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ABSTRACT

The carbon fiber/epoxy interface is of great importance in composite design due to its load
transfer mechanisms from the weak epoxy to the stronger fiber. Improving the strength of the
interface reduces the risk of failure at the interface and improves the load transfer to the fiber. In
this study, two types of nano-species ZnO nanowires and nickel-based metal organic frameworks
were grown on carbon fibers to improve the interfaces.

The interfacial mechanics of the enhanced fibers are evaluated using nanoindentation studies.
Composite samples with Aeropoxy matrix and vertically aligned fibers are fabricated for this
purpose. A Bruker TI-980 Tribolndenter is used to perform single-fiber push-in tests to analyze
the interfacial behavior. The load-displacement curves of these push-in tests denote a clear
nonlinearity where debonding occurs, and the debonding loads are used to calculate interfacial
shear stress. A 15-20% improvement in interfacial strength was observed with the fiber
modification. Along with that, modulus mapping techniques allow for the analysis of the change
in moduli along the interface. In conjunction with mechanical analysis, chemical and
hydrodynamic perspectives are also investigated for additional reasoning as to why nano-species
surface modification positively affects the fiber/matrix interface. These perspectives show that the
increase in roughness on the fiber’s surface, increase in surface free energy, and decrease in
interfacial tension of the nano-species increases the wettability of the epoxy onto the fiber’s
surface. The combined mechanical, chemical, and hydrodynamic analyses lead to the conclusion
that the growth of these nano-species enhances the interfacial properties of the carbon fibers and
opens promising possibilities for multifunctional applications by harnessing the properties of the

nanomaterials.
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1 Introduction

Composite materials are those that consist of two or more macroscopically different materials
that are combined together to create a third material with improved properties than the first two
[1]. These materials are widely used today in a fiber reinforced polymer matrix (FRP) format,
featuring high strength to weight ratios; they are used in a variety of industries such as automotive,
sporting, and aerospace. One example of an FRP in aerospace is with Airbus, where the A350
aircraft has an airframe consisting of 52% carbon fiber reinforced plastic (CFRP) [2]. CFRPs
consist of two parts — carbon fiber and matrix, with the carbon fiber being the reinforcing agent of
the matrix. The material properties of the two materials are different, with the carbon fibers having
much greater stiffness and strength than the matrix. With this combination of two materials, there
is a region that connects fiber and matrix called the interface.

The interface region of the matrix and fiber is of great importance in composite design as that
is the interaction region between the two materials. The interface region of carbon fiber/epoxy
composites is usually defined as the chemically bonded region between the carbon fiber and the
matrix [3]. The role of the interface is to facilitate the load transfer from the matrix to the fiber
during some external loading [4]; this would affect the shear and delamination resistances,
compressive strength, and fatigue endurance of the CFRP [5]. However, these benefits are only
effective if there is effective bonding between the matrix and the fiber. An example of this is shown
in Figure 1.1. Figure 1.1a is an example of a composite with strong bonding. This would result in
effective load transfer between the matrix and fiber. Figure 1.1b is an example of poor bonding, in
this case no bonding. If there is poor/no bonding between the fiber and matrix, then there can be
little/no load transfer. If the interfacial strength is low, the system acts as if the fiber is not present,

resulting in a composite with a hole in the middle.



Figure 1.1 Schematic of (a) Good Bonding, and (b) Poor Bonding in an FRP

Despite the high stiffness and high strengths of standard carbon fiber, they do not exhibit strong
interfacial bonding. This is because of the chemical inertness, stable non-polar structure, and low
friction of graphitic surfaces of the fibers. Methods like sizing are often employed to modify these
aspects and improve interfacial strength in commercial fibers. An active area of research involves
methods for carbon fiber surface modification in order to improve the interfacial bonding between

the fiber and epoxy, e.g., in-situ growth of nanomaterials.

1.1 Thesis Objectives

The objectives of the thesis are as follows:
Objective 1: Understanding Nano-Species Fiber Interface Modification

Gain a comprehensive understanding of how nano-species fiber interface modification impacts
the fiber/matrix interface at a nanoscale, single-fiber level, by exploring the theoretical aspects of
nanoscale modification to establish foundational knowledge. This is done by investigating
different modification methods to comprehend the various mechanisms enhancing fiber
modification and mechanical performance focusing on zinc oxide nanocrystals and metal organic
frameworks, their synthesis and characterization.

Objective 2: Experimental Analysis Of The Fiber Matrix Interface At Nanoscale



The second objective is to develop methods to accurately measure interface properties at the
nanoscale level using a nanoindenter. The Bruker TI-980 nanoindenter system is used to
characterize the interface and determine relevant parameters. This is done using a variety of
indentation and imaging methods.

