low fracture energy and low friction interface
creates the best means of absorbing crack energy. Crack energy is absorbed when
mechanisms such as debonding, crack deflection, crack bridging, and fiber pullout are
activated by this weak interface. Direct evaluation of the interface using methods like SEM

and single fiber push-out are helpful in evaluating conditions at the interface.

The constituents in advanced CMCs generally have relatively high mechanical properties.
Therefore, weakening of the interfacial bond does not generally cause significant changes
in the mechanical properties of the whole composite. GMCs on the other hand rely greatly
on the reinforcement to provide strength and stiffness to the relatively poor mechanical
properties of the matrix much like thermoplastic and thermoset matrices do. Manipulating
the interface in such systems becomes a unique problem. Attempts to alter the interfacial
properties in GMCs have shown promise at improving toughness, but not without the
potential for an unacceptable loss in composite modulus. Poor mechanical properties of
the matrix were suspected to be one reason for the result. It is important to note that these
attempts to improve toughness via the use of interphase did not have the advantage of a
properly cured matrix. In these attempts, it was also uncertain how composite mechanical
behavior was effected by the changing matrix properties due to elevated temperature

exposure.
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The temperature range and oxidative environment for GMCs makes their evaluation at
relatively high temperatures necessary. As such, methods used to alter the interface to
promote toughness must ultimately include the use of non-oxidizing materials. A variety of
fiber coatings have proven to be successful in promoting relative degrees of toughness in
CMCs. Researchers have reported success with an oxide coating known as monazite. That
said, model-coating materials, such as carbon, have been helpful in demonstrating concept

viability in both CMCs and GMCs.

Stress-strain curves generated from mechanical testing are often very helpful to determine
the effectiveness of the coatings ability to improve toughness in the system. However, for
geopolymers the weakness of the matrix can make shear failure a predominant failure
mode thus potentially skewing interpretation of toughness gains. Attempts to reduce
effects of shear using longer support spans in 3-point flexure or different test methods such

as 4-point flexure or tensile testing would theoretically help.

Overall the review has the built the framework for the hypothesis of this research. As
matter of convenience the hypothesis is restated following sentence in the same form as it
was in Chapter 1. It is hypothesized that through the use of fiber coatings, continuous fiber
reinforced geopolymer matrix composites can demonstrate improved toughness, while still
retaining high degrees of strength and modulus even after exposure to elevated
temperatures. The investigation of the hypothesis relies on linking the interfacial
properties to improvements in toughness in GMCs as this has yet to be established in the

research involving GMCs with fiber coatings. Furthermore, the experimental program of
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these previous studies included a number of variables that made establishing this link
difficult. Therefore, the GMCs of this research utilize a single fiber type and a state of the
matrix for which properties are known. To observe for changes in toughness based on
interfacial conditions GMCs are fabricated with different fiber surface conditions. A total of
three fiber surface conditions are used: cleaned or uncoated, carbon coated, and monazite
coated. Each GMC is subjected to elevated temperature exposure as this also important for
the investigation of the hypothesis. 4-point flexural and tensile tests are conducted to
establish measures for the mechanical behavior of each of the GMCs. Since it was
established that the geopolymer is weak in shear and also that most flexural testing of
geopolymers results in shear failure these particular test methods were chosen to limit the
effects of shear on composite behavior. Short beam shear and single fiber push-out tests
are conducted to establish interface properties, which will provide the linkage needed to
address the hypothesis. Furthermore, microscopy methods are employed to examine
fracture surfaces and push-out specimen surfaces to aid in drawing conclusions about the
strength of interface and potential for the activation of crack energy absorbing

mechanisms.
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Chapter 3: Materials and Processing

All of the materials used in this investigation and the techniques used for processing
geopolymer matrix composite (GMC) samples are addressed in the current chapter. The
discussion will include details about the specific inorganic geopolymer used in this study.
Properties and characteristics of the reinforcing fiber, as well as, the modifications to fiber
surfaces will also be discussed in this chapter. Finally, the fabrication process will be
discussed in full detail covering preparation of materials, details of processing, and final
heat treatments. All additional or specific steps necessary for preparing specimens for

testing will be covered in separate experimental sections in following chapters.

3.1 Matrix

The particular inorganic polymer used in this research goes by the trade name MEYEB.
MEYEB was developed by Pyromeral Systems Inc. and is a research grade material not sold
commercially. MEYEB is a potassium (K") charge balanced polysialate (PS) geopolymer
derived from proprietary proportions of potassium silicate, aluminum oxide, silicon
dioxide, aluminum phosphate, and water [19]. MEYEB shares many of the characteristics
typical of geopolymers: non-ignitable, non-flammable, non-toxic, light weight, and fire
resistant [19]. The starting materials and ratios used to create geopolymers dictate
whether the structural make-up is more cementaceous or polymeric in nature [4]. MEYEB

is polymeric. Only recently, properties of cured, unreinforced MEYEB were made available
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as part of doctoral research. The mechanical and physical properties of MEYEB can be

found in Table 2 and Table 3.

Table 2: Mechanical Properties of MEYEB* at various temperatures[28], [38]

Processing Compressive Compressive Flexural Flexural Fracture
Temperature | Strength** Modulus Strength**  Modulus** Toughness**
(°C) (MPa) (GPa) (MPa) (GPa) (MPavm)

80 52-61 12.43 - - -

250 70 - 88 6.9-9.5 41-5.6 0.23

650 92-105 20.63 9.8-13.0 7.4-8.7 0.42

760 102 -132 - 11.0-13.5 9.5-11.6 0.53

870 67-77 - - - -

*Properties are for MEYEB processed on optimum cure schedule as described in cited references
**Value or range of values is only an approximation of actual

Table 3: Physical Properties of MEYEB[19], [38]

Density CTE, linear Relative Density
(g/cc) (um/me°C) @ 100-600°C  after 500°C
MEYEB 1.85 4.20 ~96%

In addition to the tabulated data, thermal analysis of MEYEB revealed a majority of weight
loss occurring prior to 300 °C and the after 650 °C [38]. The author reports on an
increasing density past 300 °C indicating a temperature regime where the material
undergoes increased densification [28], [38]. In additional to specific measurements this
was validated via examination of microstructure. Microstructural examination of MEYEB
at 250 °C and 650 °C revealed a slight reduction in the particulate nature of the
microstructure and with heat treatments above 870 °C this particulate nature was

completely eliminated (refer to Figure 9) [28], [38].
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The MEYEB matrix is prepared by mixing proprietary liquid and powder components. The
resin system consists of MEYEB resin and MEYEB hardener which, when mixed at a ratio of
5:1 and cured, produces a predominantly amorphous, potassium based polysialate [19].
After thoroughly mixing the components, it is stored at -25 °C to prevent polycondensation,
which occurs relatively quickly at room temperature [19]. All samples used in the
investigations described in subsequent chapters were fabricated within one day of the
preparing the MEYEB resin. The only exception to this statement applies to composite

samples prepared for the preliminary investigations (see Chapter 4).

3.2 Fiber and Fiber Surfaces

3.2.1 Unidirectional Nextel 610 fiber

The 3M™ Nextel™ 610 fiber roving is the reinforcing fiber for all composites in this study.

Physical and mechanical properties of the Nextel 610 fiber can be found in Table 4.

Table 4: Properties of 3M Nextel 610 fibers[107]

Tensile Tensile Filament Density CTE Chemical
Strength  Modulus Diameter (g/cc) (um/m-°C)  Composition
(MPa) (GPa) (um) @ 100-1100°
Nextel 610 | 3100 380 10-12 3.9 8.0 >99% Al203
Filament

The metal oxide fiber, which is essentially pure alumina (Al203) can be used at
temperatures up to 1200 °C with minimal strength degradation and is dimensionally stable
[107]. In order to study the effect of interphase on the toughening of geopolymer matrix
composites, the Nextel 610 (N610) fibers used are modified from their as-received

condition prior to fabrication. All composites referenced throughout this document should
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be assumed to contain the Nextel 610 fiber except when otherwise noted. Only one of the
two preliminary studies used composites with a different reinforcing fiber. That fiber and

its associated properties will be discussed in Chapter 4.

3.2.2 Fiber surfaces: Cleaned (CL)

The Nextel fiber is shipped with a sizing in order to protect it from damage during
handling. The sizing on the fiber is 100% organic and mostly composed of poly-vinyl
alcohol [107]. The as-received fibers are an off-white color and look very similar after the
sizing has been removed. The cleaned (CL) fiber surface is the baseline condition of this
study. Itis so because the chemically similarity of the two constituents (fiber and
geopolymer matrix) is expected to provide a worst-case scenario: strong bonding at the
interface and a fairly brittle composite. Previous work and experimentation has suggested
such conditions to exist [21]-[23]. To achieve the cleaned fiber surface small groups of
fiber tows are placed in an oven, heated to 700 °C at 5 °C/min in air and held at
temperature for 25 minutes prior to cooling to room temperature. The procedure closely

follows the parameters set by the manufacture for removal of the sizing [107].

3.2.3 Fiber surfaces: carbon coated

Sizing on fibers is sometimes removed prior to composite fabrication; however, it has been
found that the PVA sizing can be converted to a form of carbon through pyrolysis in inert
environment [21], [22]. The new surface, which will be hereafter referred to as carbon
coated (CC), is expected to create a weaker bond between fiber and matrix. It is one of two
different fiber surfaces intended to demonstrate the effectiveness of interphase on

toughening of geopolymer matrix composites. The CC fiber surface is achieved in a very
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similar manner to that of the CL fiber surface, but fiber tows are heat treated in an inert
environment. To create the inert environment, the oven chamber is evacuated and filled
with nitrogen to roughly 85 Torr greater than atmospheric pressure. The chamber is
evacuated and refilled two additional times. This is all done prior to 300 °C. For the
remainder of the heating, hold, and cool down cycle the pressure is maintained between

~730 Torr and 780 Torr.

Like the removal of sizing on the fiber under oxidizing conditions, it is anticipated that the
carbon coating will likely be removed or degraded in the GMC after heat treatment of
composite samples in air above 400 °C. The loss of the carbon coating in the GMC creates
two possibilities. First, this could result in a “gap” between fiber and matrix resulting in
another weak interfacial condition. This is referred to as a fugitive coating and was
discussed in Chapter 2. It should be understood that gap will likely be very small and no
more than 100 nm in thickness. The specifications supplied by the manufacturer suggest
this is the average thickness of the sizing when applied to the fibers. The other possibility
is that the loss of the carbon coating will enhance the bond as diffusion occurs between the
fiber and matrix. This condition is more likely. Evidence of such effects have already been

reported in the previous studies involving very similar GMCs [21], [23].

3.2.4 Fiber surfaces: Monazite (LaPO,) coating

Nextel 610 fibers coated with lanthanum phosphate (LaP04), or monazite (MZ) as it is
referred to in most of the CMC literature, are expected to create a weak interfacial
condition in the geopolymer matrix composites and therefore produce greater toughness in

composite samples. Monazite coating is a part of a family of coatings known as weak oxide-
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oxide [3]. Monazite is reported to be stable with alumina fibers up to 1550 °C and using

proper processing techniques can be applied without causing strength degradation to the

fiber [108], [109].

Monazite coated fiber was supplied by the Air Force Research Labs (AFRL) Structural
Materials Division at Wright-Patterson Air Force Base (WPAFB). Figure 13 shows an SEM

image of Nextel fibers coated with monazite. Note the porous structure of the coating.

Figure 13: Monazite coated fibers[73].

The fiber was coated using a patented vertical coating system and method. The thickness
of the coating was likely close to 500 nm based on the number of passes that yielded the
best results for fiber strength [109]. This is approximately five times larger the carbon
coated fibers. The precursor, collodial rhabdophane particles, were formed in water from
lanthanum nitrate and phosphoric acid [109]. Prior to the fibers being coated the sizing
was removed. Further details of the procedure for coating fiber tows can be found

elsewhere [109]-[112]. Figure 14 shows the three different modified fiber surfaces.
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Figure 14: The effect of surface modification on Nextel 610 color: cleaned (CL), carbon coated (CC), and
monazite coated (MZ).

3.3 Specimen Fabrication

3.3.1 Composite Fabrication

The MEYEB resin was removed from storage, stirred, and then poured onto a premeasured
number of tows to achieve a 50% volume fraction. The fibers were wet out using hand lay-
up techniques (Figure 15a & b). The wetted fiber tows were then placed in the cavities of

an acetal mold designed to create samples with a rectangular cross-section (Figure 15c).
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Figure 15: Processing steps using acetal multi-cavity mold

After placing the T-bars in the cavities (Figure 15d), the complete mold assembly (Figure
15e) was placed in an evacuated bag for four minutes to draw out excess resin and
removed entrapped air (Figure 15f). The limited time under vacuum was to prevent
moisture loss. Premature loss of humidity was previously shown to compromise the

geopolymer structural properties [28], [38]. After the four minutes, the vacuum was

48



compromised and the mold assembly was transferred to a different bag. Before sealing the
new bag, an ice cube was added to the bag to provide additional moisture content. The
mold assembly was then moved to a hot press where heat and pressure were applied. The
applied pressure was required to close the die to a fixed stop, generating constant cross-
section dimensions. The temperature was programed to rise from room temperature at
~1 °C/min to 80 °C. After three hours at 80 °C in the hot press, the bagged, acetal mold was
removed and placed an oven at 80 °C for 21 more hours to achieve a total initial cure time
of 24 hours. Recall, this procedure was developed in a cure optimization study [28], [38]
and results in a matrix with properties shown in Table 2. Using a 24-hour cure of the
composite specimens in the primary investigation ensures the final cure state of the
MEYEB matrix is in a form already documented in the aforementioned studies. After this
initial 80 °C cure, the bag was vented to atmosphere, T-bars were removed, and the mold
assembly remained at 80 °C for up to an additional 24 hour drying period before beginning
the follow-on post cure. All composite samples of the primary investigation were produced

in this manner.

Following the initial cure and drying period at 80°C, the mold was heated to 100 °C at

0.5 °C/min, held for 20 minutes and then ramped to 120 °C at 1 °C /min and held for 1
hour. The slow heating procedure was used to prevent rapid loss of remaining water to
avoid internal damage to the composite. The samples were then removed from the mold
while it was still hot. This more readily facilitated removal, given the differential CTE of the

mold and the composite.
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The resulting molded sample sticks created for flexure testing were nominally 203 mm
(Iength) x 4.5 mm (width) x 1.5 mm (thickness). The sample sticks created to produce
tensile test coupons were only 1.0 mm in thickness. All other dimensions were the same.
Different thicknesses were achieved by using T-bars with different “T-leg” thicknesses.
Upon removal, each sample was immediately placed back in the oven at 120 °C. Samples
were then ramped at 5 °C/min up to 250 °C and subjected to a free-standing post cure for
five hours at this temperature in air. After this step, samples were allowed to cool to room
temperature and then heat treated for an additional five hours at 650 °C. The heating
procedures closely follow the those optimized for MEYEB [28], [38]. Samples were either

heat treated at 650 °C in air or at 650 °C in Na.

The reason for the inert environment is to compare and contrast the effects of an oxidizing
environment on each fiber coating type. Achieving the non-oxidizing environment for heat
treating composite samples was accomplished in the same manner described for achieving
the inert environment for converting sizing on fibers to carbon. For both air and inert

environments, samples were ramped from room temperature to 650 °C at 5 °C/min.

After heat treatment, sample sticks were sanded to remove any flash produced during
specimen processing. Generally, sample types will be referred to in shorthand notation
throughout the remainder of this document. Table 5 gives the abbreviations of sample

types, which indicates the fiber surface condition and final heat treatment environment.

50



Table 5: Shorthand notation for designating composite sample types

Shorthand Notation | Fiber Surface Post Heat Treatment
Environment

CL(A) Cleaned Air

CL(N) Cleaned Nitrogen

CC(A) Carbon coated Air

CC(N) Carbon coated Nitrogen

MZ(A) Monazite Air

MZ(N) Monazite Nitrogen

3.3.2 Unreinforced MEYEB

All unreinforced MEYEB specimens were fabricated in a manner similar to those produced
in a prior study [28], [38] in order to provide for comparison. After preparation and
removal from cold storage, the MEYEB resin was degassed to remove entrapped air that
could create large voids in the cured material. To degass the resin was placed in a vacuum
dessicator. To prevent premature polycondensation of the geopolymer, it was only placed
in the dessicator for short periods of time, generally 3 to 5 minutes, and then returned to
cold storage for about the same amount of time. Following degassing, the resin was poured
into the designated mold. Once the mold cavities were filled with MEYEB, the resin was
subjected to further degassing to remove the entrapped air that resulted from the transfer
of the MEYEB resin into the molds. Once again, the MEYEB was moved back and forth
between the dessicator and cold storage. Upon completion of degassing, the molds
remained upright and were enclosed in an air-tight plastic bag and transferred to an oven.
Additional moisture was added to each plastic bag in the form of an ice cube as was done

for composite samples. The exact same cure cycle that was used on the composite
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specimens was also used for the unreinforced specimens. It only varied from composite
specimens in two ways. First, the cure for the unreinforced material did not involve
putting the molds under additional pressure. Secondly, the unreinforced material was only

heat treated in an air environment.

Two different mold types were used in processing the unreinforced material. This was
done in order to produce cylindrical specimens and prismatic specimens for compression
and flexural strength mechanical testing respectively. The molds used to create
unreinforced specimens were also made of acetal. The mold used to produce cylindrical
specimens were hollow acetal tubes that produced a final diameter of 6 mm (see the

bottom right of Figure 16).

Figure 16: Molds used to produce unreinforced MEYEB samples. Picture shows molds filled with the uncured
MEYEB resin.
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Multiple cylindrical molds were used to produce individual specimens for compression
testing. The molds were of slightly different lengths. Specimens were lightly sanded on
both ends to produce two parallel, right angle surfaces. Specimens varied in length from
~15.5 mm to 19.5 mm. Cylindrical samples are shown next to the prismatic samples in

Figure 17.

Figure 17: Unreinforced, cured MEYEB cylindrical and prismatic samples

The mold used to create unreinforced flexural samples is shown in the upper left corner of
Figure 16. Samples were nominally 5 mm (depth) x 5.5 mm (width) x 45 mm (length) after
removal from the mold. Samples were subjected to additional sanding to produce
parallelism and remove any taper creating the final shape of specimens. Final dimensions
of each specimen after sanding were nominally 4.25 mm (depth) x 4.25 mm (width) x 45

mm (length).
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3.4 Thermal Aging

Some unreinforced and fiber reinforced MEYEB samples were designated for additional
thermal aging beyond the baseline 5 hour heat treatment at 650 °C. Total exposure times
of 50 hours and 500 hours at 650 °C were chosen to simulate general service conditions in
order to evaluate the effects of long-term temperature exposure in an oxidizing
environment. Unreinforced samples were not exposed to the intermediate aging duration

of 50 hours.

To do this, samples were once again placed in a high temperature furnace at 650 °C.
Samples were ramped from room temperature to 650 °C at 5 °C/min. The samples were
then held at this temperature for an extended period of time to reach a total exposure time
at 650 °C of 50 or 500 hours. Limitations of machine and personnel prevented achieving
500 hours without dropping back down to lower temperatures. To reach a total of 500
hours samples cooled until the machine dwell time could be reset. Upon resetting the
program, the temperature was allowed to rise at 5 °C/min back up to 650 °C. The furnace
had to be reset at least two times in order for samples to achieve a total exposure time of

500 hours.
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Chapter 4: Preliminary Investigations

Two preliminary studies were conducted to investigate the influence of cure time on
composite mechanical response and the initial use of 3M Nextel monazite coated fiber in a
geopolymer matrix. The two studies will be referred to hereafter as “cure time study” and
“monazite coated fiber study” for short. These studies sought to examine the influence of
these factors on the mechanical response of composite specimens specifically evaluating
changes in toughness. The cure time study originated as a result of the research already
discussed in Chapter 2 and 3, which revealed changing mechanical properties of the
geopolymer, MEYEB, when subjected to various initial cure times. Also recall, from Chapter
2 that studies revealed a detrimental effect on the modulus of geopolymer matrix
composites that incorporated an interphase material. These preliminary investigations
were conducted on the premise of demonstrating the appropriateness of weak interface

concepts in geopolymer matrix composites (GMC) for improving toughness.

4.1 Materials and Processing

4.1.1 Matrix

The matrix material used in these studies was still the liquid inorganic polysialate polymer
resin system, MEYEB, discussed in Chapter 3. However, the material used in these
preliminary studies differs from the one used in the primary studies in a couple of ways.

First, the resin system was not received in its different parts, but instead was mixed and
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shipped in a cryogenic state from the manufacturer. The material remained in cold storage
at -25 °C except when being used to process samples. Secondly, as a result of its premixed
state, the material was used over an entire ten-week period from the time it was received.
This differs from all other samples, which were processed using resin that was no more

than a day old.

4.1.2 Fibers

Two fiber types were used in these preliminary investigations. The reinforcing fibers of the
cure time study were Nextel 610 unidirectional fiber tows. In the same manner discussed
in Chapter 3, the Nextel 610 (N610) fiber was modified from its as-received condition to
create cleaned (CL) and carbon coated fiber surfaces (CC). For the monazite coated fiber
study, Nextel 720 (N720) unidirectional fiber tow was used. At the time this study was
conducted, only monazite coated N720 was available. Properties of the N720 fiber can be
found in Table 6. Note the lower tensile strength and modulus as compared N610 fibers
(see Table 4). Like the N610, the N720 fiber surface was modified to create CL and
monazite (MZ) coated fiber surfaces. The Air Force Research Labs (AFRL) Structural
Materials Division at Wright-Patterson Air Force Base (WPAFB) supplied the uncoated and
monazite coated N720 fibers. As noted in Chapter 3, the procedures for producing MZ

coated fibers can be found elsewhere [109]-[112].