Objective 3: Comparison Of Different Interfacial Modification Methods Using Modulus Mapping

The third objective is to use modulus mapping to capture the change in moduli through the
composite interface. This process is performed using the nanoindenter system and will allow the
analysis of modulus through the matrix, fiber, and interface.

The thesis integrates the acquired knowledge from understanding, experimentation, and
analysis to enhance comprehension of carbon fiber surface modification through nano-species

growth.



2 Review of the Relevant Literature
Carbon Fiber Reinforced Plastics (CFRPs) are widely used in a variety of industries, including
aerospace. As CFRP performance hinges on the effective load transfer between matrix and fiber,
the fiber/matrix interface is an important parameter to keep track of. Normally, carbon fibers have
a graphitic build with a stable surface, which results in poor interfacial bonding. To combat this,
researchers have been looking for ways to improve the bonding between fiber and matrix by

modifying the surface of the carbon fibers.

2.1 Interface Modification — Hybrid Materials
There are many studies that suggest using nanoscale materials like CNTs as a secondary form

of reinforcement in the matrix [6-8], showing improvements in various mechanical and electrical
properties. However, there are some challenges as well. One challenge is achieving a uniform
distribution of the nano-species, which is important to not have matrix-rich areas that are weak
compared to the rest of the sample [9].

A different method is to modify the surface of the fiber such that the reinforcement material is
in the interface between fiber and epoxy. Various methods exist for modifying the surface of
carbon fibers including wet, oxidative, or nano-species [10-11]. The goals of these methods are to
benefit the fiber/matrix interface by increasing wettability, increasing the number of active sites
on the fiber’s surface, creating porosity through which the matrix can embed itself in, and more
[12].

Wet methods are a common source of surface modification, with sizing being the most well-
known of them. Sizing is a polymeric coating applied to the surface of the fiber during
manufacture; it protects the fibers from fraying and keeps them safe from the outside elements.

Dry methods feature various methodologies such as ozone treatment or plasma surface treatment.



One type of dry modification is nickel coating, where nickel plates are coated on the surface of the
fiber; this leads to increased interfacial adhesion or increased fracture toughness [13].

This research features nano-species modification. The goal of this method is to employ various
ceramic or metallic structured species on the surface of the fiber, for example nanoparticles,
nanowires, or nanotubes. The benefits of the nano-species are that they increase the surface area
of the fibers, introduce functional groups on the fiber’s surface, and promote mechanical
interlocking/tethering. One well known example of nano-species surface modification is with
carbon nanotubes (CNTSs) [14]. Nano-species can be placed on the surface of fibers using a variety
of methods: growth, deposition, grafting, and more. An example of nano-species growth is with
Liu et al., wherein they grow carbon nano coils on the surface of carbon fiber [15].

The physical and chemical nature of these various nano-species placement methods allows for
uniform coating of the nano-species, as well as stronger adhesion to the matrix. These hybrid
carbon fiber composites lead to improvements in tensile strength and interfacial shear strength [16-
18]. These improvements depend on the type of nano-species used and placement method, but
overall nano-species tend to improve the interfacial bond between fiber and matrix. Along with
increased mechanical performance, nano-species create a multifunctionality aspect of composites.
Certain nano-species can be used to create a secondary benefit for a composite. For example,
Sharma and Kar developed a CNT coated carbon fiber filament for luminescent lightbulbs [19],
Malakooti et al. used a Zinc Oxide Nanowire (ZnQ) interface to create composites with embedded
energy harvesting capabilities [20], and Deka et al. used a ZnO woven composite to create a more
effective structural supercapacitor [21]. Much potential lies in the future of these nano-species
incorporated hybrid composites, through both increased strength in a structural capacity and also

its use in various engineering applications.



2.2 Mechanisms Affecting Interfacial Strength in Hybrid Fibers

Interfacial modification affects the fiber/matrix interface through various means: increasing
surface area, creating mechanical tethering and nanoscale Z-pinning to the epoxy, promoting
chemical interaction on the surface of the fiber, and increases wetting. Potentially, one downside
of the modification is fiber degradation. In a good composite design, all these parameters would
need to be balanced to improve the strength but can potentially reduce interface strength as well.

Yuan et al. shows that interface modification increases the surface area of a carbon fiber [22].
They modified the fiber’s surface with various coupling agent molecules and used a parameter
known as the specific surface area to compare the effects of these coupling agents. They found
that the specific area for the modified fiber was almost 3 times more than the untreated fiber. This
increased surface area also assists in thermal performance as well. Due to the increase in surface
area, heat has more area to transfer in and out of the interface. Wickramasingha et al. used an
acrylate derived polymer surface coating on carbon fibers to test tensile strength and modulus at
both room temperature and at 600 °C. They found that at room temperature, tensile strength
increased by 23.7% and modulus increased by 8%; however, at elevated temperatures, the tensile
strength increase dropped to 20% and modulus increase dropped to 7% [23]. Their experimental
results suggest that the surface modification provides a protection layer against thermal effects,
maintaining the integrity of the interface. Interfacial shear strength also had a drop off from 208%
at room temperature to 84% at elevated temperature, but this was still an increase from an
unmodified state. The increased surface area would also affect thermal performance during cure.
Kumar et al. used a thermal camera to monitor the cooling rate of a 2-layer composite with and
without a ZnO nanowire coating. They found that the ZnO growth increased the cooling rate of

the composite, even starting cooling from a decreased temperature than with the bare carbon fibers



[24]. They show that the increased surface area (500% increase from initial) promotes heat transfer
in and out of the fiber resulting in faster cooling and a high epoxy degree of cure at the interface.

Nanoscale modification also creates a mechanical tethering effect between fiber and epoxy.
Essentially, the fiber modification would act as a hook or tether, latching onto the epoxy with
greater strength than the bare carbon fibers. This would result in a stronger bond between fiber and
epoxy, having implications in mechanical performance. As the interface is the mechanism for
various mechanical effects like shear or fatigue effects, this tethering positively affects variables
such as fatigue strength or shear strength. Yang et al. used a silane coupling agent modification
method to create reinforced fiber composites. They found that the interlaminar shear stress (affects
delamination) increased by 42% [25]. SEM imaging after interlaminar shear testing showed that
the matrix had very poor bonding to the fiber in its bare state; however, the modified fiber showed
continuity in the matrix, with the fiber completely being embedded in the matrix. Furthermore,
there were no observed micro-cracks in the interface. Eyckens et al. showed this tethering effect
through both physical testing and molecular dynamics simulations [26]. Their study used
amphiphilic molecules grafted on the surface of the fiber to improve the interface. The design of
the molecules was such that the hydrophilic side of the molecule was attached to the fiber; the idea
is that the hydrophilic side would interact with the epoxy, using the attraction of the molecule to
bring more epoxy closer to the surface of the fiber. The physical testing of the composite found
that the interfacial shear strength increased by 276%. The molecular dynamics simulation of the
interface showed that the molecules acted as hooks in the epoxy that increased the interfacial
strength and adhesion of the fiber/matrix interface.

Wetting is a measure of how well the epoxy bonds to the fiber’s surface. Normally, carbon

fibers do not have good wettability as they are smooth and inert. This leads to reduced mechanical



performance. Xu et al. modified carbon fibers using acrylic acid to experimentally look at the
effects of modification on wettability [27]. Firstly, they found that the acid modification increased
the total surface free energy of the fiber from 42.2 mJm to 49.8 mJm. They also analyzed surface
morphologies of interlaminar fracture surfaces to find that the untreated fibers featured fiber
debonding as a main failure point, but the treated fibers had little to no debonding and more matrix
failure. Their results are important as if the fiber has more surface free energy than the matrix, then
the fiber/matrix wetting will be stronger and more effective. The nanoscale modification method
chosen should then aim to increase the surface energy of the fiber to be more than that of the epoxy,
in order to promote greater adhesion and resulting increase in mechanical performance.
Processing also plays a key role in the health of the nano-species and fiber. High temperature
based methods can be used like catalytic chemical vapor deposition to avoid this, but then the high
temperature regimes (700 — 1200 °C) would potentially result in fiber degradation [28]. Similar
thought would need to be put into chemical based methods as well, as too much acid may also lead
to degradation of fibers. To combat some of these challenges, research has also looked into
optimizing growth conditions for various methods like CVD in order to minimize or eliminate

fiber degradation [29].

2.3 ZnO Crystals & Growth Methods

One example of a nano-species is zinc oxide nanowire (ZnO). Zinc oxide is a ceramic material
with a wurtzite (hexagonal) crystal structure [30]. It is a material of great importance as it has
piezoelectric, pyroelectric, and semiconducting abilities [31]. Due to this, ZnO can be used in a
variety of applications such as in sensors and actuators [32] and solar cells [33]. ZnO can take
many nanoscale forms: rods, combs, rings, and more are all possible by modifying growth
parameters such as time, temperature, and pressure [34]. Figure 2.1 shows an example of ZnO

growth on carbon fibers.
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Figure 2.1 ZnO Growth on Carbon Fiber

There are a few ways to grow ZnO nanostructures on materials. Some include chemical vapor
deposition, lithography, and hydrothermal seed layer based methods [35]. One unique way of ZnO
growth is a combination of hydrothermal and atomic layer deposition (ALD). This method uses
ALD to deposit zinc and oxygen onto the surface of the fiber, then a hydrothermal process to
stimulate growth. This process results in a uniform growth on the fiber’s surface [36]. The most
common method of ZnO growth on carbon fibers is with a hydrothermal process. This process
uses various aqueous solutions for the fibers to soak in. There would be seeding solutions and
growth solutions, and for each step the fibers would be placed in these solutions such that the
particles in the solutions would be bonded to the fiber (using heat as a catalyst). Various studies
show that hydrothermal growth results in uniform ZnO growth [20,37], and there are even studies

that show that the grown ZnO positively affects the interface strength. For example, Galan et al.
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grew ZnO with various morphologies (variation of length and diameter) and found that interfacial

shear strength would increase up to 228% from standard [38].