Table 6: Properties of 3M Nextel 720 fibers[107]

Tensile Tensile Filament Density CTE Chemical
Strength Modulus Diameter (g/cc) (um/m-°C)  Composition
(MPa) (GPa) (um) @ 100-1100°
Nextel 720 85% Al;03
Filament 2100 260 10-12 34 6.0 15% Si0,
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4.1.3 Fabrication

Fabrication of composite samples for these studies occurred in a very similar manner to
those discussed in Chapter 3 with only a few minor differences. In these preliminary
investigations, a steel mold was used for fabrication instead of one made of acetal (see

Figure 18).

Figure 18: Steel Multi-Cavity Mold

To facilitate removal of specimens from the steel mold, the mold surfaces had to be
pretreated with a release agent prior to placing the wetted fiber. The release agent used
was Frekote NC-770. Additionally, time under vacuum in the mold was around three
minutes rather than four. The resulting molded samples were nominally 203 mm (length)
x 7.5 mm (width) x 2.5 mm (thickness). Recall samples produced from the acetal mold
were 4.5 mm in width and 1.5 mm in thickness. The width and thickness dimensions of
each mold type (acetal and steel) maintain the three-to-one ratio suggested by ASTM

C1341 [113].
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The cure times and final heat treatments for the specimens in these preliminary studies
also differed slightly from the primary study. For the cure time study two different initial
cure times were used. The N610 composite samples of this investigation were either cured
at 80 °C for one or five hours. All N720 composite samples were cured for five hours at

80 °C. The N610 composites samples with CL fiber surfaces were heat treated in air at

650 °C, while composites containing CC fiber surfaces were heat treated in an inert
environment at 650 °C for five hours. All N720 composite sample were heat treated in air
at 650 °C for 5 hours. Procedures for creating the inert environment for N610 carbon

coated samples are the same as those covered in Chapter 3.

4.2 Test Procedures and Calculations

All mechanical testing was conducted in 3-point flexure in accordance with ASTM C1341,
except as noted. Specimens were tested at a displacement rate of 2.5 mm/min. The
support span of the test fixture was 60 mm producing a roughly 24:1 span-to-depth ratio
for samples. Loading was ceased when specimens experienced more than a 20% drop in
load or demonstrated no change in load carrying capability upon further displacement.
Load as a function of time was recorded for each test. Prior to the start of testing, a
compliance calibration was conducted using a steel beam of similar dimensions to the
composite specimens to enable compensation for the machine compliance and determine a

corrected mid-span displacement from time and crosshead rate.
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Flexural strength (S.), flexural modulus (E), and toughness (Uy) of specimens were

calculated using the following relationships from ASTM C1341 and ASTM C1275 [113],

[114]:
3P,L
e TE
2 (4.1)
L*m
= 4.2
E=r (4.2)
UT:j o de
0

where P, is maximum force recorded, L is the support span, b is the width of the specimen,
d is the thickness of the specimen, m is the slope of the linear portion of the force-deflection
curve, o is the stress in the outer surface fibers, € is the strain in the outer surface fibers,
and ¢ is the strain at failure. Per ASTM C1341, failure was determined to be the force
when test specimens split into two separate halves or when force dropped by 20% or more

[113].

Measurements for strength and modulus were averaged within each set of specimens
tested. The error bars on graphs indicate one standard deviation. The measured fiber
volume fractions of N610 cleaned fiber and carbon coated fiber specimens ranged from
~48-52% and ~43-45%, respectively. The values of modulus for the study involving N610

composite specimens were normalized to a 45% fiber volume fraction (Vs) for purposes of
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comparison. The measured fiber volume fractions of N720 specimens with the cleaned
fiber surface ranged from ~42-46% and the N720 monazite fiber specimens from 39-41%.
The moduli of N720 specimens were normalized to 40%. The strengths of the specimens
were not normalized since a material’s strength is very sensitive to the state of the

microstructure.

4.3 Cure Time Study: Results and Discussion

4.3.1 Matrix cure state and composite mechanical properties

The flexural moduli of composite samples are compared in Figure 19. Using reported
values for MEYEB and Nextel 610 fibers, a simple Rule of Mixtures (RoM) calculation yields
a unidirectional composite modulus of ~171-175 GPa for a 45% fiber volume fraction [38],
[107]. (The range of composite modulus values accounts for the range of possible matrix
modulus values based on cure state as previously reported [28], [38].) The data contained
in the study on MEYEB might even suggest it could be as high as 182 GPa using the value
for compressive modulus [38]. However, for the purposes of this investigation, the smaller
range will be used. To simplify reporting of percent variation from RoM, a mean value of
RoM predicted modulus of 173 GPa is used. A RoM value is an estimate of the highest value
of composite modulus that can be achieved assuming a perfect bond between the fiber and
matrix. Thus, the variation from the RoM can give some information about the relative
fiber-matrix bond strength for the experimental specimens. For the 1- and 5-hour cleaned
specimens the resulting moduli are approximately 85% and 81% of the modulus predicted

by RoM, respectively. The average modulus of the carbon coated specimens cured for 1
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hour (CC_1hr) is 47% of that predicted by RoM and the average modulus for the carbon
coated specimens cured for 5 hours (CC_5hr) is much higher, at 77% of the RoM generated
value.
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Figure 19: Flexural moduli (Normalized to Vi=45%) of CL and CC specimens compared based on initial cure
time.

Based on the data presented in Figure 19, the effect of fiber surface condition on the
measured geopolymer matrix composite flexural modulus is sensitive to the initial cure
time. N610 cleaned specimens appear to be mostly unaffected by the longer duration cure.
In stark contrast, the additional 4 hours of initial 80 °C hydrated cure time has a significant
influence on the resulting flexural modulus of the carbon coated specimens. The increase
for CC_5hr specimens is 60% over those specimens cured for just one hour. The extended
cure brings the modulus of CC_5hr specimens very close to the values measured in

specimens with the cleaned fiber surface condition. A two-tailed t-test indicates no
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statistical significance in the modulus data between cleaned specimens cured for 1 hour
(CL_1hr), cleaned specimens cured for 5 hours (CL_5hr), and CC_5hr specimens. This is
important as it suggests that the decrease in modulus previously noted in the carbon
interphase composites is more directly related to the geopolymer matrix state of cure and

not to an inherent limitation of the stress transfer imposed by the carbon coating.

The average flexural strength of composite samples is shown in Figure 20. In the same
manner as modulus, the strength of N610 cleaned specimens shows little sensitivity to
changes in initial cure time, but once again, carbon coated specimens show a strong
response to initial cure time. The average strength of CC_1hr specimens is relatively low
compared to all other sample types, while the CC_5hr samples have strengths effectively
equal to those of the cleaned fiber specimens. The strength of the carbon coated fiber

specimens cured at 80 °C for 5-hours is over 150% greater than those cured for 1-hour.
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Figure 20: Flexural strengths of CL and CC specimens compared based on initial cure time.
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The average modulus and strength of N610 cleaned samples is consistent with other
reported values of unidirectional Nextel 610/geopolymer samples [10], [23]. As already
noted, cleaned sample types also appear to show no sensitivity to initial cure time. The lack
of discernible difference in the modulus of cleaned samples with different initial cure times
makes sense in the case of a stronger interfacial bond. The increase in flexural modulus of
the neat MEYEB matrix from a 1-hour to 5-hour cure is unknown; however, based on
reported modulus data, measured in compression, it cannot be much more than 3 GPa [38].
Recall, the modulus of the Nextel 610 fiber is 380 GPa. A RoM calculation, which infers
perfect load transfer between fiber and matrix, would not predict a significant change in
the modulus of the overall composite even for the changes in modulus of the neat
geopolymer related to cure time [19]. The measured moduli for CL_1hr and CL_5hr

specimens in this study support this conclusion.

That said, there was a significant change in the measured modulus and strength of N610
carbon coated specimens exposed to the two different initial cure times. The lower
modulus and strength of CC_1hr specimens was not unexpected as this was similar to
values previously reported for Nextel 610/MEYEB composites [23]. As already noted, the
drop in modulus was anticipated for the modified interfaces in Nextel 610/MEYEB
composites, but the amount of decrease was unexpected and also undesirable. In carbon
coated specimens, the extended initial cure time resulted in an increased composite
modulus. An improved composite modulus in these specimens suggests that shear stress
transfer from matrix to fiber was altered through the extended initial 80 °C cure. The

changing moduli of carbon coated composite specimens in response to cure state of the
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matrix, and the effect on the interface, confirms an important aspect of the use of
interphases in GMCs. The large difference between the moduli of the constituents in GMCs,
unlike those encountered in advanced CMCs, means that toughening GMCs through
weakened interface concepts involves the added challenge of balancing shear stress
transfer with the creation of energy dissipating mechanisms. This increase in shear stress
transfer in CC_5hr specimens could be the result of an improved mechanical interaction at
the interface, related to increased cure shrinkage and possibly to a larger coefficient of
thermal expansion of the matrix. These changes in the matrix with extended cure time,
which would contribute to larger radial compressive stresses at the interface, have been

documented in recent studies involving the MEYEB matrix [28], [38].

The improvements measured in the strength of the carbon coated specimens are also most
likely related to improved mechanical interaction, but the effect of cure time on the
mechanical properties of the neat matrix seems to also be an important aspect. A study
involving unidirectional Nextel 610/MEYEB composite specimens with carbon coating,
reported little or no gain in strength and a large decrease in modulus for specimens with
carbon coating [23]. This was surprising. Numerous studies indicated improvements to
the strength of brittle matrix composites using weak interface concepts by preventing early
failure of fiber bundles [3], [41], [115]. Additionally, other research reported, a 50%
increase in flexural strength in MEYEB composite specimens cured for 1-hour made with
carbon coated woven Nextel 440 fiber versus those made with cleaned fiber [21]. The
authors attributed the increase in flexural strength to the ability of the modified interface

to control crack propagation. This evidence along with the results of the current

64



investigation seem to reveal that the flexural strength exhibited by N610 CC_1hr specimens
is the result of limited shear resistance of the matrix from insufficient cure. This is made
clear by examining the load state the woven Nextel 440/MEYEB and unidirectional Nextel
610/MEYEB composites are exposed to in flexure. All other things being equal, in a woven
configuration with Nextel 440 fiber, a composite would fail at a much lower force than a
unidirectional Nextel 610 composite (compare Table 4 to Table 7). This also means that a
woven Nextel 440 composite specimen experiences much lower shear stresses than a

unidirectional Nextel 610 specimen.

Table 7: Properties of 3M Nextel 440 fibers[107]

Tensile Tensile Filament  Chemical
Strength  Modulus  Diameter Composition
(MPa) (GPa) (tm)
70% Al203
Nextel 440 filament | 2000 190 10-12 28% Si02
2% B203

Therefore, the loading condition that produced failure in these Nextel 440/MEYEB
composites was not high enough to cause early shear failure of the fiber-matrix interface.
Thus, the positive effects of the coated fiber on the mechanical behavior of composite

specimens were observed, even though the MEYEB had only been cured for 1 hour.

The current results indicate cure state of the matrix and the interfacial conditions are key
factors affecting the shear resistance of these composites. The N610 CC_1hr specimens

show relatively poor flexural strength, but this is not the case for the N610 CL_1hr despite
the same cure state of the matrix. Cleaned fiber specimens exhibited mixed-mode failures

(see Figure 21a). Only shear failure was only observed in carbon coated sample types. In
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CC_5hr specimens it is also possible the specimens failed in flexure, but the crack quickly
diverted along planes parallel to the fiber making it difficult to observe (see Figure 21b).
Furthermore, CC_1hr specimens were the only ones that showed a very small amount of

deformation on the compression surface where specimens came into contact with the

loading nose (see Figure 22).

Nextel 610 Clean Nextel 610 Carbon Coated

Side of Samples

Figure 21: Representative images of damage observed in Nextel 610 clean and carbon coated composites.
Images a) and b) are shown with the tensile surface at the top of the image. Fibers run left to right on the
page. The white arrows indicate visible areas of shear damage.

Figure 22: Damage incurred on compressive surface of CC_1hr specimens during 3-point flexural testing.
Arrows indicate areas of deformation
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This damage is believed to be directly related to lower matrix properties associated with
the shorter 80 °C hydrated cure period. Recall, the MEYEB matrix is known to have
increased compressive strength with extended hydrated cure. The reported data suggest a
roughly 30 MPa increase in strength of the matrix from a 1- to 5-hour cure [28]. The
increased matrix strength explains the lack of damage on CC_5hr specimens. However, the
loading nose damage also has to be associated with interface conditions because CL_1hr
specimens did not exhibit this damage. It appears that the low strength of the matrix and
poor bonding conditions in CC_1hr specimens make it more likely for compression buckling
of the fibers to occur. This explains not only the small amount of deformation on surfaces
of these specimens, but also the relatively poor flexural strength exhibited by them. It is
also possible that if damage did occur relatively early during the loading of the specimen,

this may have affected the calculated modulus for CC_1hr specimens.

4.3.2 Improved Damage Tolerance with Modified Interface

While the previous sections have shown substantial changes in the modulus and strength
of the Nextel 610 reinforced MEYEB with initial cure temperature, the principal goal of this
study is to investigate the potential for improved toughness through the use of interphase.
In fact, this is the first study to have done so using a more optimal initial cure. Figure 23
shows representative stress-strain curves of each specimen type. The stress-strain profiles
from flexure testing reveal an immediate difference between those composites with the
carbon interphase and those without. The 1hr results are consistent with the results of
previous studies, showing substantially reduced modulus for the carbon coated fiber
specimens. However, in combination with a more complete 5 hour cure, the carbon

interphase shows much greater promise. The stress-strain curves of cleaned fiber
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reinforced composite specimens are linear-elastic until failure, while the carbon coated

Nextel 610 specimens have a non-linear region prior to peak stress.
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Figure 23: Representative stress-strain curves of Nextel 610 cleaned and carbon coated fiber composite
specimens in flexure with differing initial cure times.

The non-elastic deformation observed in carbon coated Nextel 610 reinforced specimens is
clearly a result of altered interfacial conditions, as it is not observed in cleaned specimens.
The non-linear behavior prior to peak stress is consistent with the concept that the carbon
coating is creating a weakened interfacial condition allowing for the deflection of cracks
and the prevention of damage to the fiber [74], [116]. The more limited load drop after
initial failure and the lack of catastrophic failure in the carbon coated samples also points
to a weakened interface condition allowing a greater ability of these composites to
dissipate fracture energy. Both this and the non-elastic deformation displayed by carbon

coated samples leads to an increased area under the stress-strain curve, suggesting
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improved toughness. Using Equation 4.3 to calculate this increased area, and thus an
increased energy absorbed at fracture, confirms this conclusion (see Figure 24). The
increase in toughness, as measured by area under the stress-strain curve, for the CC_5hr
specimens over the CC_lhr specimens is ~76%. The toughness of the CC_5hr specimens

over cleaned specimen types is 240%.
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Figure 24: Toughness of composite samples with differing initial cure times as calculated from Equation 4.3

Recall these toughness values do not account for any area under the stress-strain curve
beyond a 20% drop in max strength. This follows the stated method of defining failure in
ASTM C1341. Especially in the case of CC_lhr specimens, it is uncertain whether the
resulting shapes of the curves past peak stress were a result of the interfacial conditions

activating the crack defeating mechanism or just inherent weakness of the matrix.
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Regardless, the consistent ability of carbon coated specimens to fail non-catastrophically is
a positive outcome in terms of damage tolerance (see Figure 25). In the same figure, it can
be observed that some 1- and 5-hour cleaned specimens also demonstrate an ability to
carry some reduced percentage of their max loading condition after initial failure. This
seems to suggest low shear resistance of the matrix since in all other ways the profiles of
these specimens were different than the specimens with carbon interphase. It is possible
that it could be the result of debonding at the interface due to stress concentrations created
at created at the tip of the Mode I crack in these specimens. The criteria of He and
Hutchinson[42] might suggest this is the case (see also Chapter, Section 2.1.3) . However, if
this is the case, clearly the interface in CL specimens is not as beneficial to composite

toughness in the same way as the interface is in CC_5hr specimens.
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Figure 25: Stress-strain curves of Nextel 610 cleaned (gray) and carbon coated (black) specimens

Comparing the stress-strain profiles of the CC_1hr to the CC_5hr specimens, the damage
tolerant behavior exhibited by each is fairly similar up to peak load. However, beyond the
peak load, the two sample types differ considerably. The CC_1hr specimen curve shows a

gradual decline from peak load rather than an abrupt load drop like the CC_5hr and even
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the cleaned sample types. Clearly, such behavior is influenced by the cure state of the
matrix and possibly even more directly related to its effect on interfacial conditions. The
comparison of CC_lhr and CC_5hr curves also highlights the large difference in modulus
and strength of these specimens. With these differences in mind it is important to
recognize that combination of the increase in mechanical properties of CC_5hr specimens
and region of non-elastic deformation results in large gains in area under the stress-strain

curve which is commonly related directly to toughening.

The concept of weak interfacial conditions, attained through the incorporation of an
interphase material, promoting toughness by the development of shear-dominated failures
is observed in carbon coated specimens (Figure 21). As noted previously, it appears that
both weakness in the matrix and interfacial strength limit the shear resistance of the
CC_1hr specimens leading to unacceptable reductions in flexural modulus and strength.
Thus, it now seems clear that the toughness benefits related to the modified interfacial
condition is only realized when these Nextel 610 reinforced MEYEB matrix composites are

subjected to a longer duration initial cure.

4.4 Monazite Coated Fiber Study: Results and Discussion

The following sections describe the results of the preliminary evaluation of a monazite

interphase in a GMC as tested in 3-point flexure, which utilized Nextel 720 (N720) as the
fiber reinforcement. Measures of strength and modulus are presented along with stress-
strain profiles of samples tested in flexure. These are reviewed and discussed along with

images that capture the damage produced in specimens from flexure testing.

71



4.4.1 Effect of MZ coating on mechanical properties

The average modulus of each composite is shown in Figure 26. The measured values are
very close to the theoretical value of 104 GPa predicted from RoM approximation using the
reported properties of both MEYEB and Nextel 720 fiber [38], [107]. The result is not
completely unexpected in light of evidence provided by the cure time investigation. These
composite samples were also cured for 5 hours. The coating type, MZ as opposed to CC,
might also be a factor influencing this behavior. In fact, research with MZ in ceramic matrix
composites seems to suggest the MZ does not create a weak interfacial bond between
coating and matrix, but instead acts as a weak interface by failing within itself and/or
failing at the fiber-coating interface [66], [73], [117]. Both mechanisms have been
suggested. Regardless, the data indicates that in the current state of the matrix the use of
the monazite fiber coating on Nextel 720 samples does not alter the shear transfer
mechanism when compared to the CL samples. This is a positive outcome of this study,
demonstrating once again that interphase can be used without a significant loss in

composite modulus.
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Figure 26: Flexural moduli of N720_CL and N720_MZ specimens compared (Normalized to Vi= 40%)

Figure 27 compares the average strengths of CL. and MZ specimens. On average, the
strength of N720 composites increased by ~26 % with the use of monazite coated fibers.
Such an increase was not observed with CC samples in the cure time study. The increase
suggests the interphase material is dissipating crack energy and delaying failure to fibers.
Recall, this increase was also demonstrated after the composite specimen had been
exposed to an oxidizing environment. This was expected based on the oxidation resistant
nature of the coating. The finding is important for the application of GMCs in structures

where oxidation resistance is needed.
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Figure 27: Flexural strengths of N720_CL and N720_MZ specimens compared

4.4.2 Monazite coating for improved toughness in GMCs

Figure 28 shows the resulting stress-strain profiles of N720 samples tested in flexure. All
samples appear to display linear-elastic behavior up to failure. It was thought that MZ
samples might display some inelastic behavior prior to failure like the CC specimens from
the cure time study, which would be another indicator of possible crack energy dissipating
mechanisms at work such as crack bridging and debonding at the interface. The obvious
difference between sample curves is that the MZ samples do not fail catastrophically, but
rather demonstrate an ability to maintain a greater percentage of the maximum load,
relative to CL samples, after initial failure. This behavior could be the result of the MZ
coating failing at the interface and thus preventing cracks from propagating through fiber
bundles, but in any case, results in a greater area under the stress-strain curve, which is

indicative of improved toughness. Without any change to the modulus of N720 monazite
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specimens relative to clean specimens, the increased strength of monazite specimens also
means increased area under the curve and thus increased toughness. Yet there seems to be
only minor indications that these specimens demonstrated any inelastic deformation prior

to failure. This could be due to the method of measuring mid-span displacement.
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Figure 28: N720 specimen flexural stress-strain curves compared

The damage observed on the sides of both CL and MZ samples after flexure testing were
very similar. In all cases, a crack appears to have originated on the tensile surface at
roughly the mid-span of the specimen. The crack then seems to propagate for a short
distance perpendicular to the fiber direction and then, before reaching the neutral axis,
deflects along planes parallel to the fiber (see Figure 29). Since it occurred in both sample
types it is uncertain if the Mode Il behavior in these is suggestive of debonding at interfaces

or shear failures in matrix rich regions. Additional microscopy methods are needed to

discern.
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Figure 29: Typical damage observed on the sides of Nextel 720/MEYEB composite specimens after flexure
testing. a) is N720_CL and b) is N720_MZ. The black marks highlighted by the white triangles are marks from
a standard pencil indicating the approximate location of the mid-span of the specimens. Surfaces subjected to

tensile stresses in flexure are at top of image. Fibers run left to right on the page.