2.4 MOF & Growth Methods

Another example of nano-species are metal organic frameworks (MOFs). MOFs are a metallic
material consisting of a positive metallic ion that is chained together with an organic linker
molecule. This is repeated in a crystalline fashion to create highly porous materials [39]. Along
with the benefit of high porosity, the metallic ion of choice is flexible. Many options for metallic
ions can be used such as gold, nickel, or silver. Figure 2.2 shows a micrograph of MOF

nanostructures on the surface of carbon fibers.
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Figure 2.2 MOF Growth on Carbon Fiber

In comparison with ZnO, the benefit of MOF structures is its flexibility. The metal ion and
linkers can be chosen to optimize a certain mechanical, electrical, or optical property [40]. Like
ZnO, MOF can be used in a variety of applications. One application is in medicine, where Li et al.

10



used a zeolite imidazole framework for antibiotic extraction [41]. Another application is in
superconductors. Yu et al. used various molecules for multi-component MOFs to produce
superconductors with a high performance [42]. There are many other applications of MOFs such
as sensors, fuel cells, and catalysts [43].

Much like with ZnO, there are various methods of MOF growth. Armstrong, Shan, and Mu
compared two methods of growth, electrospinning and a solvent based chemical method [44]. With
electrospinning, the MOF blended polymer solutions were passed through a needle under a direct
current onto the surface of the fiber. While this method worked, there were issues of fiber breakup.
They also used a secondary method of creating a growth solution for fibers to be soaked in. This
method, when the fibers were soaked in methanol, resulted in uniform growth across the entire
fiber mat. Lin et al. used only a chemical based growth methodology to grow the MOFs on the
surface of the fiber [45]. Their method was similar to Armstrong’s, clearing two growth solutions
that were mixed together and the fiber mats were left to soak in that solution for 24 hours. Cleaning
and drying the fibers finalized the growth process. Their growth method also showed uniform
growth of MOF onto the fiber’s surface.

Another method of growth is chemical vapor deposition. Li et al. grew cobalt based MOF onto
a fiber’s surface by combining electrodeposition and CVD [46]. First, cobalt was electro deposited
onto the surface without spinning. Then the CVD process is used to convert the base cobalt into
the MOFs. MOFs also increase mechanical performance of carbon fibers. Ayyagari et al. grew
nickel based MOFs onto fibers using a hydrothermal method and found that the tensile strength of

the fibers increased from 506 MPa to 560.6 MPa, along with a 40% increase in shear strength [47].

2.5 Methods for Measuring Interfacial Properties

There are many methods for measuring interfacial properties of composites, at various size
levels [48]. At a nanoscale, nanoindentation is the main tool for mechanical testing as it has the
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fidelity to perform in-situ tests on a single fiber level, along with being able to interact with the
interface region. Nanoindentation works through an indenter tip that applies a force or
displacement onto the testing surface. This load/force application results in a load-displacement
curve, analogous to a stress-strain curve from typical material testing. From the unloading portion
of the load-displacement curve, the hardness and reduced modulus of the sample can be found.
The reduced modulus can then be further processed to get the young’s modulus [49].

To get other interfacial properties, the load-displacement curve can be analyzed at various
locations to compare maximum displacements, the maximum loads can be compared at various
locations, or loads at which certain nonlinearities occur can be looked at. Gregory and Spearing
used nanoindentation to perform modulus and hardness comparisons at various locations by
varying loads and depths [50]. Wang et al. also used a nanoindenter to find interfacial shear and
frictional stress [51]. This was achieved by indenting a fiber until it debonded, marked by a sharp
change in the load-displacement curve. Essentially, the loading portion of the curve reached a
certain displacement then a large jog to a much greater displacement marked the beginning of the
unloading. Using that critical force at which the nonlinearity occurred, the shear strength was
found to be 323 MPa and frictional strength was found to be 312 MPa for that composite.