MZ and CL samples were subjected to additional displacement after conclusion of the
original test in order to observe for evidence of fiber pullout in samples. Figure 30 shows
the fracture surfaces of CL and MZ samples as observed on the tensile side. The CL sample
appears to have a more planar fracture surface than the MZ sample. It is unclear if there is
actual fiber pullout, but the more tortuous fracture surface of the MZ samples would tend
to indicate that crack energy absorbing mechanisms, such as crack deflection and

debonding, are active.
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Figure 30: Fracture surfaces of Nextel 720/MEYEB composite specimens subjected to additional flexural
displacement after initial failure. The tensile surfaces of samples are facing out of the page

4.5 Conclusion: Cure time and Monazite coated studies

Two separate studies were undertaken and discussed in this chapter. One, investigation
observed the influence of matrix cure state on the toughness of a GMC containing a
modified interface. The second study evaluated GMCs containing a monazite interphase
and its effects on composite toughness and mechanical properties. The results indicate
that carbon coated Nextel 610/MEYEB composites benefit from extended initial cure times.
The change from a 1-hour to a 5-hour initial cure increased modulus and strength of
carbon coated specimens by 60% and 150%, respectively. The CC_5hr specimens also
exhibited moduli and strengths very close to the values represented by both cleaned fiber

specimen types, while demonstrating superior damage tolerance. The damage tolerant
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behavior coupled with the increased mechanical properties of the CC_5hr specimens
resulted in superior toughness over the other sample types. These findings remove
lingering concerns related to reductions in strength and modulus, given the intrinsically
lower properties of the geopolymer than of a typical ceramic matrix material. In other
words, doubts about the ability to utilize weak interface concepts in GMCs seem feasible.
Analyzing the results appears to reveal that extended cure time improves shear resistance
of the matrix and shear stress transfer within the Nextel 610/MEYEB composites
containing an interphase. Therefore, this effort investigating cure time indicates that
matrix cure state can severely limit the use of weak interface concepts to promote
toughness in GMCs, given the large differences in constituent material properties.
However, with moderate improvements to matrix properties, the use of an interphase can

have a very positive effect on the toughness of GMCs.

The preliminary findings regarding the use of the oxide fiber coating, monazite, indicate
that its use in geopolymer matrix composites is beneficial. Compared to samples with
cleaned fiber surfaces, the results show a ~26 % increase in strength of samples that had
monazite coated fibers without any loss in composite modulus. As a result of the increase,
the monazite coated fiber samples demonstrate greater toughness than the cleaned fiber
samples. Furthermore, improvement to composite toughness is also indicated by the more
tortuous fracture surfaces of monazite samples and their ability to maintain a greater
percentage of the maximum load after initial failure. These improvements were observed
after exposure to elevated temperatures in an oxidizing environment suggesting that this

interphase material shows stability with the geopolymer matrix. These results give greater
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confidence that an acceptable degree of toughness can be developed in GMCs using longer
cure times and oxide interphase coating for use in more demanding intermediate, high

temperature structural applications.
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Chapter 5: Physical Characterization

This chapter covers the study of various physical properties relevant to the composites
used in the primary investigation of this research. Typically, the physical properties
gathered were to reveal information about the microstructure of the composites to assess
quality of the fabricated composites. Additionally, the physical measures obtained will aid
in the interpreting the data gained in the mechanical characterization portion of this

research.

5.1 Materials and Specimen Preparation

The materials and fabrication techniques for all sample types used in this study are
described in Chapter 3 of this document. Any additional preparation of specimens that was
necessary in order to execute the particular physical characterization technique will be

described in the sections that follow.

5.2 Microstructure Evaluation

Three microstructural elements of the composite types fabricated for this research were
investigated. These elements included fiber distribution, fiber volume fraction and
porosity. Information obtained from all three evaluations helped assess the quality of the
fabricated specimens and provided key information for interpreting each sample types

mechanical response. More specifically these investigations determined whether the
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analysis of mechanical properties needed to be tailored for differences observed in each

composite types microstructure.

5.2.1 Fiber distribution

A common issue in the fabrication of composites is the development of matrix-rich regions
caused by poor distribution of fibers [2]. These areas devoid of fiber are common sources
of premature failure in composite specimens. Such failure is typical because of weakness of
the matrix material and unimpeded crack growth due to the lack of fiber in these regions.
Another important feature that indicates the quality of the fabricated composite, especially
in unidirectional composites, is fiber alignment. High degrees of misalignment in fibers
within the composite can influence strengths, modulus, and type of fracture [2]. When
investigating a composite cross-section under a microscope, misalignment can be identified
by irregular fiber cross-sections. In the case of fibers with a circular cross-section, the

fibers often appear elliptical in shape when fibers are misaligned.

5.2.1.1 Specimen preparation

Composite cross-sections for examination were obtained by harvesting small portions of
material from sample sticks. The specific details for preparation of cross-sections for
observation can be found in Chapter 6, Section 6.4.1 of this document. Micrographs were

obtained using an optical microscope and imaging software.

5.2.1.2 Results of investigation

Figure 31 shows a representative cross-section of the composite samples prepared for the
primary investigation. The cross-section of this sample shows a random distribution of

fibers. This was typical of all sample types. Additionally, there does not appear to be any
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relatively large continuous regions void of fiber. In areas of tightly packed fiber, the fibers
can be seen surrounded by matrix material indicating there was good wetout of the fiber

bundles.

Figure 31: Microscopic view of specimen cross-section

Contained in Figure 32 are additional representative micrographs of specimen cross-
sections at higher magnifications. The images were taken from composites containing the
three different fiber types. The images show fiber alignment not to be an issue, as fibers
composite cross-section were circular as expected. The images also show alignment of

fibers did not vary based on fiber type indicating consistency of fabrication quality.
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Figure 32: Images of Nextel 610/MEYEB cross-sections. From top to bottom: CL, CC, and MZ composite
samples.

Also worth noting in all the images of this section is the condition of the matrix. The matrix
appears free of voids and is surrounding each fiber. The color of matrix in the images

varies slightly. The color appears to be associated with the fiber type used. The minor
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difference in color of the images could also be to due to differences in light settings at the

time the micrograph was taken.

5.2.2 Fiber volume fraction

Fiber volume fraction (Vr) was determined for each specimen tested. The main purpose for
determining a fiber V¢ for each specimen was for comparison of mechanical properties
between sample types. The Vrhas a direct effect on the mechanical properties of a
composite. As such, a determination of Vralso aids in validating acquired data, such as

modulus and for comparison of composite strengths.

5.2.2.1 Method for determination of V¢

To obtain a fiber volume fraction, specimens harvested from composite samples were first
dimensioned. Width and thickness measurements were obtained using a micrometer with
accuracy to 0.0001”. Both the final width and thickness dimensions were averaged from
multiple points taken on the specimen. Each specimen was measured in this way. The
length of specimens was not needed in the calculation of V¢. The following equation,
developed using Rule of Mixtures (RoM) principles, was used to calculate the fiber volume

fraction [2]:

D NtOWS

V=
9000p, b d 5.0)

where D is the denier of the fiber, N¢ws is the number of tows, pris the density of the fiber

(grams/cc), b is the width of the specimen (mm), and d is the depth of the specimen (mm).
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N:ows refers specifically to the number lengths cut from the roll of fiber that were then

placed into a single cavity in the mold (refer to Chapter 3, Section 3.3.1).

A Vi was obtained in this way for every composite specimen. The mean V; value obtained
in this section was a compilation of all flexural, tensile, and short beam specimens with the

exception of those specimens used in the aging study.

Additional means for evaluating Vi and verifying this method were considered, but the two
previous studies had suggested the accuracy of the method was sufficient. That said, the
calculated V¢’s of each specimen may not be precise, but they are at least close to the true
value. To be consistent and provide for a fair comparison, the method for determining V¢
did not vary depending on specimen type. Finally, in processing of composite samples
there was no indication of fiber loss that would be substantial enough to effect the
calculation of fiber volume fraction using this method. On occasion a few single filaments
were left behind during processing, but such an amount is negligible in the calculation of
fiber volume fraction when considering the size of a single filament and the total number of

filaments that make up a composite sample in this investigation.

5.2.2.2 Results

The average fiber volume fraction calculated from specimens for each sample type is found
in Table 8 below. The table also includes the theoretical modulus of specimen types based
on these average fiber volume fractions. The predicted value for composite modulus was
calculated using RoM with values of modulus for both fiber and matrix given in Chapter 3

(see Table 3 andTable 4). RoM assumes perfect bonding at the interface [2]. Recall, a very
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near-to-perfect bonding condition is expected for CL sample types. This may not
necessarily be the case for CC and MZ samples. However, evidence provided in Chapter 4
would seem to suggest that the coatings do not influence load transfer to a large degree and
therefore the moduli of CC and MZ composite samples is similar to that of CL sample types.
Thus, the predicted moduli in Table 8 are expected to be close to the value of each
composite sample type tested. These values can serve as comparison to the moduli
determined using the data collected during flexural and tensile testing (see Chapter 6). The

shorthand notation used in Table 8 to designate sample types is defined in Table 5.

Table 8: The average fiber volume fraction of the different specimen types and corresponding modulus as

predicted by RoM.
Sample Type Fiber Volume RoM Modulus
Fraction, V Based on V¢

s (GPa)

CL(A) 44.0% 172

CL(N) 46.4% T

CC(A) 46.0% 79

CCN) 46.0% 79

MZ(A) 40.2% T5e

MZ(N) 415% 5

The Vrof CL and CC sample types does not differ by much more than 2%. However, MZ
samples vary by sometimes almost as much as 6.5% compared to the other two sample
types. Itis clear from Table 8 that this has a relatively significant effect on the theoretical
composite modulus of specimens. The low modulus of the matrix in comparison to that of

the fiber is responsible for the significant change. Such a difference in Vrwould likely also
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affect the strength of samples. Generally, the relationship would be similar to that
observed for the predicted modulus of samples where increasing fiber content would yield
increased composite strength [2], [118]. The decrease in both strength and modulus of
samples will ultimately result in a lower calculated value for toughness of the MZ
specimens. However, the calculation will not be the only means to evaluate toughness of
sample types. Itis simply a factor to consider in the overall evaluation of toughness of

sample types.

5.2.3 Porosity

Geopolymers are known to have varying levels of porosity [4], [106], [119]. Itis also
understood that porosity in ceramic matrix composites (CMC) can facilitate crack
deflection around fibers without the need for fiber coatings [50], [120], [121]. With this
understanding, one particular study that combined Nextel 610 monazite coated fibers in an
alumina matrix sought a 90% density in order to consider the effects of porosity on
mechanical response to be negligible [73]. It should be understood that to date no studies
have looked at the influence of matrix porosity on deflecting cracks in GMCs. It’s possible
the influence of porosity on dissipating crack energy may vary in GMCs from CMCs because
ceramic and geopolymers have dissimilar microstructure and mechanical properties.
However, the premise of the studies contained here within is based on showing that the
same techniques applied in CMCs to increase toughness can be applied to GMCs. Therefore
in lieu of other research showing the influence of porosity on GMCs, a 90% density marker
will be used as the threshold to evaluate the potential influences of porosity on the

mechanical response of GMC specimens.
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Porosity of individual specimens was determined using two methods. Both methods
determined porosity using a theoretical value for the density of composite specimens. The
theoretical density of composite specimens was determined using RoM principles and the
density of the matrix and fiber (see Chapter 3). The specimens used to obtain porosities

were harvested from sample sticks and were nominally 15 mm in length.

5.2.3.1 Method 1: Geometric porosity

The first method for obtaining porosity involved dimensioning rectangular specimens
using a micrometer with 0.0001” accuracy. Specimen widths were measured at five points
along their length. The five points were averaged to produce a nominal value for the width
of the specimen. Specimen thicknesses were measured at five points along their length. At
each point, along the length the thickness was also measured at three points across the
width. The entire set of measurements was averaged to produce a nominal value for
thickness of each specimen. Length was averaged from at least two points. The specimens
were then weighed and density was calculated. Prior to weighing, specimens were
subjected to drying at 100 °C for at least one hour to avoid additional mass from possible
absorption of moisture [4]. Porosity was then calculated by determining the percent

difference of density between the theoretical value and the measured value.

5.2.3.2 Method 2: Archimedes porosity

The second method used Archimedes’ Principle to obtain the density of specimens using
ASTM B962-15 as guidance [122]. For each specimen, three different mass measurements
were taken to obtain the density. The mass of each specimen was recorded after drying at

100 °C referred to as the dry mass (mq). The second mass was taken after the specimen
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surface was sealed using clear liquid nail polish. This is the polished mass (mp). Multiple
coats were applied to each specimen to ensure that the specimens were sealed to prevent
moisture being absorbed while obtaining the third mass. The third mass was obtained
with the specimen suspended in distilled water, the submerged mass (m;). While
suspended in the distilled water no bubbles were observed on the surface of specimens
suggesting the water was able to wet the surface. The three masses were then used to

obtain the density using Equation 5.2 [122]:

Pw Pn (5.2)

where p. is the density of the composite, pwis the density of the water, p,is the density of
the nail polish. Temperature of the water was recorded in order to use the most accurate
value for density. Once again, porosity was then calculated by determining the percent
difference of density between the theoretical value and the measured value. All mass

measurements were in grams and values for density in grams per cubic centimeter.

5.2.3.3 Comparison of methods

The results of using both methods (geometric and Archimedes’ principle) on selected

specimens to determine porosity are shown in Table 9.

Table 9: Porosity of selected specimens using two different methods

Specimen Geometric Archimedes Absolute
Porosity (%) Porosity (%) Difference
CL(A) - 0725A-2.3b 10.4% 11.0% 0.60%
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Specimen Geometric Archimedes Absolute

Porosity (%) Porosity (%) Difference
CL(A) - 0922A-3.1b 7.9% 5.6% 2.30%
CC(A) - 0716A-1.1b 8.79% 5.1% 3.69%
CC(A) - 0719A-1.4b 11.24% 9.5% 1.74%
CC(A) - 0720A-2.2b 12.01% 8.5% 3.51%
CC(N)-0714A-1.3b 10.3% 10.4% 0.10%
CC(N) - 0720A-2.4b 11.0% 10.2% 0.80%
CC(N)-0721A-1.2b 10.8% 7.28% 3.52%
MZ(A) - 0716A-1.2b 7.9% 7.1% 0.80%
MZ(A) - 0721A-1.1b 9.9% 3.5% 6.40%
MZ(A) - 0921A-2.2b 2.9% 1.6% 1.30%
MZ(A) - 0921B-2.3b 5.1% 3.6% 1.50%
MZ(N) - 0719A-1.2b 5.1% 5.3% 0.20%
MZ(N) - 0720B-2.1b 5.61% 5.9% 0.29%
MZ(N) - 0721B-1.3b 4.0% 2.7% 1.3%

The results indicate only relatively minor differences in the methods. Regardless of
specimen type, the porosity obtained using Archimedes’ principle is often the lower
measured value except in the cases where the geometric porosity is very similar in
magnitude. Assuming limited experimental error, Archimedes’ principle should be the
more accurate method of obtaining specimen porosity between the two methods used. It
accounts more accurately for the true volume of the specimen. Ultimately, the results
suggest the geometric porosity to be in relatively good agreement with those obtained

using Archimedes’ principle. Differences between the two methods were generally no
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more than 4%. The geometric porosity also appears on average to be the more

conservative value for porosity.

Based on these results, a value for porosity was obtained for all specimen types using the

geometric method. The average porosity of each sample type is listed in Table 10 below.

Table 10: Average porosity of all sample types

Sample Type Average Porosity of  Standard Number of
Specimen Type (%) Deviation (%)  Specimens

CL(A) 8.13% 1.8% 12

CL(N) 11.29% 1.4% 11

CC(A) 10.5% 1.8% 6

CC(N) 11.22% 0.6% 6

MZ(A) 6.89% 2.6% 12

MZ(N) 4.89% 0.6% 6

The measured porosities of specimens indicate greater porosity in CL and CC than in MZ
specimens. MZ specimens on average meet and/or exceed the established 90% threshold.
In all cases CC specimens do not, but since their measured porosities are close to that of CL
specimens, the mechanical responses of these types will make for a fair comparison. Recall
that the values for porosity are likely conservative based on using geometric porosity
versus porosity obtained using Archimedes’ principle. Therefore, it is possible that on
average CC specimen porosities shown in Table 10 are slightly inflated and may meet the

90% threshold. The same might be said of CL(N) specimens as well.
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The lower porosity of MZ specimens should not be of too much concern to the
interpretation of mechanical data. The reason for determining porosity was to ensure
minimal influence of porosity on abosorbing crack energy. The lower porosity in MZ
specimens provides a little more certainty that any observed changes in mechanical
behavior are more directly linked to the presence of the monazite coating. The lower
porosity in these particular samples might be due to the slightly lower fiber volume
fraction. Itis thought the reduced amount of additional foreign surfaces amongst the

geopolymer might have allowed for greater densification of the matrix.

5.3 Thermal Treatments

In Chapter 3, the processing of composite samples was discussed. Due to the fiber surface
conditioning, sample types appear different in color after initial processing. Changes in
color also take place after heat treatment above 400 °C in air. Such changes have been
observed previously [17], [23]. The color changes are indicative of changing conditions of
the fiber and likely interface. To capture these changes, the color of samples was recorded
via photograph prior to and after heat treatment to draw conclusions about changes in

fiber surface condition.

Recall that after initial processing, all samples were subjected to a post cure at 250 °C for
five hours. Sample sticks were then subjected to a final heat treatment at 650 °C for five
hours in one of two environments. Figure 33 shows the sample types prior to and after

heat treatments in their respective environments.
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Figure 33: Color shade of specimens prior to and post-final heat treatment

After a 250 °C post cure, CL and MZ samples are a shade of white, while CC samples appear
as dark gray in color. The white color of CL and MZ samples is a function of both the matrix,
which is white when processed without any reinforcements and the color of the fibers (see
Figure 14). The CC samples appear dark gray resulting from the mixture of the white color
of the matrix and the N610 fibers that were heat cleaned in an inert environment. Recall,
the heat cleaning of the N610 fibers in an inert environment resulted in a darkened fiber
condition indicative of the carbon coating (see Chapter 3 and Figure 14). The dark color of
the fibers transferred to the composite. As indicated in the right hand portion of Figure 33,
both CL and MZ samples heat treated in air stay relatively the same color. CC samples heat
treated in air, however, lose the dark gray color and become almost the same color as CL
and MZ samples. The change indicates that the oxidizing environment likely degraded the
carbon coated surface of these fibers. This change and apparent degradation has been

documented previously [21], [23].
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For samples heat treated in an inert environment all sample types became a shade darker
than they were prior to heat treatment. This outcome is surprising. It was expected that all
samples would experience minimal, if any, color change. The retention of the darker color
for CC samples indicates that fiber surfaces likely remained unaffected after heat-treating
in a non-oxidizing environment. The discussion in Chapter 4 of this document provides
support for this conclusion. It is also well established that carbon coatings can withstand
high temperature exposure in inert environments. Additionally, verification of the
particular processes and equipment used in this study is supported by other research that

has used the same [23], [38].

After observing cross-sections of specimens harvested from the sample sticks, the
darkening of samples was determined to be surface contamination. The source of the
surface contamination is not completely certain. It is not the purpose of this chapter to
determine differences beyond the physical nature of samples. Effects such contamination

may have had on the material properties, if any, will be addressed in Chapter 6.

5.4 Conclusion: Physical Characterization

The particular analyses conducted to characterize the physical aspects of composite sample
types have revealed important information that will aid in the mechanical characterization
portion of this research. Additionally, it has provided confidence in the quality of
composites produced using the fabrication and post-processing techniques described in
Chapter 3. Investigations at the microstructural level have revealed composites with

satisfactory fiber distribution and alignment. Both the fiber distribution and alignment
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were not biased to a particular composite sample type. Poor distribution and alignment
could easily affect the results of the mechanical characterization investigation rendering
the analysis of the use of interphase to improve toughness difficult or in the most extreme
case, impossible. Although distribution and alignment were consistent among samples,
fiber volume fraction and porosity was on average lower in MZ samples. It is not thought
that fiber volume fraction should greatly affect the mechanical response of specimens in
the planned characterization efforts, but it is a factor to consider when comparing strength,
modulus, and calculated toughness of specimens. The porosity might have been a concern
in determining the true effectiveness of monazite coatings in GMCs, but results of two
techniques indicates porosity in MZ samples to be lower than 10%. 10% was determined
be a threshold based on its use to examine the effectiveness of interphase for dissipating

crack energy in CMCs.
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Chapter 6: Mechanical Characterization

Flexure, tensile, short beam shear (SBS), and single fiber push-out testing were conducted
to understand the effect of fiber surface condition on the toughness of composite
specimens. In addition, mechanical properties and the interfacial characteristics of
composite specimens were evaluated. This chapter addresses the methods of conducting
these experiments and any special preparation of composite specimens for each type of

test. The results are presented for each test and then discussed.

Each test was chosen to aid in understanding and demonstrating how fiber coating
influenced composite toughness. Specifically, flexural testing was conducted in order to
obtain flexural mechanical properties of composite specimens and values of toughness.
Tensile testing was used as an additional means of evaluating mechanical properties and
for observation of fracture surfaces. These results will be discussed in terms of effect of
fiber surface on toughness of composite specimens. Finally, SBS shear and push-out testing
were used to evaluate interfacial strength of each GMC. The interpretation of these results
was used to understand how interfacial conditions affected the material properties and

toughness of composite specimens.
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6.1 Flexural Testing

6.1.1 Specimen preparation

Flexural test specimens were harvested from samples that were fabricated using the
procedures discussed in Chapter 3. A total of two specimens could be obtained from a
single sample stick. Table 11 provides the total number of flexural test specimens tested
for the given fiber type and heat treatment environment.

Table 11. Total number of flexural specimens tested for the given conditions

Number of Specimens Tested

Composite Type

Based on Fiber 650 °C air (5 hours) 650 °C N2 (5 hours)
Surface
Cleaned (CL) 11 8
Carbon coated (CC) 7 6
Monazite (MZ) 8 7

The flexural test specimens were nominally 80 mm (length) x 4.5 mm (width) x 1.5 mm
(depth). The actual thickness of specimens produced varied within and between each
specimen type, however, the MZ specimens showed the most deviation. This was due to
difficulties in fabrication and not the result of dilation of the composite during post cure
and heat treatments. Average thickness and standard deviation for each specimen type are

shown in Table 12.
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Table 12. Average specimen type thicknesses and span-to-depth ratios

Thickness (mm)

Span-to-Depth

Specimen A Standard A Standard
Type verage Deviation verage Deviation
CL(A) 1.659 0.058 40.70 1.34
CL(N) 1.611 0.057 41.93 1.45
CC(A) 1.657 0.092 40.83 2.14
CC(N) 1.583 0.063 42.70 1.66
MZ(A) 1.850 0.109 36.60 2.07
MZ(N) 1.767 0.104 38.30 2.24

6.1.2 Experimental setup and calculations

Flexural testing was conducted in 4-point flexure in accordance with ASTM C1341, except
as noted. Tests were conducted using an ATS uniaxial load frame. Specimens rested on
two outer support rollers and force was applied via two inner rollers each located one
quarter of the overall span away from its closest outer roller (see Figure 34). A fully
articulating flexural test fixture was used to compensate for any taper on individual

specimens. The support span of the test fixture was 67.5 mm. Support rollers were 6 mm

in diameter.
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Pogo Stick

Figure 34. Fully articulating four-point flexure test fixture.