Another nanoscale characterization technique is modulus mapping. There are two kinds of
mapping possible with a nanoindenter. One is with a map of indentations. For example, the
indenter can perform 100 indentations in a 10 x 10 grid, collecting each load-displacement curve.
Then, a map can be created of the hardness and reduced modulus of each point, with smooth
transitions to the next point. Enrique-Jiminez et al. used this technique to measure the effect of
graphene particles on the surface of carbon fibers [52]. They used a 25 x 25 grid of indents to

measure the hardness on the fiber’s surface, interface, and matrix region, creating a map of those
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values. These maps were compared for both bare fibers and modified fibers to find that the
interface region had a slightly higher modulus than the bare fiber’s interface. Randall et al. also
used a similar procedure on naval brass to compare properties of each grain and on various
secondary phases of the material [53].

The other form of modulus mapping is using a dynamic mechanical analysis (DMA) approach.
In this case, the tip acts as a simple harmonic oscillator, taking the given load and frequency from
the nanoindenter machine to collect the response amplitude and phase from the material. From
there, classical DMA theory can be used to derive certain variables like storage modulus and loss
modulus [54]. This test is done during a scan, be it atomic force microscopy (AFM) or scanning
probe microscopy (SPM). As the tip rasters along the surface of the sample, the load amplitude
and frequency are applied to get a data point at every raster pixel. This results in a map of the
sample’s surface that contains data of each variable. Asif et al. used this method to map a carbon
fiber’s surface to look at the change of storage modulus throughout the sample [55]. They also
showed profiles of the storage modulus, showing exactly how the storage modulus changes
throughout the x location on the image. Gu et al. took this one step further to analyze the change
in moduli at the interface [56]. Using modulus mapping, they were able to plot the change in
storage modulus along the x-axis of the sample. Analyzing the profiles, they were able to see how
the modulus transitions from matrix to fiber, using that to approximate the size of the interface
layer and average modulus at the interface. Using this, they found the interface of a T300 carbon
fiber composite to be 118 nm and a T700 composite to be 163 nm.

Outside of the nanoscale, there are other interfacial characterization methods as well. One such
example is a microbond test. The microbond test involves a single fiber being pulled out of a

droplet of matrix. The important factor in this test is the force at which the fiber debonds, used to
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find interfacial fracture properties. Nishikawa et al. used this method to quantify the interfacial
shear strength of the fiber, which varied greatly from 64 to 108 MPa (average of 92.3 MPa) [57].
Another microscale test is a single fiber fragmentation test. This test is done with a single fiber
encased in a dog bone structure of matrix. Then, the sample is pulled axially, until the fiber breaks.
As the fiber fragments, the axial stress will become 0. The shear strength of the interface can then
be found using the stress at which the fiber breaks, along with the length of the fiber at that time.
Feih et al. developed a testing procedure for the fiber fragmentation test, with a carbon fiber
composite [58]. They found that a resin and fiber sample had an interfacial shear strength of 18.5

MPa, but with a slightly modified fiber the interfacial strength increased to 53.8 MPa.

2.6 Nanoindentation Based Single Fiber Push-In Testing

In this study, nanoindentation will be used for single fiber push-in testing. Single fiber push in
consists of the indentation tip pushing in the fiber from the top. This compression will result in
debonding at the interface’s critical stress. Debonding is characterized either by a large jog
nonlinearity or by a change in linearity of the load-displacement slope. From these tests, usually a
basic shear-lag model is used to find the equation for interfacial shear strength. Hinoki et al. used
this method of testing for a SiC/SiC composite with varying thicknesses of fibers [59]. Their
testing found that the load-displacement curve would have a big jump in data when debonding
would occur and used this to find the interfacial shear strength. From their tests, they found that
for thinner fibers of less than 1 micron, the interfacial shear strength was around 300 MPa.
Rodriguez et al. performed a similar experiment on a carbon fiber/polymer matrix [60]. Their goal
was to develop a method for finding interfacial shear strength on a fiber/matrix composite. They
also had representative load-displacement curves for their push in tests, however their analysis was
slightly different than Hinoki’s. Their shear-lag model led to a different interfacial shear strength

equation, using the slope of the linear loading curve. In Hinoki’s paper, they used only the
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debonding load and fiber geometry; Rodriguez added the slope as well. This is not a major issue
as the slope term simply adds a scaling to the shear strength, but the difference in derivation is
present between the two papers. Rohrmuller et al. used single fiber push-in testing for fiberglass
composites [61]. Their interfacial shear strength equation was similar to Hinoki’s. Through their
experimentation, they found the interfacial shear strength for the fibers to be around 65 MPa. From
this, the interfacial shear strength equation derived from Hinoki’s analysis was used in the

experimentation portion of this study, due to its widespread use in literature.

2.7 Modeling Approaches for Interfaces
Modeling can be used to generalize experimental findings. In order to understand how

experimental results can be used in modeling, a brief survey is presented in this section in terms
of both wetting and mechanical modeling can be used in conjunction with experimental results to
explain interfacial modification.