The large span was chosen in attempt to produce specimen span-to-depth ratios of 45:1.
The choice of a large span-to-depth ratio for this investigation was intended to ensure
failure on the tensile or compressive surface of specimens. A 32:1 ratio or higher is
recommended by ASTM C 1341 for materials with low shear strength such is the case for
geopolymers [113]. Ultimately, differences in thickness of specimens caused the span-to-
depth to vary. The average span-to-depth ratio of each specimen type can be found in

Table 12.

Specimens were tested at a displacement rate of ~0.5 mm/min. This rate is much slower
then that recommended by ASTM C1341, but agrees more closely with common values
reported in the literature involving flexure of brittle matrix composites [7]-[11], [16], [53],

[64],[121], [123], [124]. Loading was ceased when specimens demonstrated at least a
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50% drop in load or no change in load carrying capability upon further displacement. Load
and displacement as a function of time, were recorded for each test. Displacement was
recorded by using an extensometer mounted on a pogo stick-like device to measure mid-

span displacement (see device in between outer rollers in Figure 34).

Flexural strength (S.), flexural modulus (E), flexural strain (€), and toughness (Uy) of
specimens were calculated using the following relationships from ASTM C 1341 [113]

except for Equation 6.4 which was found elsewhere [39]:
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where P, is maximum force recorded, L is the support span, b is the width of the specimen,
d is the thickness of the specimen, m is the slope of the linear portion of the force-deflection
curve, o is the stress in the outer surface fibers, € is the strain in the outer surface fibers, and €f
is the strain at failure. Per ASTM C1341, failure was determined to be the force when test

specimens split into two separate halves or when force dropped by 20% or more [113].
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Measurements for strength, modulus, and toughness were averaged amongst specimens
from each composite. The error bars on the charts in this section indicate one standard
deviation. Values of modulus for all specimens were normalized to a 45% fiber volume
fraction (Vr) for purpose of comparison. Table 8 in Chapter 5 contains the average fiber
volume fraction of specimens. The strengths of the specimens were not normalized since a

material’s strength is sensitive to the state of the microstructure.

The choice to use 4-point flexure versus 3-point flexure was an important aspect of this
research. The 3-point test configuration in combination with short test spans have
generally resulted in predominantly shear failures in GMCs. According to classical beam
theory, this is because under 3-point bending the absolute value of shear stresses imposed
across the beam between support points is constant (see shear and moment diagrams in

Figure 35).
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Figure 35: 3-point and4-point flexure shear and moment diagrams compared[125]

As load increases, the shear stresses experienced by the beam rise thus making it more

likely for materials that have limited shear resistance to fail in shear rather than flexure as
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the test intends. Given the geopolymer matrix is relatively weak in shear and the nature of
research seeks to reduce interfacial shear strength 3-point flexure was exchanged for the
use 4-point flexure. The intent of using 4-point flexure is to reduce the likelihood of shear
failure and promote tensile failure between the loading points. The 4-point configuration
achieves this by producing a constant moment between the loading points (see Figure 35).
As the derivative of the bending moment, shear force is reduced to zero between loading
points. Therefore, shear forces only exist between each loading and support point. The
constant moment also means that between the loading points the beam experiences a
constant state of stress on its outer surfaces only varying linearly through the thickness. In
the case of brittle materials, this is helpful as it exposes a greater volume of material to the
same force exposing potential fatal flaws in the material. In other words, a brittle material
will likely fail prior to that of a tougher material because it lacks mechanisms to defeat

cracks that result from the flaw.

6.1.3 Results

6.1.3.1 Mechanical properties

The average flexural moduli of composite specimens are shown in Figure 36. In Chapter 4,
a Rule of Mixtures (RoM) calculation for 45% Vr determined composite modulus to be
somewhere in the range 171 to 175 GPa. However, the matrix in these composites is cured
for 24 hours rather than 5 hours. Using the known tensile modulus value for fiber and
flexural modulus value for matrix, RoM predicts ~175 GPa for composite modulus. If the
compressive modulus of the matrix is used, it could be closer to 182 GPa. The measured 4-

point flexure modulus values of all specimen types lie in the predicted range or closer to
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182 GPa. This is different than those values measured in 3-point flexure in Chapter 4
where modulus values were 77% to 85% of those predicted by the average RoM value of
173 GPa. The graph also indicates no definitive difference in the moduli of specimens

regardless of fiber surface condition or post heat treatment environment.
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Figure 36: Normalized flexural modulus of GMCs based on a 45% fiber volume fraction

Figure 37 shows the average flexural strength of composite specimens. All specimens
tested appear to fail on the tensile surface away from the support and loading pins. Despite
initial tensile failure, damage produced from effects of shear was readily apparent in all
composites tested regardless of fiber surface condition. This was also observed in the
preliminary investigations. In this primary investigation, the degree of the shear damage
varied between the specimen types. A more detailed examination of failure surfaces is

addressed in Section 6.1.3.4.
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The baseline cleaned fiber specimens display the lowest average strengths of all specimen
types. The results seem to indicate a possible strengthening effect with the use of carbon
coating, but a two-tailed t-test seems to suggest very little significance in the measured

differences between the CL and CC specimen types.
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Figure 37: Flexural strength of geopolymer matrix composites

The results for cleaned and carbon coated specimen strengths are similar to those
presented in the cure time investigation (see Chapter 4) excluding those specimens with
the carbon coated surface only cured for one hour. The flexural strength of CL composite
specimens also seems to agree with those reported in a previous study for composites with
a similar Vrand tested in a 3-point configuration [23]. The flexural strength of CL
specimens also agrees with those reported by Welter although a direct comparison is
somewhat difficult because of the lower fiber volume fracture of the composites in that

study [10]. The average strengths of CC specimen types are slightly higher than those
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values measured in the preliminary investigation, but the standard deviation does not
seem to suggest any great degree of significance between the two types. Any difference
could be attributed to the additional 19 hours of cure time these specimens were subjected
to. Given the increase in strength appears to be statistically insignificant in the CC
specimens, shorter cure times should be considered in future studies involving GMCs with

interphases.

In contrast, the measured strengths of MZ specimens clearly exceed those of CL and CC.
The percent increase in strength of MZ over CL specimens varies based on the heat
treatment environment. The percent increase is ~32% and 45% for oxidizing and non-
oxidizing environments respectively. The percent increase in strength is close that
measured in the monazite coated fiber study (see Chapter 4). In N610 composites with
monazite coating, the percent increase is slightly higher. The differences in percent
increase could easily be related to the type of reinforcing fiber, which was N720 in the case

of the monazite coated fiber study.

6.1.3.2 Influence of fiber volume fraction

Within the limits of ideal fiber packing, experimentation and theory generally suggest that
the strength of a composite increases with increasing fiber volume fraction (V) only
limited by the ability to properly manufacture the composite [118]. This also assumes the
role of the fiber is that of a reinforcing agent in order to improve the strength of the matrix
material. However, the benefit of increasing V: for the composite strength does have its
limits and that value can be lower than expected. As such, some consideration was given to

investigating whether the increase in strength of the MZ specimens was the result of
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decreases to Vi. To investigate, six additional CL(A) were created in the same manner as
before with one exception. The CL(A) specimens were produced with a V¢ of 40% in an
attempt to match the average Vi of MZ samples. The Vr of MZ samples could not be
increased due to restrictions of the mold and technique for processing. CC composites

were not evaluated as part of this analysis as Vronly varied for MZ specimens.

Figure 38 shows the influence of Vr on the strength of composites. For an ~6% decrease in
Vi, the effect on CL composite strength appears to be only a very slight decrease, if indeed,
any at all. This suggests that the strength of the CL composites is mostly insensitive to
changes in fiber V. It seems fair at this point to conclude that the improved strength of MZ
specimens has little to do with the decrease in V:. Itis also worth stating at this juncture
that increased strength of MZ specimens is not provided by a greater reinforcing effect of
the fiber. In other words, the fiber is not stronger with the monazite coating applied to it.
Recall, if the monazite coating is applied properly to the Nextel fiber the strength of the
fiber can only be retained [109]. It is possible to consider that small changes in fiber
volume fraction would not affect the MZ composites in the same way as it does CL. In fact,
the larger strength of MZ(N), which also has a slightly higher average Vi than MZ(A), might
suggest that if MZ specimens had the same Vras CL they would have been even stronger.
This makes further sense if one considers that both the fiber and fiber coating in addition
to increasing strength provide greater toughness. The more crack defeating mechanisms
present the less likely cracks are to propagate unstably through the composite. Of course,

at some fiber volume fraction there is likely a limited or even negative return.
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Figure 38: Flexural strength and V¢ of CL and MZ composites

6.1.3.3 Toughness and damage tolerance

All specimens were tested in flexure after the final heat treatment at 650 °C in one of the
two environments previously discussed. Figure 39 shows the resulting toughness of

specimens as calculated from Equation 6.4. The error bars indicate one standard deviation.
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Figure 39: Calculated toughness of GMCs

The baseline CL specimens show the lowest values of toughness as expected. In fact, the
results for CL specimens trend well with previous research involving N610/MEYEB
composites [23]. The same study also evaluated CC(A) specimens after heat treatment
beyond 650 °C. Despite some variations in processing and heat treatment temperature, the
values in the previous study are fairly similar to those obtained in this current research

[23].

The final heat treatment environment seems to have only influenced the toughness values
of CC specimen types and not CL and MZ. Recall, heat treatment environment did not
appear to have any impact on the strength and modulus of any specimen type. Such a
result was expected for the GMCs that contained all-oxide constituents. A slightly higher
average value of toughness was measured for CC(N) than for the CC(A) specimens. The

large standard deviation for CC(N) composites would seem to statistically negate the
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significance of this higher mean, but it should not be interpreted this way. The large
standard deviation observed for CC(N) (and also MZ) specimens was determined to be the
result of stress-strain behavior post initial failure. Figure 40 and Figure 41 show the failure
of CL and CC(A) specimens was catastrophic upon the first load drop with specimens
lacking the ability to carry additional load upon further displacement. In contrast, CC(N)
and MZ specimens generally exhibited non-catastrophic failure after the first load drop
showing varying degrees of damage tolerance upon continued displacement (see Figure 41
and Figure 42). In some cases, the initial load drop for these specimen types was greater
than 20% of the max load. Recall, 20% was the cut off for determining failure per the
ASTM. This standard was used in the calculation of toughness. Using this standard
contributed to the larger measured standard deviation value for toughness in CC(N) and
MZ specimens because some specimens experienced initial drops over 20% before

demonstrating ability to continue bearing load under increasing displacement.
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Figure 40: Typical stress-strain curves of CL(A) and CL(N) composites.
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Figure 41: Typical stress-strain curves of CC(A) and CC(N) composites.
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Figure 42: Typical stress-strain curves of MZ(A) and MZ(N) composites.

The greatest value of toughness was measured for MZ specimens with CC(N) specimens
having the second greatest value. The toughness of MZ and CC(N) specimens increased by
over 160% and 60% as compared to the baseline CL composites, respectively. The stress-
strain curves of these two specimen types (Figure 41 and Figure 42), which show increased
area under the curve relative to the other specimen types, coincide with the measured

gains in toughness.
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As already noted, the stress-strain curves in Figure 40 through Figure 42 show
representative behavior of each specimen type under flexural testing. As with values of
toughness, the heat treatment environment only affected the stress-strain behavior curves
of those GMCs with carbon coating. While CC(A) and CC(N) specimens demonstrated no
difference in their either strength or modulus values, their stress-strain behavior is altered
based on the type of heat treatment environment. The carbon coated specimens heat
treated in air show similar stress-strain behavior to CL specimens. CL(A), CL(N), and CC(A)
all demonstrate stress-strain behavior typical of a brittle material. The stress-strain curves
of CC(N) composites show a more damage tolerant behavior. The more damage tolerant
behavior results in increased area under the curve, which parallels the slightly higher
average calculated value of toughness relative to CL specimens. The damage tolerant
behavior of CC(N) specimens in some cases is limited, especially compared to MZ
specimens. Interestingly, the stress-strain curves of CC(N) specimens differ slightly from
those measured in Chapter 4. It is uncertain exactly why, but there are multiple factors that
could be responsible: thickness of specimens, test configuration, initial cure time, etc.
Further investigation might be necessary to understand how to best prepare and test GMCs

with fiber coatings, but such an undertaking is outside the scope of this research.

6.1.3.4 Failure/Fracture surfaces

The failures of specimen types in four-point flexure were all slightly unique from one
another. Figure 43 shows macroscopic views of the different specimen types at the
displacement where failure occurred. The heat treatment environment did not appear to
affect the damage observed on CL and MZ specimens so the images in Figure 43 do not

distinguish between CL(A) versus CL(N) and MZ(A) versus MZ(N). The heat treatment
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environment did have a small, noticeable effect on CC specimen types. All modes of failure
were present in testing these samples: tensile, shear, and compression. For the CL
composites a failure on the tensile surface was usually very recognizable. Still, even with
the relatively long span-to-depth ratio and 4-point flexure configuration, the specimens did
not split in half upon failure. Shear damage was consistently observed in all GMCs tested.
The crack in CL specimens appears to have originated on the tensile surface, traveled a
short distance perpendicular to the fiber, and then diverged along planes roughly parallel
to the fiber. In other cases, the shear damage was disconnected and appeared both below
and above the neutral axis (see Figure 45). The observed mode of failure in CL specimens

is very similar to that recorded in Chapter 4.
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Figure 43: Representative images of each type of specimen post failure while still at full displacement.

As discussed in that chapter, the presence of shear damage in the CL specimens might be a

strong indicator of the weakness of the matrix in shear. It is difficult to compare and
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contrast the damage observed to other studies because of differences in the matrix (i.e.
composition, initial cure, and final heat treatment), the reinforcement (type and
orientation), and experimental setup. Additionally, many studies do not record failure
modes. At present, only one study, as a part of doctoral thesis, has provided an adequate
comparison. In that research, the failure of GMCs containing Nextel 610 fiber under three-
point flexure was typified by a shear mode of failure [10]. In addition, the cure state and
heat treatment of the matrix was different and discrete lamina and layers of matrix could

be observed when viewing composite cross sections.

The coated specimen types were different from the CL. composites in their macroscopic and
microscopic failure appearance. Also in Figure 43, the damage produced on a typical CC(A)
specimen after testing can be observed. The crack on the tensile surface of these
specimens was less distinguishable than on the CL specimens. The crack quickly tracked

diagonally towards the neutral axis of the specimen.

A crack on the tensile surface of the CC(N) specimens was even less distinguishable, almost
appearing as a shear failure very near the surface of the specimen. In some cases any
damage on the tensile surface of these specimens was not recognizable and failure
appeared only to be the result of failure in shear like the samples measured on in Chapter
4. This result is, of course, interesting in the case of four-point flexure. Lack of tensile or
compressive damage would suggest failure initially occurred at loading points or between
each loading and support roller, but determining this is difficult to ascertain with certainty.

Observing the tensile surfaces of specimens provide clues that specimens did fail in flexure
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on the surface that was in tension. Figure 44 shows a crack meandering over the tensile

surface of a CC(N) specimen.

Lines trace path of fracture

Figure 44: Micrograph of a CC(N) specimen showing a crack tracking across the surface of the composite
beam. The surface shown is the surface that was subjected to tensile forces in flexure. The fibers of the
composite run left to right on the page.

The image of the MZ specimen, in Figure 43, shows all three modes of failure present. The
image does not depict the damage from shear very well, but shows failure on both tensile
and compression surfaces as a result of fiber fracture and likely fiber buckling respectively.
The presence of compression damage on some MZ specimens might also be partially due to

the additional displacement that these specimens were able to endure before failure.

Figure 45 through Figure 48 are micrographs of the fractures observed in the different
specimen types. The left and center images of each figure depict typical failures as
observed from the sides of specimens in flexure (tensile surface of specimens shown facing
top of the page). The far right image, in each figure, shows fracture surfaces of specimens
after subjecting them to further displacement that caused them to split into separate halves

(tensile surface of specimens shown facing out of the page).
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Figure 45: Typical damage in CL(A) and CL(N) composites as observed on the sides (left and center images)
and fracture surfaces (far right image) after flexure. In left and center images, fibers run left to right on page,
and tensile surface is facing top of page. In far right image, fibers run top to bottom of page and tensile
surface is facing out of page.

Figure 46: Typical damage in CC(A) composites as observed on the sides (left and center images) and fracture
surface (far right image) after flexure

Figure 47: Typical damage in CC(N) composites as observed on the sides (left and center images) and fracture
surfaces (far right image) of CC(N) specimens.

Figure 48: Typical damage in MZ(A) and MZ(N) composites as observed on the sides (left and center images)
and fracture surfaces (far right image) of MZ specimens.
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A failure on the tensile surface is evident in CL specimens. The same failure is present, but
less distinct on CC(A) specimens. It is even less distinct for CC(N) and MZ specimens.
Based on Figure 43, failure seems to have initiated on the tensile surface of these

specimens, but the combined images still indicate substantial shear damage.

The damage on the sides of the CL specimens indicates brittle failure. Fiber fracture was
clearly discernible on the tensile surface of these specimen types. Also, indicative of brittle
failure were the fracture surfaces of CL composites, which are very planar. Recall, these
specimens had the lowest measured value for toughness (see Chapter 6, Figure 39). The
observed failures also agree with the catastrophic drop observed in the stress-strain curves

of the CL specimens.

The stress-strain curves of CC(A) specimens were almost identical to the CL specimens, but
the observed damage and fracture surfaces of the specimen types differ slightly from one
another. Cracks on the tensile surface of these specimens tended to propagate diagonally
or run a very short distance from the tensile surface before diverting. The shear damage
seems to be very similar to that observed in CL specimens. The fracture surfaces are more
tortuous than CL and show some individual or small groupings of fibers suggestive of

fiber/fiber bundle pullout.

CC(N) specimens showed the same increases in strength, toughness, and damage tolerance
over both CL and CC(A) composites. The failure of the CC(N) specimens appears to be

shear dominated. However, Figure 44 provides evidence of a crack tracking across the
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tensile surface of these beams. As already noted, this was sometimes difficult to locate in
these specimens. Shear damage appears to be limited to only the halves of the specimens
subjected to tensile stresses. In comparison to CL and CC(A) composites, the damage
observed in these specimens does not seem to be as extensive. The resulting difference in
damage between these specimen types may help explain why CC(N) specimens failed non-
catastrophically. The two fracture surface halves of CC(N) specimens appear to be similar
to CC(A). However, for CC(N) specimens the plane of fracture is less distinct (i.e. greater

tortuosity) and what appears indicate more individual fibers present.

The failures of the MZ specimens as represented in Figure 43 and Figure 48 indicate the
presence of all three failure modes. In some cases, the composite beam surfaces that were
subjected to tension in flexure had a fibrous-like appearance. The damage on the sides of
specimens often showed an extensive network of localized shear damage. This damage

was unique to MZ specimens.

6.2 Tensile Testing

6.2.1 Specimen preparation

Composite specimens used in tensile testing were fabricated using the methods described
in Chapter 3. Specimens were harvested from sample sticks using a diamond wafering
blade to produce specimen dimensions of 178 mm (length) x 4.5 mm (wide) x 1.0 mm

(depth).
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Tensile specimens were tabbed to prevent crushing of samples in the grips (see Figure 49).
Tabs were ~4.8 mm thick and ~38 mm long including the tapered section. The taper was
15°. G10 was used as the tabbing material and bonded to specimens using Epon 828 and
Epikure 3140 resin system. Tabbing of specimens was done according to guidance in
ASTM 1275 and a composite tabbing guide [15], [42]. Tab and specimen surfaces were

sanded and cleaned prior to adhesion.

Figure 49: Depiction of specimen used for tensile testing. Tabs are shown in white. NOTE: Drawing not to
scale.

6.2.2 Test Method and Calculations

Tensile testing was conducted in accordance with ASTM C 1275 [114]. Specimens were
held in place by two wedge action grips (see Figure 50). The grips work by actively

increasing the gripping force with increasing load in order to ensure specimens do not slip.
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Figure 50: Typical configuration for tensile test of composite specimens.

Tensile specimens were tested in displacement control mode at a rate of 0.18 mm/min.
Load and displacement as a function of time were recorded. Displacement was measured
using a contact extensometer mounted as shown in Figure 50. The extensometer was
placed with contacts on the side of specimen with greater moment of inertia to limit strain
from bending. The extensometer gage length was 25.4mm. Testing was ceased after
specimen fracture. Tests were considered valid if the specimens failed within
approximately 25 mm of the center of the gage section. Breaking force of specimens that
were non-gage section failures were only considered valid if the resulting tensile strength
was within 10% of the tensile strength of specimens that broke within the gage section. A

total of at least three validated tests were to be used to present average tensile strength of
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each type of composite specimen. Due to the difficulty in obtaining failures within one gage
length of center and effort involved in creating each individual specimen, a total of three
tests for every specimen type could not be achieved. Table 13 shows the number of

validated tests for each test condition.

Table 13. Total number of valid tensile tests at the given conditions

Number of valid tests for
each specimen type
. 650 °C in air 650 °Cin N
Fiber Type (5 hours) (5 hours)
Cleaned (CL) 3 5
Carbon coated (CC) 2 3
Monazite (MZ) 2 4

Tensile strength (S,) and strain (€ ) of specimens were calculated using the following

relationships from ASTM C 1275 [114]:

(6.5)

(6.6)

where, P, is maximum force recorded, A is the original cross sectional area measured by
average width and thickness where failure took place, I is the extensometer gage length at
any time, and Iy is original extensometer gage length. Modulus was calculated using a

regression curve on the linear portion of the stress-strain curves.
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Like the results of flexure testing, measurements for strength and modulus were averaged
amongst the specimens of each type. The error bars on the chart indicate one standard
deviation. Values of modulus for all specimens were normalized to a 45% fiber volume
fraction (Vr) for the purpose of comparison. Strengths were not normalized for the same

reasons previously discussed in Section 6.1.2.

Recall, the purpose of tensile testing was to investigate the fracture surface of specimens.
The measured mechanical properties presented in this section are meant to add to the very
limited amount tensile data contained in research on GMCs and support the results of

flexure testing presented in the previous section.

6.2.3 Results

6.2.3.1 Mechanical properties

The Young’s Modulus results are shown in Figure 51. Once again, there is no clear disparity
in modulus between specimen types and their respective heat treatment environments.
This result provides further assurance that the incorporation of the carbon and monazite

interphases do not negatively affect the modulus of these particular GMCs.
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Figure 51: Normalized tensile modulus of geopolymer matrix composites based on a 45% fiber volume
fraction

The measured tensile modulus appears to be a bit lower than that measured for the
flexural modulus of the same specimens in Section 6.1.3.1. The values for modulus
obtained from tensile testing more closely align with the predicted Rule of Mixtures (RoM)
value of 175 GPa calculated for flexural testing. The measured moduli of composite
specimens in tension are ~92-96% of the value predicted by RoM. However, it might be
more appropriate in this case to use the higher predicted modulus value of 182 GPa for
comparison. This RoM value was derived from a value of the unreinforced matrix obtained
in compression rather than flexure, as described in Section 4.3.1. If this value is used, the
range falls to roughly ~88-93% of that predicted by RoM and more closely parallels those

values obtained in the three-point bending studies.
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The tensile strengths of specimen types are shown in Figure 52. For all fiber types, the
average measured composite tensile strength appeared to decrease slightly for specimens
heat treated in nitrogen. This is different from the results of flexure. However, a t-test
suggests that there is no statistically significant difference in strengths based on heat
treatment environment. Such an outcome was expected except in the case of CC specimen

types.
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Figure 52: Tensile strength of geopolymer matrix composites

Measured tensile strengths were lower in magnitude than measured flexural strengths, yet
the tests show the same trend. Samples containing monazite fiber coating have greater
tensile strength than other specimens. The increase in strength MZ specimens is on the
order of 34% regardless of environment as compared to CL specimens. Recall, like the MZ
flexural specimens, the MZ tensile specimen types that were fabricated contained a lower

fiber volume fraction than CL and CC. No additional tensile testing was conducted to
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analyze the effects of a lower Vy, as was done for flexural test specimens. It was assumed
the decrease in V¢ did not enhance the strength of MZ tensile specimens, based on theory

and the results obtained in flexure.

6.2.3.2 Toughness and damage tolerance

Calculated values of toughness and stress-strain curves are not presented for tensile
specimens. The toughness of MZ specimens was superior, but only because of the
measured gains in strength. The stress-strain curves of all specimens types tested in
tension were linear-elastic until failure. Failure was catastrophic in all cases. No

significant increase in damage tolerance was observed for any the specimen types.

6.2.3.3 Fracture Surfaces

While stress-strain curves do not reveal differences in behavior between composite types,
the fracture surfaces of specimen types do differ. The fractured halves and surfaces of
specimens are depicted in the micrographs of Figure 53. The baseline cleaned fiber
specimens demonstrated a brittle fracture. Brittle fracture is typical of low toughness

materials.
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Figure 53: Fracture surfaces of GMCs tested in tension

For CC, specimen types, the fractures were not consistent, even amongst specimen types
heat treated under the same environmental conditions. Some fracture surfaces of CC
specimens indicated brittle behavior (not shown) like the CL specimens, while others
showed fractured halves that were non-planar. Specimens that did not fail in a planar
fashion often appeared very jagged with masses of fiber and matrix extending from the

fracture surface suggesting the composite failed in different locations throughout the
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length. Splitting of the composite was observed along directions parallel to fiber or at a
slight angle to the fiber direction. This type of failure might be expected for composites
with weak interfacial strength [114]. In some cases, the failures were comparable to those

observed in a CMC with N610 monazite coated fiber (see Figure 54).

Figure 54: Broken CMC test sample containing unidirectional N610 monazite coated fiber [73].

All MZ specimens that underwent tensile testing failed in one of two different ways as
represented in the lower right hand corner of Figure 53. They either split as discussed
above or seem to fail along a single, slightly angled plane. In the case, where the fracture
surfaces of MZ specimens were planar, there appeared to be evidence of individual fibers
present, or fiber pullout. The amount of pullout present is clearly less than was observed
for flexural specimens. However, even the very small amount present in MZ tensile

specimens causes them to appear different from the CL tensile specimens.
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6.3 Short Beam Strength

6.3.1 Specimen preparation

Short beam shear (SBS) test specimens were harvested from the samples prepared for
flexure testing. The details for the preparation of composite sample sticks can be found in
Chapter 3. SBS specimens were each nominally 15 mm in length and 4.5 mm in width. The
thickness of SBS specimens were nominally 1.5 mm, but varied in a similar manner to the
flexural specimens (see Section 6.1.1). A total of at least six specimens were prepared for

testing from each of the composite types.

6.3.2 Test method and calculations

SBS testing was conducted in accordance with ASTM D2344 except as otherwise noted.
Specimens were tested in a 3-point flexure configuration with a support span of 11.1 mm.
The loading and support cylinders were 6 mm and 3.175 mm in diameter, respectively.
The length of the support span resulted in specimen span-to-depth ratios slightly outside
the recommended 4:1 ratio per ASTM D2344. The span-to-depth ratios of specimens were
more on the order of 6:1 to 7:1. Beam theory encourages a larger span-to-depth ratio to
reduce the likelihood of shear failure. The larger ratio produces higher
tensile/compression stresses on the outer surfaces of the beams for the same applied load.
That said, classical beam theory fails to describe the stress state accurately in the specimen
for such short a short span [127]-[130]. It has been suggested that that a slightly higher
ratio may be a more favorable configuration for SBS testing because of loading cylinder

induced stresses [131].
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Testing was conducted in displacement control mode at a rate of 1.27 mm/min. Load
versus time was recorded for each specimen. Only peaks loads were used to calculate
short-beam strength. After testing, specimens were examined to determine the mode of
failure. Specimen modes of failure were categorized as shear, flexure, or mixed. Specimens
that failed in flexure were noted as tensile or compressive based on the failed surface. A
specimen categorized as “mixed mode” did not show a clear type of failure to warrant a

distinction between shear and flexure.

Short-beam strength (Fsgs) was calculated using the following relationship from ASTM

D2344 [127]:

Py
FSBS = 075 ﬁ
6.7)

where, P, is maximum force recorded, b the width of the specimen, and d is the thickness of
specimen as previously designated in Sections 6.1 and 6.2 above. The bars on the following

graph indicate one standard deviation.

6.3.3 Results

The short-beam test method is generally used to qualitatively assess similar composite
types against one another and as means for a quick analysis of quality control. In most
cases, short beam strength is not a clear indication of any material property due to the
complexity of the stress state [127]. For this research, SBS testing was conducted as a

means to evaluate the different interfacial conditions with the expectation that those

composite types with coatings would show differences in their short beam strength
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because of the bonds created at the fiber-matrix interface. Figure 55 shows the short-beam
strengths of each specimen type. All specimen types except for CC(N) are very similar in
magnitude. The disparity in values between CC(A) and CC(N) indicate an effect from the
heat treatment environment. As already noted in previous sections, this was expected

based on the limited oxidation resistance of carbon at temperatures above 400 °C.
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Figure 55: Short beam strengths of geopolymer matrix composites

The values of short beam strength are very similar amongst the specimen types except for
CC(N). However, SBS test results should also be interpreted based on type of failure
observed. The following chart, Figure 56, depicts the number of times each mode of failure
was observed within a specimen type. To clarify, the word tensile in Figure 56 refers to a
failure of the specimen in flexure on the tensile surface. Compressive damage was not

apparent on of any of the SBS specimen types that failed in flexure.
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Figure 56: The number of failure type observed in SBS testing for each of the different specimen types.
“Tensile” refers to failure in flexure on the tensile surface of the beam.

The chart clearly indicates the predominant failure mode in CL specimens to be flexure
originating on the tensile surface. Such a failure is an invalid test according to the ASTM
[127]. Thatis why the y-axis is labeled “Short-beam strength” in Figure 55 rather than
“Short-beam shear strength.” Figure 57 shows a set of three CL specimens after being
tested in SBS. Once again, the similarity between CL(A) and CL(N) specimens did not
warrant a distinction, so Figure 57 is representative of both types. The failure of these
specimens in flexure is very apparent. The crack in these specimens traveled almost all the
way through the thickness before stopping. The observed failure in CL SBS specimens is
akin to the damage observed in 4-point flexure except the crack traveled a almost all the

way through the thickness of the SBS specimen and there is less observable shear damage
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(see Section 6.1). Considering the imposed stress states of the two flexural tests conducted

in this research, the resulting damage is opposite of expectations.

Figure 57: The damage incurred on CL specimens from SBS testing. Fibers run left to right on the page and
surface of beam that was in tension is facing top of page.

The mode of failure for specimens with coated fibers is relatively different from the mode
of failure noted for the CL composites. The failure mode of CC(A) specimens was not
distinct, which is also an invalid test according to the ASTM[127]. Figure 58 shows both
modes of failures, flexure and shear, were present in CC(A) specimens. The arrows in the
figure highlight the shear damage noticed in each specimen. The arched disposition of
specimens in the figure and damage on tensile surface of specimens appears to indicate
failure in flexure prior to shear, however, due to the presence of both, the failures were

categorized as mixed.

132



Figure 58: The damage incurred on CC(A) specimens from SBS testing. Arrows indicate lines that suggest
shear failure.

An examination of damage surfaces in the CC(N) specimens after SBS testing revealed that
the specimens failed in shear. This helps explain the difference in observed short beam
strength of the CC(N) specimens. The strength and failure mode differences in SBS testing
also corresponds to the differences previously observed in stress-strain curves of CC(A)
and CC(N) flexure specimens. Figure 59 shows a set of three CC(N) specimens after
undergoing a SBS test. The image shows shear as the single failure mode. This allows the
short beam strength value to be interpreted as value of the shear strength. The particular
methods of examination performed on SBS specimens did not allow clarity as to whether
the shear failure was along the interface rather than through the matrix. However, in
considering the difference between CC(N) and the CL specimens it is very likely that the
difference in failure mode is the result of changes made at the interface (i.e. the presence of

the fiber coating).
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Figure 59: The damage incurred on CC(N) specimens from SBS testing. Arrows indicate lines that suggest
shear failure.

The failure mode of MZ specimens was primarily shear as Figure 60 indicates. The single
failure mode observed in MZ specimens means the short beam strengths of CC(N) and MZ
specimens can be compared. Based on the measured values it would indicate the
interfacial strength in MZ composites, as determined by SBS testing, is approximately
~34% greater than that in CC(N). What was also interesting to note about the short-beam
strengths of MZ specimens was that they were similar in magnitude to CL, but the
specimens did not fail in flexure. The results of flexure would lead one to expect that both
composites would demonstrate failure of the fiber on the tensile surface for the same state
of stress. However, this was not the case in SBS testing. It is also worth noting MZ and
CC(N) being the only composites to fail predominantly in shear in SBS testing also were the
only specimen types to exhibit increases in toughness and any degree of damage tolerance

as measured from 4-point flexure testing.
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Figure 60: The damage incurred on MZ specimens from SBS testing. Arrows indicate lines that suggest shear
failure.

6.4 Push-out Testing

6.4.1 Specimen preparation and experimental procedure

Fiber push-out specimens were prepared by first taking ~2 mm thin cross sections (fibers
oriented perpendicular to the flat side) from each of the different sample types and
embedding them in an epoxy that does not infiltrate well in order preserve the original
composite nature especially the interfaces. The 2 mm thick sections were harvested from
composite samples that were fabricated according to the processes prescribed in Chapter 3
including the final heat treatment. A series of grinding and polishing steps were then
performed on both sides of the embedded section. Using a fine diamond embedded

grinding plate, the epoxy was removed to expose the specimen surface. The specimen was
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then polished using diamond lapping films starting at 15 microns and ending at 1 micron.
A gentle back and forth motion was used to polish rather than a rotating wheel. The
process was then repeated for the opposite side of the specimen to produce two polished
surfaces for microscopic observation. A tripod jig, specifically created for polishing, was
utilized to ensure flatness of specimens. The final thicknesses of push-out specimens were

between 130 and 160 um.

Fiber push-out tests were conducted at Wright-Patterson AFB. The testing apparatus
shown in Figure 61, consisted of a stereo microscope connected to a monitor for viewing,
an indenter, and a computer to run the test software. To push fibers, a conical, diamond

flat-tipped indenter with an 8 um diameter was used.
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Figure 61: Push-out test apparatus and drawings of test platform setup.

Note: drawings are not to scale

Specimens were mounted over a small gap on steel test platform (see Figure 61). The gap
allowed for the fiber to be pushed through the specimen (i.e. fiber push-out versus fiber
push-in). To perform a push of a fiber, the test platform was set under the optical
microscope. A video feed overlaid with cross-hairs allowed the designated fiber to be
centered under the lens and correspondingly with the indenter probe. Once centered, the
fiber diameter was measured using the push-out testing software and recorded. The test
platform was then moved under the probe to perform the test. The indenter test speed was

15 pm/min. Load versus displacement was recorded for each test. Upon completion of the
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test, the specimen was moved back under the microscope. An image prior to and after
pushing was recorded for each fiber tested. The before and after images, as well as, the
plotted data was used to draw conclusions about the validity of the test. In some cases, the
indenter would shift off center resulting in poor data and/or indirect hit on the fiber.
Usually, this was discovered and the test was repeated. Figure 62 shows before and after

images of a pushed fiber that resulted in a valid test.

Test fiber

Figure 62: Before and after images showing a valid push-out test.

A total of ten fibers in each sample type were pushed and evaluated. The load-
displacement traces measured during the fiber push-out test were analyzed using the
model of Parthasarathy et al [54], [132]. The traces were corrected for machine and
specimen compliances, and then fit to an analytical model, in order to extract the key
interface parameters. These parameters include debonding energy, friction coefficient,
interfacial roughness amplitude, and the roughness period. The residual stress was
assumed to be negligible as the matrix had very low modulus compared to the fiber and

coating. Values of interface toughness (debond energy) and friction stress are presented in
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the following sections. In addition to these measures, Scanning Electron Microscopy (SEM)

was used to observe pushed cross-sectional surfaces for evidence of pushed fibers.

6.4.2 Results

Figure 63 shows the debond energy and friction stress calculated from push-out data. The
debond energies shown in the chart depict a decreasing stepwise pattern moving from CL
to CC to MZ, respectively. Friction stress also varies between specimen types with CC(N)

specimens having the lowest recorded values. In comparison to CMCs in other studies the

values are high [53], [73].

Debond Energy (J/m?)
Friction Stress (MPa)

Figure 63: Debond energy and friction stress of GMCs tested in single fiber push-out

The results for MZ specimens heat treated in an inert environment are not shown because
the debond energy was determined to be skewed based on observations that the indenter
contacted both matrix and fiber therefore elevating the recorded load at debonding. This
still resulted in a push of the fiber, but debond energies that were well above that of the CL
specimens and incongruent with the MZ(A) specimens. As a result, not only are the
averages higher, but the standard deviation for MZ(N) specimens was almost six times

greater than for MZ(A) specimens. Figure 64 shows the debond energy for pushed fibers in
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MZ(N) composites. Also shown in Figure 64 are SEM images of just a few of the fibers that
had debond energies well above those of MZ(A) specimens. The arrows in the figure
indicate damage around the edge of the fiber from the indenter, which are likely to be

responsible for the larger measured debond energy in these specimens.
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Figure 64: Debond energies of fibers in MZ(N) specimen and SEM images of select pushed fibers showing
damage to matrix caused by indenter

The debond energy of specimen types are all different, but relatively close in value. The
small difference, however, is significant enough to result in different push-out behavior.
Using SEM with backscatter, specimen cross sections were observed after push-out. Figure
65 shows images of the pushed-in side (Figure 65a,c,e) and pushed-out sides (Figure

65b,d,f) of all specimen types heat treated in air.
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Figure 65: Representative SEM images of push-out in GMC specimens exposed to oxidizing atmosphere
during heat treatment. Images a), c), & e) are taken from the side of the specimen where the fiber was pushed.
Images b), d), and f) are from the opposite side. Arrows in b) were added to highlight pushed fiber and
attached matrix.

Except in the case of CC(A) the images of pushed fibers are representative for specimens
subject to both heat treat environments. The images of the CL specimens imply a strong
bonding condition between fiber and matrix. This agrees with both the results push-out

data (measures and SEM) and low values of toughness measured in section 6.1. Pushed
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fibers in CL specimens were often found crushed by the indenter (see Figure 65a). On the
pushed-out side of the sample, fibers either did not push or were observed with large

amounts of matrix still attached to the fiber (refer to Figure 65b).

For all other specimen types, fibers pushed without the indenter damaging the fiber.
Figure 65c & d shows a pushed fiber of a CC(A) specimen. The surface of the CC(A) fiber
that was pushed out appears rough, especially in comparison to MZ(A) and CC(N) fiber
surfaces (Figure 65d and Figure 66, respectively). In one case, CC(A) fibers that had been
pushed out had a portion of the matrix still attached to it. All CC(N) fibers appeared
smooth after being pushed. The difference may explain the slightly higher friction stress of

CC(A) specimens versus CC(N).

Figure 66: SEM image showing the pushed fiber of a CC(N) specimen

Pushed fibers of MZ specimens are shown in Figure 65e & f. The average debond energy of
MZ(A) specimens were lower than CL and CC specimen types. Friction stress of MZ(A)

specimens was higher than CC composites. They were also lower than CL specimens. Yet,
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as Figure 65b indicates, the friction stress values obtained for CL specimens are not
comparable. Interestingly enough, pushed fibers from MZ specimens were smooth and did
not show any signs of monazite or matrix material on the fiber. Examination of the fiber
socket where fibers were pushed only revealed trace amounts of the monazite coating. It
may be just that it is difficult to discern. The two SEM images in Figure 67 taken from a
flexural specimen shows monazite on fibers and in fiber troughs, suggesting that fracture
was not preferential to one surface. This behavior was observed in another study with

monazite fiber coatings [73].
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Figure 67: SEM images of a fiber and fiber trough in MZ(A) composite specimen showing monazite coating on
both surfaces

6.5 Discussion

6.5.1 The influence of interface tailoring on composite modulus

The results of both flexural and tensile testing revealed that the tailored interfaces in these
studies had no detrimental effect on modulus of composite specimens. Potential concerns
over the negative influence of interphase on composite modulus has been highlighted many

times throughout this document as result of findings in a previous study [32]. Both
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preliminary studies covered in Chapter 4, the cure time investigation and study of monazite
coating on Nextel 720 fibers[29], [33], had alleviated most of the concerns regarding a loss
in composite modulus. In the preliminary investigation, a shift from a one-hour to a five-
hour initial cure time clearly influenced composite flexural modulus of carbon coated
specimens with Nextel 610 fiber. The carbon and monazite coated specimens of the
primary investigation were subject to a 24 hour initial cure. It is uncertain if a 1-hour cure
time would affect monazite coated Nextel 610 fiber specimens in the same way it did
carbon coated fiber specimens. The cure time investigation coupled with this research

does not provide sufficient evidence to make such a determination.

Improved matrix properties from an extended cure time were deemed to be only partially
responsible for the improved modulus of carbon coated specimens. In addition, this
research reveals that these very different coatings, especially in composition and thickness,
do not necessarily always produce similar composite behavior. A study examining a
breadth of initial cure times of GMCs with monazite fiber coating would be worth
investigating as it could determine optimum processing times. Most importantly the
similar moduli of composite specimens in this study help conclude that the incorporation of
interphase materials in GMCs (carbon and monazite) can be accomplished without an
unacceptable loss to composite modulus. Perhaps even more important, it also affirms that
interphase materials in GMCs can be utilized for toughness improvements without a

detrimental effect on the composite modulus.
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While not a primary concern of this research the disparity in modulus values between the
mechanical tests should be discussed. From the preliminary investigation, composite
moduli under 3-point flexure were at most 85% of the value predicted by RoM. Under
tensile testing, those values increased to as much as almost 96% of rule of mixtures using
175 GPa as the RoM value. The measured increase is not abnormal when moving from a
flexural test setup to a tensile test. The shear deformation can cause the modulus of
composites to be under reported as compared to the tensile value unless a sufficient span-
to-depth ratio is used [133]. The longer span-to-depth ratio decreases the error between
the two values by causing effects of shear deformation to be inconsequential. The
relatively weak MEYEB matrix may have been even more susceptible to effects of shear
deformation, which would account for the lower composite modulus values measured in 3-
point flexure. Therefore, the values obtained in tension are probably more representative

of the true modulus of composite specimens.

The increase in moduli measured from the preliminary to the primary investigation could
also be the result of variations between the specimens. These variations can be compared
and reviewed in more detail in specimen preparation sections of Chapters 3 and 4. A few of

those variations are noted in the proceeding discussion.

The composites fabricated for the primary research were fabricated after those prepared
for 3-point bending. As such, greater familiarity and working knowledge of the materials
aided the more recent fabrication of composite specimens. Additionally, the specimen

geometry for both tensile and those for 4-point flexure were smaller in nature. These two

145



factors could have improved wet out of the fibers, which in turn would have resulted in
improved shear stress transfer to the fiber. Additionally, the matrix material, while still
MEYEB, was prepared daily in the case of the primary research. No investigations have
been conducted on the long-term cold storage of MEYEB, however, the author and fellow
researchers have noticed that the material becomes more difficult to work with around ten
weeks of storage time (provided it is stored at -25 °C). It was almost unusable after
thirteen weeks in cold storage. The changing nature of the MEYEB might have contributed

to the lower modulus of the preliminary composite specimens.