Various methods exist for modeling interfacial interactions. Beginning with wetting, models
can be made to analyze the behavior of the epoxy at the fiber’s surface. Chen et al. used a
COMSOL model to gain insight into the adhesion behavior of epoxy and fiber [62]. Their model
used electrowetting to improve bonding, so the model featured fiber, air, and epoxy with the fiber
having electrical properties to it. Their wetting model came from a combination of various models;
Maxwell, Navier-Stokes, and Cahn-Hilliard models were all combined for this electrowetting
analysis. Using their model, they found that the presence of electricity through this electrowetting
procedure improves the wetting of the epoxy, as the electrical current attracts the epoxy down to
the fiber. Another wetting model comes from Sathyanath and Kalpathy [63]. Their model predicts
the wetting behavior of thin films on porous structures. This can be adapted to the carbon fiber
case as well, simply by taking the porous structure as the carbon fiber’s modified surface (or no
pores for bare surface), and the thin film being the small layer of epoxy on top of the fiber. Their
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model uses a modified Navier-Stokes equation to find the height of the thin film on top of the
porous structure. While this model does not directly explain carbon fiber modification, it can be
adapted to the problem. These various wetting models use parameters such as surface and
interfacial tension, along with viscosity and other parameters. By tuning these parameters based
on matrix type and nano-species type/geometry, ideal performance can be gained.

In terms of push-in modeling, a different approach is used. Typically, finite element modeling
uses linear elastic behavior in its solutions. However, debonding results in fracture of the inner
surface, which cannot be modeled by linear elasticity as debonding is a nonlinearity. Thus, a
specific model is used known as a cohesive zone model (CZM). CZM models the fracture zone
(debonding area) by having external work absorbed as fracture energy [64]. In the case of
nanoindentation, this fracture zone is the interface. The interface layer would be modeled as a
separate material, behaving with a traction-separation law. This traction-separation behavior is
similar to stress-strain, with a damage initiation region and damage evolution region.

As the traction (stress) increases to its maximum, damage occurs. In the traction separation
definition, the area under the curve is the fracture toughness, just as the area under a stress strain
curve is the toughness of the material. The damage is then propagated through that element until
the next element, and so on. Using CZM, a fracture zone can be modeled without fear of
nonlinearity. Li et al. used a CZM to model nanoindentation [65]. This is done using geometry
where the fiber is surrounded by a thin interface layer and then the matrix region. The fiber and
matrix have their own definitions as elastic materials (Young’s modulus, Poisson’s ratio, etc.),
however the interface follows the traction-separation rule. Using the definitions of the various
CZM parameters, the model was generated and followed the experimental results well. Xu et al.

used a similar CZM model to verify nanoindentation results [66]. While fiber and matrix had their

16



own isotropic material definitions, the cohesive zone interface was modeled using a bilinear
traction separation law. Cohesive materials are defined using a traction vector, separation vector,
and stiffness matrix. The damage portion of the definition has many options, but a usual choice is
the quadratic stress definition. Finally, softening was defined using a linear function. Using this,
the interfacial shear strength was used as the variables of the quadratic stress function, and fracture
energy was used as the area under the curve. With that model and the experimentally gained

variables, the experimental data was verified.
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3 Experimental Approach
This section goes over the methodology concerning the creation of the as-is and modified
carbon fibers, as well as other experimental samples. Procedures are outlined to create similar
nanoindentation samples, as well as general testing procedures for the various characterizations.

Finally, the methodology behind the computational modeling aspect of the research is discussed.

3.1 Materials
The carbon fibers used in this study were Thornell T650 polyacrylonitrile (PAN) based fibers

in a plain weave, procured from Solvay, Inc. Individual tows of fibers were taken out of the weave
to be used for nanoindentation and nano-species growth. The epoxy used was Aeropoxy, a medium
viscosity, 2 part epoxy obtained from PTM&W Inc. The epoxy consists of PR2032 resin, and
PH3665 hardener.

To synthesize the ZnO crystals, the following chemicals were obtained from Sigma Aldrich in
laboratory grade: ethyl alcohol, hexamethylenetetramine (HMTA), nitric acid, sodium hydroxide,
zinc acetate dihydrate, and zinc nitrate hexahydrate. Likewise, synthesizing MOF used the
following lab grade chemicals from Sigma Aldrich: methanol, 2-methylimidazole, and nickel
nitrate hexahydrate.

Other materials were used to assist in the various experimentation processes. Creating the
nanoindentation sample made use of the chemical FibRelease, as well as sealant tape. Various
forms of double sided tape were used to attach samples to grinding and polishing stubs,

nanoindenter base plates, and SEM stubs.