A disparity in moduli also exists between the specimens based on test method used. The
moduli of specimens obtained from 3-point flexure in the preliminary investigation and
tensile testing are in close agreement. However, the moduli of composite specimens from
4-point flexure were either 100% of the RoM value of 175 GPa or higher. 100%, and
obviously greater, cannot be justified because RoM assumes an absolute perfect bonding
condition at the interface. Itis possible the flexural composite modulus used from the
previous work on unreinforced MEYEB [38] is not an appropriate value to use for the
composite or the fiber volume fraction of specimens might be a bit higher than calculated.
As noted in the results section, it might also be that the RoM value of 182 GPa predicted by
using the compressive modulus of MEYEB may be a more accurate value to use for the

specimens in the primary investigation.

Still, there may be other reasons for the inflated values of modulus. The higher moduli of

specimens in 4-point flexure as compared to those in 3-point may be partially attributed to
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the variation in composite fabrication in each investigation as previously discussed.
However, it can also be typical for modulus to differ between 3-point and 4-point flexure
tests. It has been shown that due to specimen rotation at the support and loading noses the
standard calculations for 4-point flexural modulus can over-estimate the actual modulus of
specimens [134]. Experimental work with wooden beams (a naturally occurring
composite) also produced 4-point flexure modulus values with greater values than in 3-
point flexure [135]. This likely contributed to the larger modulus values observed in 4-
point flexural tests. Ultimately, a more rigorous study, both on reinforced and
unreinforced MEYEB is needed to qualify the exact composite modulus values. The values
for modulus determined in this study are likely close, but that is not what is most
important from this study. What is important is that all the types of tests demonstrated

that composite moduli were similar between GMCs with and without interphase.

6.5.2 The influence of interface tailoring on composite strength

The measured strength of specimens revealed interesting and positive outcomes about the
use of interphase in GMCs. Increased or even decreased strength is not a key indicator of
improved toughness on its own, but it is does factor into the calculation for toughness.
Thus, all other factors remaining constant, an increase in a material’s strength would result

in a larger calculated value of toughness.

GMCs that were fabricated with the monazite coated fibers showed superior strength to all
other specimen types in both tensile and flexural and tensile tests in the primary
investigation. Even in the preliminary work, the GMC specimens with monazite coated

Nextel 720 fibers demonstrated increased flexural strength over uncoated fiber
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specimens [33]. While of secondary importance to this investigation, this outcome
suggests that this coating concept extends to other fiber types. The two fiber types, Nextel
610 and 720, have relatively different mechanical and thermal properties [107]. It can at
least be surmised then that the use of this interphase in GMCs can possibly be extended to

other fiber types to achieve gains in strength and potentially toughness as well.

The strength gain in composite specimens with the monazite interphase stands in contrast
to the results of the other GMCs in this study. The increased strength of MZ over CL
specimens can only be explained by the use of the interphase material. The increase in
strength must also be the result of something preventing failure rather than any change to
the fiber itself. Recall, the monazite coating does not increase the strength of fibers.
Additionally, the monazite, which is expected to act as a weak interface, might limit the
ability of the matrix to transfer stress to the fibers causing lower composite strength. Yet,
MZ specimens are the stronger composite. Examining the fracture surfaces in flexure of MZ
specimens as compared to CL support the idea that the failure was delayed. The fibrous,
almost brushy, appearance of the tensile surface of beams suggests fibers did not fail in
large bundles causing immediate failure of the composite. The localized and prominent
shear damage also suggests cracks were diverted into weaker planes and then halted.
Finally, the presence of compression damage in some MZ specimen suggests compression
failure only occurred after encountering higher load levels. An examination of these results
points to activation of crack defeating mechanisms, like debonding and crack bridging.
These mechanisms allow for the continued transfer of stress to the fibers resulting in

greater composite strength. A delay to the failure of fiber bundles caused by the interphase
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was the same reason provided for the strength increase observed in the preliminary

investigation covered in Chapter 4 and in one previous study [21].

Also worth highlighting is that the values of strengths measured for MZ composite
specimens in both environments are consistent with expectations of an oxidation resistant
coating. As already noted and of much importance to this study is that MZ specimens
demonstrated these strength gains after being exposed to an oxidizing environment. For
GMCs to be a viable structural component in aircraft and automobiles they must
demonstrate resistance to effects of oxidation. This study confirms well-informed notions

that GMCs with monazite coating would remain resistant to oxidizing effects.

In this discussion regarding strength improvements, recall also that MZ specimens had a
lower fiber volume fraction on average. Potential concerns over the effect this might have
had on resulting strengths were addressed in Section 6.1.3.2. The results confirm
suspicions that a reduced fiber volume fraction did not improve the strength of MZ
specimens. In a brittle matrix, it would be expected that a higher fractional volume of
fibers would lead to higher stiffness and reduced microcracking in the matrix potentially
allowing for an increase in strength [2], [136]. Regardless, changes to the fiber volume
fraction in CL specimens produced the same strength and brittle behavior. However, MZ
composite specimens with reduced fiber volume fraction achieved greater strength. The
result is opposite of expectations. However, this research has uncovered that the reduced
interfacial strength in MZ specimens aided the increase. If a higher fiber volume fraction in

GMCs with monazite interphase could be achieved using different methods of processing it
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is possible that these particular composites could demonstrate some of the highest
strengths obtained by GMCs containing an oxidation resistant fiber. In fact, such strengths

would be some of the highest reported for unidirectional GMCs containing fiber of any type.

[t is not entirely clear why CC specimen types, especially CC(N), did not also demonstrate
greater composite strength than CL specimens. It is possible that the method for producing
the carbon coating may have degraded the strength of the Nextel 610 fibers. However,
considering the carbon coating produced on Nextel 610 fibers is simply a byproduct of the
original sizing, this is unlikely. The results of push-out and SBS testing would appear to
indicate that the CC composites have a weak interfacial strength, and thus, the means to
limit crack propagation like the MZ specimens. Other results suggest clear differences
between CC and MZ composites. As previously discussed in Chapter 2 the coatings are
different both chemically and physically and would be expected to cause different
composite behavior. Thus, the difference comes as no surprise. The fracture in CC
specimen types in flexure show less localized damage. Mode II (parallel to the fiber) cracks
on these specimens are continuous and extend a greater distance on the length of the beam.
Additionally, there is less evidence of fiber pullout on the tensile surface of the CC flexure
specimen types. In total, the damage suggests that failure might have been more global and

the cause for earlier failure of the composite.

In analyzing the reasons for CC specimen types lack of strength gain it is also best to
consider those heat treated in an oxidizing environment and those heat treated in a non-

oxidizing environment separately. It is understood to be that both the cleaned fiber and
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the monazite coating are oxidation resistant and likely do not degrade or undergo any
major changes to their microstructure at such a short time at 650 °C [73], [107], [137]. For
CL and MZ fiber composites, the experimental values for strength and modulus of
composites heat treated in different environment are consistent with expectations. The CC
coating on the other hand should not be oxidation resistant. Thus, the lack of difference in
measured strength between specimens post heat treated in air and nitrogen is somewhat
surprising. The color changes in CC(A) and CC(N) specimens after post heat treatment
(refer to Chapter 5) suggest removal of the coating on fiber surfaces in the case of the
former and retention of the fiber coating in the case of the latter. Further evidence for the
loss in carbon coating in air is confirmed by the short beam strength, the stress-strain
curves, and fracture surfaces of CC(A) specimens as compared to CC(N) specimens. The
higher short beam strength observed and change in failure mode in CC(A) specimens
suggests changing interfacial conditions.. Also, fracture surfaces of specimens in flexure,
tensile, and SBS testing more closely resembled those of CL specimens, which were brittle
in nature. The combined results suggest that CC(A) specimens did not show any strength
gain because of a loss in their overall ability to prevent cracks from penetrating large
groups of fiber. Itis aloss in the sense that the effects of oxidation made them more like CL

specimens.

Still, the results of push-out would indicate that the interfacial region of CC(A) specimens is
different than those in the CL specimens, which were shown to have a strong interface. It
could be that a “gap,” or fugitive coating (see Chapter 2, Section 2.1.5 and Chapter 3, Section

3.2.3), allows for fiber push-out to occur, but is not as effective as an actual layer of carbon.
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The carbon layer may have provided an additional means of absorbing crack energy. This
seems even more reasonable when actually considering that the thickness of this layer was
no thicker than the original sizing applied to fibers by the manufacturer, which was likely
under 100 nm. Recall, a higher value of friction stress was measured for CC(A) specimens
and surfaces of these fibers appeared rough. However, the curious nature of the results
produced by interfacial characteristics in CC(A) specimens could also be explained by
incomplete degradation of the coating during the five hour heat treatment. Push-out of
fibers was not conducted on the edges of specimens. It could be that the oxidizing
environment penetrated the outer surfaces more readily than deeper interior surfaces.
This would also explain both the macro- and micro- level results observed for CC(A)
specimens, which exhibited some characteristics akin to both CL and CC(N) specimens on a

macro and micro level, respectively.

The resulting strength of CC(A) specimens met expectations because of anticipated effects
of oxidation on the interphase. However, an increase of strength was expected for CC(N)
specimens. The carbon interphase was expected to provide a strengthening effect as
observed before in Nextel 440 specimens [21] and anticipated to do so with additional
matrix cure time in Nextel 610 specimens based on discussions in Chapter 3 and 4. As
noted for MZ specimens, the strength was hypothesized to increase because of the carbon
interphase dissipating crack energy and therefore preventing premature failure of fiber
bundles. The resulting strengths of carbon coated specimens reveal that additional cure

time of specimens does not facilitate greater strength for this composite type. In
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comparison to the monazite coating, the form of carbon coating used seems to be limited in

its ability to produce greater strength in N610/MEYEB composites.

There is another takeaway from the observed flexural strength of CC(N) specimens that is
important to the use of interphase. Both CL and CC(N) specimens did not show a clear
difference in recorded strength from the preliminary to the primary study. Such a result is
important in a one of two ways. First, a change in geometry and type of flexural test did not
seem to affect the flexural strength of specimens. Additionally, the 24-hour cure does not
appear to improve the strength or moduli of carbon coated specimens. This suggests that
faster processing times could be used for GMCs incorporating this carbon coated
interphase and perhaps other interphase materials as well. This is worthy of further
investigation. Extended processing times commonly used to improve matrix properties in
GMCs is slightly disconcerting as they begin to lose some of their advantage over the costly
and/or complicated processing procedures of ceramics. Achieving similar gains, namely
strength and toughness, with shorter processing times could still make producing these

GMCs with a costly interphase component economically feasible.

One final area of importance was uncovered in examining both the flexure and tensile
strengths of GMCs with interphase. In both flexure and tension, measured composite
strengths exhibited the same trends. The strength of CL. and CC specimen was very similar
and the strength of MZ specimens was the highest measured. In fact, the percent increase
in strength of MZ from CL specimens in both flexure and tension were really close. Often

there is difficulty in obtaining similar tensile and flexural results when testing composites.
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This finding is important for the future study of fiber coatings in GMCs. It indicates that
given similar test parameters, the effectiveness of fiber coatings to improve the mechanical
properties of GMCs can be evaluated using flexural testing. Flexural testing is a much
simpler test method than tensile testing in terms of both specimen preparation and test

execution.

6.5.3 The influence of interface tailoring on composite toughness

The results indicated that GMCs with tailored interfacial characteristics demonstrated
requisite features of improved toughness as compared to the baseline cleaned fiber
condition. Those composites incorporating an interphase material showed higher values of
toughness, evidence of non-brittle fracture and, except in the case of CC(A) specimens, non-
catastrophic failure. Only in the case of tensile testing, did stress-strain curves of
composites containing interphase demonstrate catastrophic failure. This could be caused
by a couple factors. Despite the less complex state of stress in tension versus flexure there
is still a shear stress state in tension. Evidence of splitting would suggest that the weak
nature of the interface in the coated fiber composites might have caused rapid fracture of
the composite along the interface resulting in a complete loss in its load carrying capability.
This might have been prevented in woven or 0/90 configuration allowing for observation
of more damage tolerant behavior. Additionally, it has been observed in unidirectional
fiber CMCs with high interfacial friction stresses damage tolerance can be limited [138],
[139]. Recall, the interfacial frictional stresses measured from push-out testing seem to be
high as compared to CMCs in other studies. The higher frictional stresses, combined with
the testing condition, could have prevented a more damage tolerant behavior from being

observed in tension. Despite this one caveat from tensile testing, substantial evidence
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exists, from this body of work, demonstrating that interfacial modifications resulted in
changing composite toughness. The following entails a more detailed discussion of each

type of fiber surface condition on toughness.

In flexure, the MZ specimens demonstrated the greatest increase in calculated toughness
over both CC and CL composites. The larger value of toughness was influenced by two
factors. The first factor, the improved strength of MZ specimens, was discussed in the
previous section. The higher strength of MZ specimens, which is an integral part of the
calculation for toughness, contributed to the large value of measured toughness. As
discussed, the strength gains are the result of the modified interface created by the
monazite coating. The incorporation of the monazite coating in GMCs absorbed crack
energy as suggested by the fractures observed in specimens, thus delaying failure of fiber

and fiber bundles. The delay allowed improved transfer of stress to the fibers.

The other major contribution to the larger value of toughness was the damage tolerance
and graceful failure displayed by MZ specimens. The curves of MZ specimens often showed
in contrast to CL specimens, some non-linear elastic behavior prior to the first initial load
drop. These portions of curve indicate resistance to crack propagation [2], [41]. The
successive load drops observed in some cases point to stable and unstable crack growth.

With no other means of plasticity in the composite this must be the result of the coating.

As just discussed, the strength, damage tolerance, and graceful failure exhibited by MZ

specimens resulted in greater area underneath the stress-strain curve, which correlates to
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improved toughness. It should be noted these values of toughness are likely conservative.
The calculated values of toughness do not account for the differences in fiber volume
fraction. It would be expected that the increased Vs would result in greater strength and
even toughness as discussed previously. Additionally, it was noted that while MZ
specimens did not generally fail catastrophically in flexure after the initial load drop
sometimes the initial drop was greater than 20% of the maximum load, which is the limit
specified in ASTM C1341. Therefore, despite some specimens showing graceful failure,
large portions of the stress-strain curves were neglected in the calculating toughness based
on the definition used for failure. Regardless, the MZ specimens demonstrate superior

toughness.

Observing the fracture surfaces of the different composite types supports the variations in
toughness. The fracture surfaces of MZ specimens indicate a change in the damage
mechanism from those of the CL specimens. The presence of fiber/fiber bundles on the
tensile surface and more localized damage on MZ flexure specimens suggests progressive
failure rather than sudden failure of the composite. This is in contrast to the clean
specimens that generally had a very clearly defined crack that originated on the tensile
surface of specimens typical of a more brittle failure. The nature of the failure relates well
to the stress-strain behavior observed for CL specimens. The fracture behavior of MZ
specimens is synonymous with improved toughness via activation of crack defeating
mechanisms. The presence of individual fibers/fiber bundles is characteristic of a tough
composite relying on deflection, crack bridging, debonding, and fiber pullout to absorb

crack energy. Additionally, the fracture surfaces of CL specimens tested in the tensile
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configuration were also very brittle in nature whereas MZ specimens fracture surfaces
were more tortuous and did not generally fail on a discrete plane. This suggests failure of
fibers in different locations throughout the composite. This likely only occurred because

cracks were at least deflected or even arrested in different locations within the composite.

That both CC specimen types also showed slightly improved calculated toughness over CL
composites is easily explained. The fracture surfaces from flexure and tensile testing of
these composites would support such a change. However, the improvement in toughness
was not nearly on the order of MZ specimens especially for CC(A) specimens. The
calculated toughness of CC(A) specimens only varied from CL specimens because of their
slightly higher average strength. It was noted that the slight increase in strength was
statistically irrelevant, but there is rationale to not ignore the increase in strength. The
fracture surfaces of CC(A) specimens would indicate that the altered interfacial condition,
though likely degraded after heat treatment, might have influenced a strength increase.
This is because the fracture surfaces suggest crack energy defeating mechanisms were
active. In flexure, distinct fiber bundles could be observed on the fracture surface of the
CC(A) specimens. In tension, the fracture surfaces of these specimens were also not
generally as planar as CL specimens. Individual fibers in CC(A) specimen were also pushed
successfully in push-out tests whereas fibers in CL specimens were not. As discussed in the
previous section, it is uncertain whether push-out results in CC(A) specimens are from a
fugitive coating or incomplete degradation of the carbon coating. Ultimately, the changes
were not enough to affect the stress-strain behavior or even fracture in SBS testing. The

stress-strain curves of CC(A) specimens, like CL specimens, were linear-elastic up to the
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peak load. After the peak load, the curves indicated catastrophic failure. Overall, this
evidence supports the possibility that the altered interface in CC(A) specimens did indeed

affect toughness by delaying failure of the fiber.

This relatively minor effect could be considered somewhat significant for GMCs in general.
Assuming the particular increase in toughness is the result of a fugitive coating it is
possible that the effectiveness of such a coating could be improved by increasing the initial
thickness of the carbon layer on fibers. In research, a fugitive carbon interphase (see
Chapter 2, Section 2.1.5) has proved to be just as effective as the carbon interphase itself
[64], and with increased thickness, greater strength has been reported in ceramic matrix
composites [24]. The larger thickness might promote lower debond energies and lower
friction stress allowing for more crack deflection and fiber pullout. Preparing fiber tows
and weaves with a layer of carbon is relatively common. The process can easily be
extended to many fiber types and would be much easier to implement than that of the
application of monazite. A GMC with a fugitive coating may be an economical way of

producing toughness in GMCs.

A clear improvement in toughness is less difficult to argue for CC(N) specimens. The
improvement in the calculated toughness was not just the result of a minor strength
increase. The increase in the calculated value of toughness for CC(N) specimens also arises
from the non-linear elastic portions in the stress-strain curve and damage tolerant
behavior displayed after failure. In addition, distinct fiber and fiber bundles are present on

the fracture surfaces of CC(N) specimens in flexure. The fracture surfaces of CC(N)
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specimens in both flexure and tension also appear more tortuous than CL specimens. As
already noted, the particular damage and shape of fracture surfaces is very indicative of
crack defeating mechanisms being active. The end result being delayed failure of the

composite and gains in toughness.

6.5.4 Source of improved toughness

6.5.4.1 Indications from push-out

As discussed, previous work and even the preliminary studies of this research revealed the
potential effectiveness of coatings in GMCs [21], [23], [29], [33]. Weaker interfacial
conditions were presumed to be responsible for the behavior. Fracture surfaces and
evidence of fiber pullout had indicated that this was the case. However, a direct
examination of the interfacial conditions in GMCs containing interphase had been lacking
until this research. Both push-out and the SBS testing conducted in this work provide an
evaluation of interfacial conditions in these GMCs with interphase on a micro and macro
level. The results clearly established differences in the interfacial properties between each

type of GMC tested in this study.

Most telling of the different interfacial conditions between specimens were the SEM images
of composites revealing pushed out fibers. Only those specimens with an interphase,
carbon or monazite, showed fibers cleanly pushed out. On the “pushed” side, the fibers of
CL specimens were damaged. The “pushed out” side of CL specimens also revealed that
fibers that did push, pushed with matrix attached to them. The results reveal the

geopolymer matrix bonds strongly to the clean fiber surface condition as compared to
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those specimens with carbon and monazite fiber surfaces. This was expected based on the
similarity of the chemical composition of the two primary constituent materials and

validates postulations of this investigation and previous research.

CC(A) specimens, unlike CL specimens, were abled to be pushed yet both specimen types
exhibited relatively similar mechanical behavior and failure in a brittle manner. Given
these results, examination of push-out results could lead to a false positive for toughness in
a GMC if parameters, such as debond energy and friction stress, are neglected for only
observing whether fibers were pushed using microscopic methods. Until a greater library
of push-out parameters are developed for GMCs, mechanical tests should accompany any

push-out testing to confirm that any altered interfacial conditions improve toughness.

The calculated debond energies and SEM of pushed surfaces confirms that a stronger
interfacial condition exists in CL specimens as compared to CC and MZ specimens. This
renders CL specimens incapable of absorbing much crack energy. Interestingly, the debond
energy of specimen types is relatively close in value. However, the SEM images confirm
that the small differences in values resulted in a change in push-out behavior and
ultimately toughness of the GMCs. The stronger interfacial bond translated into brittle
failure for CL specimens. The fractures in CL specimens further confirm that mechanisms

were not activated to absorb crack energy.

To the authors’ knowledge this work is the first of its kind for geopolymer composites, as

no other push-out data on GMCs currently exists. Comparing this study to research on
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CMCs containing Nextel fibers, the debond energies presented for GMCs are higher. For
studies conducted with CMCs, debond energies for strong interface materials were on the
order of 8 and 15 J/m?2 and debond energies for those containing interphase materials
including monazite, were in the range of 1-5 J/m2 [73], [140]. In all cases, GMCs with and
without interphase revealed much higher interfacial properties. Values obtained from
push-out would be expected to differ between GMCs and CMCs. Each composite type varies
a great deal from one another especially in regards to the mechanical properties of the
matrix, matrix shrinkage, and thermally induced stresses created during processing. To
speculate, the higher debond energy in GMCs might be a result of the much larger disparity
between matrix and fiber modulus because the equations used [75] dictate that as matrix
modulus tends away from fiber modulus interface toughness increases. That said, the
equation also suggests the effect to could be rather minor. Other factors might also include
the lower processing temperatures and cure shrinkage of the geopolymer matrix.
Regardless, what is important is the lower interfacial strength in specimens is directly

associated to gains in strength and toughness in GMCs.

6.5.4.2 Using SBS to understand differences in interfacial strength

Alone the values of short beam strength do not provide clarity about the interfacial
conditions, but coupled with the types of failures observed in SBS specimens a distinct
difference could be noted. CC(N) and MZ specimens, which showed the most toughness
and damage tolerant behavior were the only specimen types to fail generally in shear.

Other evidence has established the failure of these specimens in shear as the result of

161



weaker interfacial conditions. The push-out behavior of these specimens clearly indicates

weaker interfacial conditions exist.

However, push-out also revealed a weaker interfacial bond in CC(A) specimens. Measured
short beam strengths did not clearly indicate a weaker interfacial strength in CC(A)
specimens. This could simply be the result of testing the composite on a micro versus
macro level. Indeed, it could also have a lot to do with state of the degraded interphase.
The CC(A) SBS specimens generally indicated both shear and flexure failure on the tensile
surface. This was different than CL specimens which showed flexure on the tensile surface
as the predominate mode of failure in SBS testing with basically no sign of shear failure.
The failure in flexure helps support suspicions that carbon coating in the CC(A) specimens
was compromised from the heat treatment creating a stronger bonding condition.
However, it is not entirely certain why results from CC(A) specimen testing reveals
evidence of both a strong and weak interface an i.e. SBS result versus push-out,
respectively. As proposed earlier, it could be that the coating was not fully degraded or
only degraded on or near edges of the composites. It could also be the coating has
completely disappeared and the “gap” is producing some of the results associated with a
weaker interfacial condition. The results of push-out seem to suggest it could be either.
The debond energies of CC(A) and CC(N) specimens are similar suggesting the carbon
coating may have not be degraded in the central portion of the specimens where testing
was conducted. However, the slightly elevated friction stresses of CC(A) to CC(N)
specimens would suggest that interfacial conditions have changed slightly. The rough

nature of CC(A) fiber surfaces, which was indicative of matrix attached to surface, would
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tend to support the idea that the bond may have been enhanced via diffusion at the fiber
matrix interface. The higher frictional stress in CC(A) might also explain the higher short

beam strength and failure type of these specimens in SBS testing.

Also, interesting from the results of SBS testing was the short beam strength measured for
CC(N) specimens. The short beam strength of CC(N) specimens was the lower than all the
other specimen types. However, only CC(N) and MZ specimens can truly be compared
because these specimens failed in shear. -This finding from SBS testing implies improved
toughness does not necessarily mean achieving lower short beam strengths. In fact, the
higher shear performance of MZ specimens results in a better balance of properties and a
better GMC, combining improved strength and reduced brittleness. It is likely the higher
short beam strength of MZ specimens is linked to the properties measured in push-out; the
other singular or additional contributing factor could be the nature of the coating itself.
Further experimentation would be needed to confirm. With only two data points, CC(N)
and MZ composites, it is uncertain whether the optimum short beam strength lies above or
below the value measured for MZ assuming shear is the dominant failure mode. However,
the data does suggest that if GMCs do not fail in shear in SBS testing, they will likely not
demonstrate tough behavior as indicated by the measures of toughness for CL and CC(A)

specimens already presented and discussed

In light of this, SBS testing appears to be a very adequate way of conducting an initial
evaluation of fiber coatings in GMCs. It is even possible that given a little more data, SBS

testing could prove to stand alone without requiring supporting flexural and tensile tests.
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GMCs containing a coating or interfacial modification could immediately be screened for
their potential to achieve gains in toughness by evaluating the failure mode. This is an
important finding because SBS testing is very easy and inexpensive to conduct and requires
very limited amounts of material. That said, both flexural and push-out testing would be
invaluable for evaluating the effectiveness of the coating on mechanical behavior and
identifying the specific interfacial parameters that give rise to the greatest gains in

toughness.

6.6 Conclusion

The results and the discussion of the primary investigation involving GMCs with tailored
interfaces were presented in this chapter. The different fiber surface conditions - cleaned,
carbon coated, and monazite — allowed for the evaluation of three different interfaces. The
CL specimens served as the baseline for comparison of the other two types. The results
included data collected from flexure testing and tensile testing of composite specimens.
These tests were conducted to obtain mechanical properties and for observation of
mechanical behavior. Modulus and strength data were presented for each along with
photos of damage incurred during testing and fracture surfaces. Additionally, stress-strain
curves and values of toughness were presented to provide an evaluation of the effect of
each fiber surface condition on damage tolerance. Interfacial characteristics were
evaluated for each fiber surface condition using SBS testing and single fiber push-out.
Short beam strengths and failure surfaces were presented. Also presented were debond
energies and friction stress values of each specimen type obtained from push-out testing

along with images of pushed fibers.
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The results of flexure and tensile testing revealed no significant differences between the
modulus of composite specimens. The testing with and without interphase revealed the
greatest gains in strength and toughness were achieved by the incorporation of monazite
fiber coating in the GMC. Gains in toughness were the result of higher strengths and more
damage tolerant behavior of MZ specimens. The strength and toughness of MZ specimens
increased by ~35% and ~165% respectively as compared to the CL composites. Fracture
surfaces of MZ specimens appeared to contain the presence of discrete fiber and fiber
bundles and best described as tortuous in nature. The flexural and tensile strengths of all
other specimen types, CL and CC, were similar. The fracture surfaces of CL and CC(A)
specimens displayed a brittle type failure. The toughness of CC(N) specimens did greater
than that of clean specimen. Graceful failure was also distinguishing mark of CC(N)
specimens unlike CL specimens, which failed in a brittle, catastrophic manner. This finding
aligns with expectations that composites anticipated to have un-degraded coatings after

heat treatment were the only ones to show improved damage tolerance.

The results of SBS testing and push-out testing demonstrated differences between each
type of surface condition investigated in this study. CL and CC(A) specimens tested under
short beam conditions failed in flexure and/or demonstrated a mixed failure of both flexure
and shear. This was expected of specimens with high interfacial strength. However, shear
failure was the predominate mode observed in CC(N) and MZ specimens. CC(N) short
beam strengths were the lowest of all specimen types. All other specimen types had similar
short beam strengths. In push-out, debond energies decreased slightly from CL to CC to MZ

specimens. Friction stresses were highest for CL composites, but observing images of
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pushed fibers revealed that fibers were damaged from the indenter and either not pushed
or pushed with lots of attached matrix material. All other specimen types generally could
be pushed without damage to the fiber. The friction stress of MZ specimens was roughly 10
and 5 MPa higher than CC(N) and CC(A) specimens, respectively. The slightly higher
friction stress, but lower debond energy of MZ specimens compared to the other specimen
types appears to have resulted in the better balance of interfacial properties for promoting

toughness in GMCs.

The interpretation of the results points to the effectiveness of a weaker interfacial coating
for producing improved strength and toughness in GMCs. The improved strength of MZ
specimens was attributed to monazite coatings preventing the early failure of fiber bundles
by activating crack defeating mechanisms such as deflection and debonding at the
interface. Confirmations that such mechanisms could be active were confirmed from push-
out testing. Additional validation that such mechanisms were active became apparent from
the observation of fiber/fiber bundles on fracture surfaces and extensive, localized shear
damage on the sides of specimens. The damage suggested that cracks were not
propagating through fibers, but instead being deflected at the surface of fibers as would be

expected if the interface was weakened.

SBS and push-out testing confirmed that a difference in the mechanical response of
composite specimens was the result of differing interfacial conditions. The improved
damage tolerance of CC(N) and MZ specimens was attributed to weaker interfacial

conditions than specimens from the baseline CL composites. Thus, applying the weak
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interface concept to GMCs is an acceptable means of promoting toughness even after
elevated temperature exposure. In oxidizing environments, this requires a thermally stable

fiber coating.
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Chapter 7: Thermal Aging

The effect to geopolymers or GMCs after long-term elevated temperature exposure is not
well researched. To investigate these effects, composite specimens that were thermally
aged in air were subjected to flexural and short beam shear testing for mechanical
characterization. Aged unreinforced MEYEB specimens were also tested in flexure and
compression to observe how long term exposure affected the geopolymer. The results of
this testing are compared and presented with the results discussed in Chapter 6. Only CL
and MZ composite specimens were subjected to thermal aging in an oxidizing environment.
Results of the tests are briefly discussed to provide insight for use of GMCs under long term

service conditions and for future research.

7.1 Composite Specimen Testing

7.1.1 Specimen preparation, experimental, and calculations

The procedure for aging composite specimens was discussed in Chapter 3. Recall, the total
aging time for specimens included the original 5 hour treatment at 650 °C. For example,
specimens designated as aged for 50 hours were subjected to 45 more hours at 650 °C in
addition to the original 5 hours. All aged composite specimens were subject to the same
fabrication, test procedures, and calculations discussed in Sections 6.1.1 & 6.1.2 and 6.3.1 &
6.3.2 for flexural and short beam shear testing respectively. That said, the MZ specimens

prepared for 50 and 500 hour heat treatments were on average thicker and as a result had
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a lower fiber volume fraction than the MZ specimens only treated for 5 hours. This was
due to some difficulties encountered in manufacturing MZ specimens. As a consequence of

the larger thickness, they also had a lower V¢ than CL specimens.

7.1.2 Results of aged composites specimens in flexure

7.1.2.1 Mechanical properties

Thermal aging did not appear to have any effect on the flexural moduli of CL or MZ
specimens. The average normalized moduli of aged specimens were well within the error
of those values presented for 4-point flexure in Chapter 6. The lack of difference between
specimen moduli precluded the need for a chart depicting the measurement of each type of

specimen.

Figure 68 shows that thermal aging may have had an effect on composite strength. Both CL
and MZ specimens show a small decrease in the strength with additional time at
temperature. The decrease between 5 and 500 hours is roughly 10% and 15% for CL and
MZ specimens respectively. Except for the case of MZ specimens aged for 500 hours the
decrease seems to be within the standard error shown. After aging, the average strength of
MZ specimens does remain higher than CL specimens with or without aging. After 5 hours
the MZ specimens were roughly 32% stronger than the CL specimens. After 500 hours of
aging the strength of MZ specimens is only 21% greater than the CL specimens aged for the
same amount of time. The small loss in both composite types does not come as a surprise.
In a study, using a GMC referred to as PyroSiC (also developed by Pyromeral, the

manufacturers of MEYEB), a loss in the tensile and flexural strength was observed after
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elevated temperature exposure despite noting the thermal stability of the SiC fiber up to
1000 °C [141]. The authors reported a ~23% loss in strength in both cases after aging the

GMC for 500 hours at 650 °C [17].
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Figure 68: Flexural strength of CL and MZ aged specimens compared

7.1.2.2 Influence of fiber volume fraction on strengths

As before, the strength results should be interpreted in light of differing composite fiber
volume fractions (Vr), which occurred as a result of difficulties controlling the final
thickness of specimens during processing. Figure 69 shows the strengths of aged
composite specimens in relation to fiber volume fraction. All CL specimens have similar V.
The average Vrof 50 and 500-hour MZ specimens was around ~36%. This is roughly 5%
lower than MZ specimens heat treated for only 5 hours. This is also 8% to 9% less than any
of the CL specimens. As noted in the previous section, the strength of MZ specimens

decreased with aging. The decrease in strength also corresponds to the decreased volume
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fraction in the aged specimens. As discussed in Chapter 6 (see Section 6.1.3.2), a decrease
in strength would generally be expected for composites of a lower volume fraction as is
observed here. Also worth noting here is that average strength of MZ specimens are all

higher than CL specimens with or without any aging.
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Figure 69: Flexural strength of aged specimens in relation to V¢

7.1.2.3 Damage tolerance
The stress-strain behavior of aged composite specimens was evaluated. The curves of CL
specimens are shown in Figure 70. As expected CL specimens exhibited no change in
damage tolerance with respect to time at temperature. For specimens aged for 50 and 500
hours, the stress-strain response is linear-elastic until failure with failure being
catastrophic in nature. This is the same behavior observed after only 5 hours at 650 °C (see

Figure 40 for comparison).
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Aging does appear to have some effect on the stress-strain response of MZ specimens (see
Figure 71). The curves indicate differences in composite modulus. This can be explained
by the variation in fiber volume fraction between each individual specimen. After 50 hours,
there does not appear to be a clear change in the behavior of specimens. Only in a small
number of cases was failure catastrophic for MZ specimens aged for 50 hours. The stress-
strain curves show some inelastic deformation prior to first failure. However, after 500
hours, the damage tolerant behavior that was common to MZ specimens aged for 5 and 50
hours was virtually absent. Only in few cases did MZ specimens aged for 500 hours not fail
catastrophically. Clearly, the stress-strain curves of MZ specimens after any amount of

aging still include more area under the curve than CL specimens.
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Figure 70: Stress-strain curves of aged CL specimens: 5, 50, and 500 hours at 650 °C
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Figure 71: Stress-strain curves of aged MZ specimens: 5, 50, and 500 hours at 650C
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7.1.2.4  Fracture in specimens

The nature of fracture in aged CL and MZ specimens can be seen Figure 72 and Figure 73.
The images on the left of each of these two figures show a side view of the damage incurred
after initial failure. The images on the right show fracture surfaces after the beam is
subjected to additional displacement causing the beam to split apart into two sections. The
CL specimens regardless of time at temperature do not vary in their appearance. The
beams are characterized by a distinct Mode I crack originating from the tensile surfaces,
which quickly diverts in both directions along the plane of the fibers. The fracture surfaces
are planar and the layer exposed from the Mode Il failure appears to be relatively ordered

and smooth.

Unlike the CL specimens it appears that aging may have had an influence on the fracture
behavior of MZ specimens. At 50 hours and 500 hours, a distinct crack on the tensile
surface of beams can be seen. This is similar to the CL specimens, but shear damage is still
more prominent in MZ specimens than in the CL. The fracture surfaces do not appear to
change much until 500 hours of exposure time. The fracture surfaces of the 5 and 50-hour
MZ specimens are very uneven and complex. Fiber bundles and even what appear to be
individual fibers can be observed. It could be argued that the image of the 50-hour MZ
specimens shows these features to a lesser degree marking a possible transition point. The
fracture surfaces of 500-hour MZ specimens, while still not quite like CL specimens,
definitely seem less complex and lack the presence of fiber/fiber bundle pullout as

compared to the other 5 and 50-hour MZ specimens.
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Figure 72: Damage and fracture surfaces typical of aged CL specimens. The surface of the beam subjected to
tensile forces face top of page in the set of images on the left and out of the page in the set of images on the
right
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Figure 73: Damage and fracture surfaces typical of aged MZ specimens. The surface of the beam subjected to
tensile forces face top of page in the set of images on the left and out of the page in the set of images on the
right

7.1.3 Results of aged composites specimens in short beam shear

7.1.3.1 Short beam strength

The short beam strengths of unaged versus aged specimens are shown in Figure 74. As
discussed in Chapter 6, it is also important to interpret resulting short beam strength

values in light of how specimens failed in short beam shear. Figure 75 shows the type and
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frequency of failures in each specimen. The results indicate that short beam strength of CL
specimens declines with at least 50 hours of thermal aging, albeit only very slightly. All
except one CL specimen at the 5-hour condition exhibited failure in flexure on the tensile
surface. Considering the type of failure, the slight decrease in CL specimen short beam
strength correlates with a decrease in flexural strength. Recall, a slight decrease in flexural

strength of aged CL specimens was noted in section 7.1.2.1 (see Figure 68).
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Figure 74: Short beam strengths of aged specimens compared
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Figure 75: Type and frequency of failure observed in SBS testing of aged specimens

The short beam strength of MZ specimens was on average consistently higher than CL with
the differential increasing with thermal aging. That said, the differential seems to be a
result of decreasing CL short beam strength rather than a significant changes in the short

beam strength of MZ specimens with increased exposure time.

The type of failure exhibited by MZ specimens does change with thermal aging. The change
in failure based on frequency in Figure 75 can be compared visually with the images in
Figure 76. The additional exposure time at temperature resulted in fewer failures in MZ
specimens where shear was the only mode of failure. The results indicate the mode of

failure in short beam shear changes with as little as 50 hours at 650 °C for MZ specimens.
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Figure 76: Fracture in aged and unaged MZ specimens produced during SBS testing

7.2 Unreinforced Specimen Testing

7.2.1 Specimen preparation

As already discussed, the cylindrical and prismatic samples prepared in section 3.3.2 were
not altered much from their fabricated form to produce both compression and flexural test
specimens, respectively (see Figure 17). Only light sanding techniques were applied to
produce the final dimension of specimens. The final dimensions of specimens were

intended to replicate the specimens used in previous research with unreinforced
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MEYEB [38]. The compression specimens were 6 mm in diameter and varied in length
from ~15.5 to 19.5 mm. Flexural specimens were nominally 4.25 mm (depth) x 4.25 mm

(width) x 45 mm (length).

A total of ten compression specimens were prepared for testing. Five of the specimens
received the standard 5-hour heat treatment at 650 °C and the other five were aged for
maximum 500 hours of exposure at this same temperature. For flexural testing, a total of
18 specimens were prepared. Nine of those 18 specimens were aged for 500 hours, while
the other specimens were heat treated for only 5 hours at 650 °C. No unreinforced

specimens were prepared for the intermediate exposure time of 50 hours.

7.2.2 Experimental setup and calculations

7.2.2.1 Compression testing

Compression testing was conducted in accordance with testing that was part of a recent
doctoral work [38]. The testing was conducted in the same Applied Test System screw
driven load frame used to test specimens in 4-point flexure. Specimens were placed in an
aluminum compression cage (see Figure 77). The crosshead speed was 0.5 mm/min.
Testing was ceased upon failure of specimens. Load as a function of time was recorded for
each test. The compression strength (C.) of specimens was calculated using the following
relationship also used in the previous work [38]:

(7.1)

Where P, is the load at failure and A is the cross-sectional area of the specimen.
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Figure 77: Test fixtures and setups used for unreinforced samples: compression (left image) and 3-point
flexure (right image)

7.2.2.2 Flexural testing

Flexural testing was conducted in accordance with the research that tested unreinforced
MEYEB beams [38] and with ASTM C1341 [113]. The testing utilized a 3-point
configuration. This is unlike the 4-point set up used for composite specimens. The testing
also utilized a different test fixture from that used in Chapter 6 (see Figure 77). The choice
of a different flexure configuration and fixture were necessary in order to establish a direct
comparison to previously reported data on the mechanical properties of the unreinforced
MEYEB matrix. The only differences between the flexure tests of this investigation and the
previous study was that they were performed in different load frames. The loading nose

and support pins were 6 mm and 3.175 mm in diameter respectively. The support span of
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the test fixture was 30 mm making the span-to-depth ratio roughly 7:1. Itis a short span,
but the very brittle nature of the MEYEB geopolymer makes it exceptionally easy to
produce failures in flexure. Specimens were tested in displacement control mode at a rate
of ~0.5 mm/min. Load as a function of time was recorded for each test. The flexural

strength (S.) of specimens was calculated using the following equation [113]:

¢ _3BL
2 bd?

(7.2)

where P, is maximum force recorded, L is the support span, b is the width of the specimen,

and d is the thickness of the specimen.

7.2.3 Results: Aged unreinforced specimens

7.2.3.1 Mechanical properties in compression

Figure 78 shows the compression strength of the unreinforced MEYEB matrix and the
influence of aging. Five specimens were tested from each condition, but two specimens
were rejected from the un-aged specimens due to test setup issues and final length to
circumference ratio. Of the five aged specimens one specimen was rejected based on the

resulting low failure load, which occurred much earlier than other samples.

183



140.000 Unreinforced MEYEB

=
N
©
o
o
o

——

——

100.000

80.000

60.000

40.000

Compressive Strength (MPa)

20.000

0.000
5hr 500 hr

Figure 78: Compressive strength of aged unreinforced MEYEB specimens compared

The compression strength of the 5-hour specimens agree well with values already for
unreinforced MEYEB heat treated at this temperature [38]. (Refer to Table 2 for
comparison.) After 500 hours, the compression strength of the MEYEB appears to rise.
The increase is roughly 17%. The failure of specimens was catastrophic. Only small
portions of each specimen could be recovered because specimens broke into small pieces
and were ejected with substantial velocity in all directions from the aluminum cage. The

strength increase is consistent with increased density of the matrix.

7.2.3.2 Mechanical properties in flexure

The flexural strength of aged, unreinforced MEYEB specimens is shown in Figure 79. In
previous research, the flexural strength of unreinforced MEYEB was reported to be ~11

MPa for specimens heat treated at 650 °C for five hours. The results of this investigation
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show a ~300% increase in strength of specimens of the same type. Other research would
agree with the lower value and suggest the value obtained from this investigation might be
inflated [8], [9], [88], [95], [142]. As such, the magnitude of the flexural strengths obtained
from this investigation should be treated with caution. Considering the resulting
compression strength values of MEYEB in this investigation were similar to values
previously reported it is uncertain why there is such a disparity in the flexural strengths.
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Figure 79: Compressive strength of aged unreinforced MEYEB specimens compared

While magnitudes should be observed with a note of caution, it’s possible the flexural
strengths of specimens can be evaluated in a qualitative manner. Unlike in compression,
the flexural strength of MEYEB specimens decreases with aging. According to the data, the
decrease is ~33%. All specimens failed catastrophically breaking into two halves. As

anticipated, the fracture surfaces all specimens indicated a brittle failure (see Figure 80)
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Figure 80: Fracture of unreinforced MEYEB specimens in flexure

7.3 Microstructural Changes

The resulting changes in mechanical behavior of both composite and unreinforced
specimens prompted an examination of changes at the microstructural level of the
materials. The microstructure of composite and unreinforced specimens aged for 5 and
500 hours were examined using SEM. Figure 81 and Figure 82 compare the effects of aging
on the composite microstructures of CL and MZ specimens, respectively. (The foreign
matter, as labeled in Figure 82, was determined to be so by EDS and appears to be a
contaminant introduced during preparation of samples for observation.) The images in
these figures reveal little difference between composite microstructures regardless of
aging or fiber surface condition. Despite the similarity depicted in these images the overall
examination was deemed inconclusive. A degree of variation in the microstructure
throughout specimens and presence of fiber made it difficult to determine if actual

differences in the microstructure did exist.
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Figure 82: Aged and unaged microstructure of MZ specimens compared

The effect of aging on the unreinforced specimens is shown in Figure 83. Even at a lower

magnification these unreinforced specimens do exhibit a noticeable change in the
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appearance of their microstructure after 500 hours at 650 °C. Those specimens heat
treated for 500 hours reveal a structure that is more interconnected. In a previous study, a
small reduction in the particle nature of the MEYEB was noted after 5 hours at 650 °C with
a complete loss of the particle nature of the MEYEB after 5 hours at 870 °C [38]. It appears
that with the maximum exposure time of 500 hours at 650 °C the structure of the material
transforms. In other geopolymer potassium-based geopolymers, a similar coalescing effect
has been observed after elevated temperature exposure and attributed to effects of

dehyrdroxylation and sintering [34].