3.2 Equipment

Various equipment assisted in multiple steps of this research. To cure the fiber and epoxy

samples, a Yamato DX402C oven, shown in Figure 3.1, was used. For grinding and polishing, a
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Buehler MetaServ 250 was used, shown in Figure 3.2. To assist, 600 and 1200 grit sandpaper was

used, as well as alumina suspensions in 5 and 3 um sizes with a polishing pad shown in Figure 3.3.

Figure 3.2 Grinder-Polisher Machine
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For the desizing of carbon fibers, an MTI OTF-1200X tube furnace was used. To cut the

composite samples, an OMAX Maxiem 1515 waterjet cutter was used.

a’fJALE
TECHNOLOGIES
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Figure 3.3 Grinding and Polishing Pads, and Alumina Polishing Suspensions

For microstructural analysis, a FEI Quanta 650 SEM was used, shown in Figure 3.4, along
with a Cressington 108 sputter coater for gold coating. Finally, the majority of testing occurred

using a Bruker Hysitron T1-980 Tribolndenter, shown in Figure 3.5.

Figure 3.4 FEI Quanta 650 SEM
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Figure 3.5 T1-980 Nanolndenter

3.3 Nano-Species Growth Procedures
The growth procedure started with the base fiber tows. The first step was to get rid of the sizing,

known as de-sizing. The sizing material is a polymeric coating on the fibers bonded during
production to help protect the individual fibers from the elements and from fraying. In order to
remove the sizing, the fiber tows were put in a tube furnace, with a nitrogen atmosphere flowing
through the tube. The furnace was heated to 550 °C, and the fibers were allowed to heat at that
temperature for 1 hour. The tube furnace setup is shown in Figure 3.6. The fibers were then cooled
to room temperature outside the oven. Some desized tows are also taken as reference fibers, called
“As-Is” in further experimental results. The rest of the tows were used in the nano-species growth

process.
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Figure 3.6 Fiber Desizing Tube Furnace

One more common step was performed for both nano-species growth, called acid activation.
This step slightly etches the fiber surface, creating acidic groups on the surface to promote the
bonding of the nano-species. To do this, a solution of nitric acid diluted in deionized (DI) water
was stirred together until mixed well. Then, the solution was placed in a glass container and fibers
were submerged into the solution for 24 hours. Afterwards, the fibers were rinsed with water to
remove the surface solution and allowed to dry in an oven to further remove excess liquids.

3.3.1 ZnO Growth Procedure

The first step in the ZnO procedure was the seeding stage, which required a mixture of 100 mg
zinc acetate dihydrate, 40 mg sodium hydroxide, and 400 ml ethyl alcohol. This mixture was stirred
at 400 rpm for 1 hour. Then the acid activated fibers were dipped in the solution for 2 minutes and
dried in an oven at 150 °C for 15 minutes. This dipping and drying procedure was repeated 5 times
for effective coverage of the solution. The next phase was the growth phase. This uses 2 solutions
— the first used 13.98 g zinc nitrate hexahydrate and 1800 ml DI water stirred for 40 minutes using

an ultrasonic processor; the second used 6.3 g of HMTA with 1800 ml DI water mixed for 40
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minutes. The two solutions were then mixed together using an ultrasonic tip-sonicator for minutes.
Then, the mixed solution was poured into glass containers so the fibers can soak in the solution.
The seeded carbon fibers were soaked into 600 ml batches of the growth solution for 6 hours at 93

°C, covering the container with foil to reduce evaporation. After the growth process, the fibers
were left to dry in the oven at 150 °C to remove excess moisture. This growth procedure was

adapted from Kumar et al. [31].

3.3.2 MOF Growth Procedure

As a disclaimer, this procedure was developed by Dr. Marwan Al-Haik and processed by
Derek. Derek prepared the samples for use in this research; however, the process outlined below
is the general growth process for MOF.

The MOF growth procedure required a growth stage. The growth solution required a source of
metal ions and a secondary solution. The metal ion solution was a 0.65 M nickel nitrate
hexahydrate and methanol solution, and the secondary solution was a 0.14 M 2-methylimidazole
in methanol. The 2 solutions were stirred at 400rpm for 6 hours, then mixed together and stirred
again for 10 minutes. This mixed solution was put in a glass container, and acid activated fibers
were submerged in the solution for 24 hours. After, the fibers were repeatedly washed with ethanol

and dried in an oven for 24 hours to remove all moisture, at 93 °C. The MOF growth procedure
was adapted from Ayyagari [47].

3.4 Microstructural Characterization
Once the three fiber tows (As-1Is, ZnO, MOF) are ready, they can be imaged in the SEM for

geometrical characterization. Using an SEM stub, a piece of carbon double-sided tape was put on
top. Then, one tow of fiber was put on the tape, and the ends were taped with copper tape. Then,
the fibers were coated with gold for 40 seconds at 35 mA to ensure a strong coating. Then, the stub

was placed in the SEM for analysis. The As-Is fiber diameter was measured as a reference, and
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the modified fibers were measured for both diameter and nano-species dimensions. These images

and measurements are shown in Section 4.1.