Unreinforced 500hrs

Unreinforced Shrs

N
AR

Figure 83: Aged and unaged microstructure of unreinforced specimens compared

Comparing the microstructure of reinforced and unreinforced specimens a difference
appears to exist. It would seem the fiber may have influenced the final form of the

geopolymer matrix structure or it simply altered its appearance because of its presence
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7.4 Discussion

7.4.1 Influence of thermal aging on mechanical strength

Thermal aging of the unreinforced, geopolymer resulted in increased compressive strength
and decreased flexural strength of specimens. SEM of the microstructure revealed the
particle structure of the geopolymer had coalesced after aging. This is similar to what had
been observed before in MEYEB with higher temperature exposure [38]. It has been
reported that exposure of geopolymers and MEYEB to temperatures beyond 600 °C, usually
near 800 °C, results in microstructural changes that reduce open porosity and increase
density of the geopolymer [34], [38], [103], [143]. The microstructure of the MEYEB after
thermal aging seems to suggest a similar effect of high temperature exposure. It was
reported that the compressive strength of MEYEB increased after exposure to 760 °C, but at
the same temperature no change in the flexural strength of the specimen occurred [38].
Assuming only densification and not an actual phase change of the material at these
temperatures, it would be suspected that the reduced porosity would aid the geopolymer in
compression because of the reduction in flaws. The significant loss in flexural strength of
MEYEB after thermal aging might be explained by same effect. The more particle and
porous nature of MEYEB prior to aging may have had a slight crack mitigating effect under
tensile loads. With a loss of these features, the MEYEB maybe acting more like a weak
monolithic material and as such its flexural strength would be reduced. Studies have noted
increases in the flexural strength of certain types of geopolymers after exposure to

temperatures above 650 °C (800 °C and higher) [101], [103]. In each, the rise is linked to a
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sharp decrease in the porosity from sintering. This may suggest the changes observed in

the microstructure are not complete even after the maximum exposure time of 500 hours.

A complete understanding of the effects of thermal aging on unreinforced MEYEB was out
of the scope of this research. In addition, minimal attention has been given to thermal
aging within the geopolymer community of researchers, so not much can be said at this
time without further investigation. What is understood is that after thermal aging the
nature of MEYEB changes, which affects its mechanical strength and also alters its
appearance at the microstructural level. The results of aging also call into question the
thermal stability of geopolymer despite previous data suggesting 5 hours at 650 °C had
produced a stable condition for the geopolymer [38], [84]. The changes in MEYEB
associated with thermal aging are likely related to sintering of the material, which were
previously noted to occur in geopolymers exposed to slightly higher temperatures than 650

°C.

The effect of thermal aging on composite specimen strength seems to be less clear, but the
changes could be closely related to the effects that were noted in the unreinforced material.
Flexural testing only showed a slight decrease in flexural strength of CL and MZ specimens
after the minimum amount of thermal aging. Significant losses were not observed with
continued aging. The loss, albeit small, was somewhat of surprise. No changes were
expected in the fiber and/or monazite interphase material based on original coating
temperatures and stability in other composites at higher temperatures [53], [108]. Little is

known about the long-term exposure of the combined constituents at temperatures of
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650 °C. Unfortunately, observation of the microstructure did not provide any clues and in
fact suggested the changes observed in the unreinforced matrix might have been retarded
by the presence of the Nextel fiber. An associated effect on the thermal evolution of
geopolymers has been observed in geopolymers with added alumina particle filler [103]. It
is possible the Nextel fiber, which is mostly alumina, may have had the same effect on the

microstructure of the geopolymer.

A reduction in flexural strength of MZ specimens could be related to the changing structure
of the matrix. However, the reduced strength may be explained by the reduced fiber
volume fraction in these specimens. The fiber volume fraction of the aged MZ versus
unaged MZ specimens was reduced on the order of 5%. Recall, this was due to difficulty
controlling the final thickness of specimens during manufacture and not a thickness
increase due to heat treatment. The difference in V¢is small so it is not entirely certain this
would have an effect. Additionally, the same percent difference was investigated for CL
specimens, which indicated no change (see Chapter 6, Figure 38). The lack of change in CL
specimens despite a decreased V; could be because of their brittle nature. The same figure
in Chapter 6 did show that small changes in the fiber volume fraction of MZ specimens
resulted in changes to the strength of specimens. Considering the mechanism for increased
strength in MZ specimens has been demonstrated to be the result of the interphase, it is

possible that any reduction in Vrin MZ specimens has a greater effect on its strength.

7.4.2 Influence of thermal aging on damage tolerance

Stress-strain curves would indicate MZ specimens to have a reduced ability to provide the

same degree of damage tolerance after thermal aging and therefore demonstrate reduced
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toughness. The effect seems to be more pronounced after 500 hours, but it appears that
changes possibly start as early as 50 hours of thermal aging. Fracture in these specimens
also supports the change, as the MZ specimens seem to exhibit a less damage tolerance.
Once, again this reduced toughness is more evident in those specimens aged for 500 hours.
The changes in the failure mode of MZ specimens in SBS testing also indicate that the shear
properties changed after aging. It is possible based on these results the interphase may be
degraded by the long-term temperature exposure. However, the thermal properties of MZ
[67] do not support the notion of degradation under the thermal conditions these
composites were exposed to. However, its chemical stability with the geopolymer is
unknown. Despite the possibility of a degraded interphase, it is still effective at producing
a higher degree of toughness in the geopolymer composite as compared to aged or unaged

CL specimens after 500 hours at 650 °C.

As just noted, changes were not expected to occur in the fiber or the monazite interphase
from thermal aging at these temperatures. Furthermore, SEM of the composites prior to
and after aging did not reveal obvious changes in the fiber or microstructure. Based on
this, it could be that the reduced fiber content might be responsible for the changes
observed in the stress-strain curves and fracture surfaces. The reduction in fiber content
would mean fewer crack energy dissipating mechanisms present. This too would explain
the less tortuous fracture appearance of aged MZ specimens in flexure and the change in

SBS failure modes.
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Additionally, the slightly less damage tolerant behavior of MZ specimens could be
explained by changes taking place in the microstructure of the geopolymer as was
observed in the unreinforced material. The sum total of evidence gathered within this
investigation and also from outside sources might suggest increased densification and thus
shrinkage of the matrix. This could have increased the interfacial bond strength of the
composite. Increased interfacial bond strength could explain the SBS fracture surfaces and
the reduced toughness of specimens. However, the lack of evidence for any microstructural
change occurring in the composite specimens containing the monazite interphase does not
offer enough support for this idea at this time. Still, it is a factor worth considering to

explain the reduced the toughness in MZ specimens aged for 500 hours.

Additional work is definitely needed to truly understand how aging effects the toughness of
composite MZ specimens. Push-out experiments, which were unfortunately not originally
scheduled as part of this investigation, would be helpful in determining if any changes
occurred at the interface. Clearly, the effect of thermal aging on toughness of specimens
would also be better understood if fiber volume fraction was not a variable. Regardless,
results do still indicate that MZ specimens aged for the maximum amount of time retain an

interphase capable of producing greater toughness than that observed in CL specimens.

7.5 Conclusion: Thermal Aging

Another set of CL and MZ composites specimens were fabricated in addition to those
created for the primary study in Chapter 6 and subjected to thermal aging to simulate long-

term service conditions. The additional composite specimens were subjected to either an
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intermediate an aging time of either 50 or 500 hours at 650 °C. Specifically, the testing and
examination of composite specimens were conducted to investigate changes in the
toughness of composite specimens. Four-point flexure testing was conducted along with
short beam shear tests to compare with data presented and discussed in Chapter 6 of this
document. Additionally, the fracture surfaces of specimens were examined for possible

indications of changes to composite toughness.

To aid in understanding of how the mechanical strength and microstructure was altered by
thermal aging, unreinforced specimens were also created. Sets of these specimens were
subjected to either 5 or 500 hours at 650 °C for comparison. Compression and three-point
flexural testing were conducted on these specimens in accordance with procedures used in
prior research with MEYEB. In both reinforced and unreinforced specimens, SEM was used
to observe changes in the microstructure of specimens prior to, and after, the maximum

thermal exposure time of 500 hours.

The observations of microstructure in unreinforced specimens exposed to 650 °C for 500
hours indicated the material had coalesced, which was the likely the result of sintering.
Additionally, the compression strength and flexural strength of unreinforced specimens
were altered by extended thermal exposure. The changes in the nature of the MEYEB

matrix may have contributed to the composite performance after longer thermal exposure.

Aged MZ composite specimens at both thermal exposure times remained damage tolerant

and still exhibited greater strength than CL specimens before and after aging. Both CL and
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MZ specimens did indicate very slight decreases in strength of 10% and 15% after
maximum thermal exposure time, respectively. Short beam shear testing and fracture
surfaces of MZ specimens after 500 hours of aging suggested that the interphase might
have been compromised and potentially resulted in the less damage tolerant behavior
observed in the stress-strain curves of aged MZ specimens as compared to aged. The
change was a surprise because of the thermal stability of the monazite interphase. Possible
explanations included the reduced Vrin the MZ specimens fabricated for aging as compared
to the specimens created for the primary study or microstructural changes in the matrix
that might have altered the interfacial conditions. Still, the changes were not substantial
enough to render the monazite interphase ineffective in providing improved composite

toughness as compared to CL composite specimens.
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Chapter 8: Summary & Conclusions

8.1 General conclusions

The main objective of this research was to demonstrate improved toughness of brittle
geopolymer matrix composites through the use of fiber coatings. The use of fiber coatings,
which are generally used to toughen advanced ceramic matrix composites (CMC) by
establishing a weak interfacial condition, was expected to do the same in GMCs. However,
the application of the fiber coatings in GMCs becomes a unique problem to solve because of
the different mechanical properties of the matrix and processing conditions compared to
those of CMCs. As such, it was also important to demonstrate that fiber coatings could be
used to improve toughness and maintain acceptable composite mechanical properties,
which are highly influenced by the strength of the bond at the interface. Additionally, the
application of GMCs for use as a structural components will likely expose them to oxidizing
environments with temperatures in the range of ~400 to 800 °C. As such, the hypothesis of
this research as proposed was that through the use of fiber coatings, continuous fiber
reinforced geopolymer matrix composites can demonstrate improved toughness, while still
retaining a high degree of strength and modulus even after exposure to elevated

temperatures.

The research revealed that processing conditions of the geopolymer, which cause

variations in its final properties, can have significant influence on GMCs using interfacial
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modifiers. In cases where the fiber-matrix bond is much stronger, the relatively poor
properties of an incompletely cured geopolymer matrix did not negatively influence the
modulus or the strength of the overall composite as the type of reinforcement appeared to
dictate the final mechanical properties of the composite. This is consistent with experience
gained in the study of polymer matrix composites, where the matrix also has lower
mechanical properties than the reinforcing fibers, and achieving favorable composite rely
on a strong bond at the fiber-matrix interface. Unfortunately, when the fiber-matrix bond
strength was reduced through the use of an interface coating, the poor mechanical
properties of an incompletely cured geopolymer matrix had negative effects on the ability
of the composite to load the fibers and resulting significant drop in mechanical properties
was observed. However, a full recovery of composite modulus and strength were
witnessed when a small increase in the mechanical properties of the matrix were achieved
by subjecting the GMC with the weaker interfacial condition to an extended cure time. This
finding alleviates original concerns surrounding the use of interphase in GMCs. The
recovery is attributed to increased shear resistance of the matrix and shear stress transfer
from matrix to fiber. For the MEYEB geopolymer, there appears to be a sufficient increase
in properties of the matrix when curing for at least 5 hours versus only 1 hour. There may
be little observed benefit to the mechanical properties of GMCs with weak interfaces when
the initial cure exceeds 5 hours. In order to capitalize on more economical production

methods for GMCs with weak interfaces this should be explored in future investigations.

The incorporation a tailored interphase in GMCs was beneficial to composite toughness in

all cases except where the fiber coating was degraded by the oxidizing environment.
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Toughness in GMCs with the uncoated Nextel 610 fiber was limited due to the strong
bonding condition created at the interface. SEM of corresponding fiber push-out specimens
revealed damaged fibers on the “pushed-in” side of specimens and chunks of matrix still
attached to fibers on the “pushed-out” side. These specimens demonstrated no damage
tolerance and failed catastrophically in flexure and in tension. This has revealed what was
originally only theorized: a stronger bonding condition between fiber and matrix in GMCs

results in a low toughness composite.

Specimens that contained the carbon coated fiber condition heat treated in an oxidizing
environment demonstrated similar toughness to the uncoated GMC specimens. SEM from
push-out testing, short beam shear tests, and evaluation of fracture surfaces suggest the
bond between fiber and matrix was enhanced possibly due to diffusion of similar species in
the fiber and the matrix. This appeared to be confirmed by the rougher surface of pushed
fibers in these specimens and higher friction stress measured during push-out. Despite an
enhanced bonding condition, the results of these tests also suggested these specimens had
a slightly weaker bonding condition than uncoated specimens. This means diffusion was
not uniform throughout the specimen or that a narrow gap may have existed at the
interface. If a gap, it is possible fugitive coatings may be used in lieu of more expensive

oxide coatings for producing greater toughness in GMCs and is worth further investigation.

Although GMCs with carbon coated fiber, heat treated in a non-oxidizing environment
demonstrated improved toughness over the cleaned fiber surface condition, the toughness

of GMCs containing the monazite coated fiber was superior to all other specimen types
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regardless of heat treatment environment. The larger measured value of toughness for
monazite coated fiber specimens was the result of increased area under the stress-strain
curve from inelastic deformation and non-catastrophic failure and also from increased
strength as compared to the baseline cleaned fiber specimens, which did not incorporate a
fiber coating. Analysis of push-out and short beam shear testing provided clarity that the
interfacial strength in the GMCs containing interphase had been reduced as compared to
uncoated fiber composites. While carbon coated specimens did exhibit similar stress-
strain behavior to the monazite coated specimens, the strength of the specimens did not
increase and measured value of toughness was lower. The amassed data suggests
interfacial tailoring to improve toughness requires more than a simple reduction in the
interfacial properties of the composite. The particular interfacial properties of monazite
coated specimens produced superior toughness as compared to carbon coated GMCs.
Additionally, extremely poor shear stress transfer caused by properties of the matrix, as
was case for GMCs with interphase cured for one hour, resulted in a composite with poor
mechanical properties and limited toughness. Therefore, only a carefully tailored
interfacial strength in GMCs can produce tough behavior while still retaining elevated

mechanical properties.

The push-out tests were the first known tests of this type to ever be conducted on GMCs.
Two measures, debond energy and friction stress, were presented for each GMC, which
differed based on fiber surface condition. The measurements, together with SEM of push-
out specimen surfaces, revealed key differences between the interfacial characteristics of

each type of GMC. Of the two specimen types that demonstrated improved toughness,
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monazite fiber coated specimens had the lowest debond energy, but higher friction stresses
than that of the carbon coated specimens heat treated in an inert environment. The higher
friction stress of monazite specimens, which appears to be from the coating failing
internally, may be responsible for the greater toughness measured for these specimens as
compared to carbon coated specimens. The results have become the only known direct
examination of interfacial properties in GMCs. The analysis of push-out testing in
conjunction with mechanical testing have revealed that push-out testing can be extended to
determine the potential of GMCs to demonstrate toughness much in the same way it has for

CMCs.

Short beam shear tests, which aided characterization of the interfacial strength also appear
to be an acceptable means of initially qualifying coatings for use in GMCs. The results of
this simple, cost effective technique that involves a small investment of material
demonstrates ability to link failure in short beam testing to the potential of the composite

to demonstrate enhanced toughness.

In addition to demonstrating increased toughness after elevated temperature exposure at
650 °C, monazite coated fiber GMCs remained tougher than specimens without coating
after thermal aging. Thermal aging was intended to simulate the GMC under service
conditions. Toughness appeared to be reduced, but it is possible the reduction was the
result of variability in fiber volume fraction of specimens subjected to aging. The results
also revealed the changes could be the result of thermal instability of the matrix, which

may have altered interfacial properties of monazite coated specimens. This effort involving
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thermal aging is only one of two known studies that exists in the literature on GMCs or
even geopolymers adding to limited knowledge on the acceptable service conditions for
geopolymers. The effort points to the potential thermal instability of the geopolymer after

long-term elevated exposure at temperatures.

However, and more importantly, GMCs with fiber coatings subjected to limited or long-
term thermal aging, despite changes occurring in the matrix, can continue to demonstrate
relatively higher degrees of toughness than GMCs without fiber coatings. The interfacial
conditions appear to be a key parameter dictating toughness and also for maintaining, or
even improving upon, the mechanical properties of the composite. This technique of using
fiber coatings to improve toughness in CMCs has been demonstrated now for GMCs, which
contain a matrix much different than that of typical advanced ceramics. This research has
laid the groundwork for future investigations that involve tailoring the interfacial bond in
GMCs. Additionally, it has demonstrated greater potential of GMCs to be used in high

temperature, structural applications.

8.2 Future Work

The efforts of this study have demonstrated even greater potential for using GMCs in high
temperature structural applications. However, as were studies prior to this one, this is only
a launching point for future investigations in this area. The following provides some
recommendations for future work:

* The relatively simple procedures associated with fabricating GMCs provide the

opportunity for a low-cost, hi-temperature material. Time necessary for the
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fabrication of components directly affects the final cost of the component and
therefore the economical feasibility for larger scale production. Unfortunately,
research has revealed that longer cure times in geopolymers allow for full reaction
of species and greater mechanical properties. This research revealed the length of
initial cure time also effects composite properties for those GMCs containing
weakened interfacial conditions. The increased cure time in coated GMCs appeared
to improve shear resistance and shear stress transfer to fibers. However, comparing
the results of the preliminary examinations of Chapter 4 with the results in Chapter
6 reveals little difference in toughness and mechanical properties in GMCs with
coatings even though the cure times varied by as much as 19 hours. This may mean
there is an opportunity to reduce the processing time for GMCs with fiber coatings
and still achieve tough behavior and relatively good mechanical properties.
Therefore, future studies should be used to identify the least amount of cure time
necessary in GMCs with fiber coatings that produces the same mechanical behavior
as those produced using the optimal initial cure condition time of 24 hours.

Within the past few years, some attention has been given to using geopolymers as
precursors to ceramics. The transformation of the geopolymer to a ceramic is a
result of high temperature exposure (well above the designated use temperature),
which produces a phase change. The same concept has been employed to produce
CMCs from GMCs. Some of the difficulty in incorporating fiber coatings in CMCs to
produce greater toughness is the result of the high temperature processing, which
creates undesirable thermal residual stresses at the interface after returning to

room temperature and changes that occur in the coating itself. Since GMCs are
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processed at much lower temperatures this may create an opportunity to overcome
some of these effects. An informative study would be to determine the effectiveness
of fiber coatings in promoting toughness in GMCs converted to CMCs.

It was revealed by this research that the monazite fiber coating was effective at
producing greater toughness in GMCs after elevated temperature exposure.
However, it is unlikely such GMCs will be subjected to loading only after thermal
exposure. For consideration, as a high temperature, structural component high
temperature mechanical testing should be performed. High temperature will likely
effect the interface because of thermal expansion effects. Such testing will reveal
the effectiveness of the monazite coating to provide improved toughness under
service-like conditions. Predictions on how the thermal environment might effect
toughness and interfacial parameters can be made by understanding the coefficient
of the thermal expansion of the different constituents.

The use of carbon fiber and SiC fiber in GMCs generally results in favorable
composite mechanical properties: strength and relative degrees of toughness. An
informative future effort could evaluate the interface and toughness in these
composite types along side a GMCs similar to that used in this research. This would
aid in understanding the interfacial conditions that promote toughness in GMCs
containing carbon and SiC fibers that do not necessarily always need a coating and
the more oxidation resistant fibers, like Nextel 610, that do. Furthermore, it will
provide a way to more directly compare the improvement in mechanical behavior
offered by the monazite coating applied to an alumina based fiber to these other

fiber types.
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This research revealed that weak interface concepts commonly used in CMCs is
applicable to GMCs. This was demonstrated only using two different coating types.
The evidence clearly indicated a difference in resulting toughness between the two
coating types because of the unique interfacial conditions created by each. In
addition, these coating types varied in thickness. Both of these parameters, coating
type and thickness, can greatly influence composite behavior. As such, further
efforts should focus on analyzing the effect of altering these two parameters. This
could include either numerical/modeling methods, similar experimentation to that
employed by this research, or some combination of both. If numerical and modeling
studies are conducted, it should be noted that the methods developed to
characterize the interfaces in CMCs may be inadequate for addressing GMCs because
of the large disparity in properties of the matrix materials. It should also be noted
that any model developed for a coating type may be restricted to that particular
coating as the material make-up (composition, structure, and fracture behavior) can
also influence the overall mechanical behavior of the composite.

The Nextel 610 fibers used in this study are very robust fiber type from a thermal
and mechanical property standpoint. However, the properties come at a cost. The
Nextel 610 fibers, and most of the fibers in the Nextel series, are relatively
expensive. Applying coatings to fibers also adds an additional production step and
can very costly. Incorporating coatings on fibers that are less expensive yet still
offer the necessary thermal and mechanical properties, like basalt fibers, should also
be explored. This is important for maintaining the cost savings associated with

using GMCs in the intermediate temperature range of 400 °C to 900 °C versus CMCs
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and metal matrix composites which generally require more costly materials and

processing steps.
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