3.5 Composite Sample Preparation
The three fiber tows were also used in creating the composite sample for nanoindentation. To

do this, an aluminum plate was used as a base, with 4 pieces of sealant tape creating a moat, with
the inside area measuring about 7.62 cm x 7.62 cm (3 in x 3 in). A thin layer of FibRelease was
coated in the middle of moat so that the composite does not adhere to the plate. Then, the separate
fiber tows were placed along the length of the moat, pulling them taut. Then, one more layer of
sealant tape was put on top of the first, sandwiching the fiber between the two layers of tape. Some
tape was also used on the outside to keep tension in the fibers. Inside the moat the Aeropoxy was
poured in. Aeropoxy was mixed using a 100:27 weight ratio of resin and hardener, and
approximately 50 ml of epoxy was used to fill in the moat. An image of the composite curing setup
is shown in Figure 3.7. After checking for leaks in the moat, the plate was put in the oven for 2

hours at 93 °C.

Figure 3.7 Composite Curing Moat with Fibers Inside
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Once cured, the composite was pried off the work plate and cut with the water jet cutter. This
resulted in sized and straight-cut samples to work with. The sample was cut into 1 cm tall samples.
Then, one surface of each sample was ground using both 600 and 1200 grit silicon carbide
sandpaper and flowing water, using the Buehler rotary grinder-polisher machine. After grinding,
the top surface was checked with an optical microscope to see how effective each sanding step
was. Then, the surface was polished using the alumina suspension. Two alumina suspensions were
used on a wet polishing pad: first 5 um, then 3 um. After each polishing step, the surface was
checked under an optical microscope to ensure the effectiveness of the polish in removing the
scratches. Then, the sample was cleaned using a sonicator in DI water for 10 minutes, then dried.
Figure 3.8 shows the initial cut sample (left), and the sample after polishing (right). The samples
were then taped on a thin aluminum plate with a hole cut into it. This hole exists such that the

fibers are not being supported by the plate, so that they are allowed to slide vertically if debonded.

Figure 3.8 Initially cut sample (left), and sample after grinding and polishing (right)

3.6 Nanoindentation
The sample was then placed onto the nanoindenter base plate using the built in clamps. The

nanoindenter is an optical-driven system, with an optical microscope being used to look around
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the sample and choose testing areas. The first step in using the nanoindenter is to find the sample
surface and create a sample zone such that the system knows where the user wants to test. This is
done by moving the stage and using optics to see the surface. Figure 3.9 shows the surface of the
composite sample under the optics. Looking at the optics, there are some small scratches around
the material, but mostly the sample surface is clean. The circular shaped objects are the fibers, with
some of them being white and black. The black fibers are not as polished as the white fibers, as
the white fibers are completely polished carbon fibers that appear white as the polish appears to
make the surface of the fiber reflective.

After setting up a sample zone for each type of fiber, the next step was to perform calibrations.
These calibrations, such as the tip to optics or the air indent, ensure that the system and machinery
are behaving as they are specified. The air indent tests that the plates inside the force transducer
can actuate completely and apply their load, and tip to optics ensures that the tip goes exactly
where the microscope specifies it to go. The last calibration to do is a tip-area function.
Nanoindentation is heavily dependent on contact depth and contact surface area, so the tip-area
function essentially makes the system create the tip using a 5" order fitting function. This would
make sure that the system knows the exact contact depth on every indent and the exact surface
area of the tip at every depth.

The nanoindenter is a system that has many possible functions; some of these functions are a
high load indent, low load indent, nanoDMA, xSol temperature based indent, nano scratch, and
nanoECR electrical based indent. In this research, testing was done using a low load indent, high
load indent, low load xSol, and low load modulus mapping (a derivative of nanoDMA). The
following sections will introduce each testing module, giving an overview of how each works and

the settings used in this research.
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Figure 3.9 Sample Surface Under Optics

3.6.1 Low Load Scanning

Low load scanning is a function that allows for the imaging of the indentation surface at a
nanometer level. It is a form of scanning probe microscope (SPM), wherein the tip rests on the
indentation surface. Then, with a set force, the tip of the indenter performs a raster scan of the
surface, using the force reaction to draw a force gradient scan, as well as a topology graph. This
allows for the imaging of the fiber’s surface to see indents on the surface and behavior of
surrounding geometry. Along with that, some basic analysis can be done such as surface roughness
calculations. In this work, the SPM scanning was used to image the surface of the fiber and nearby
epoxy to both get surface roughness and to confirm indentation on the fiber. For high load
indentation, the SPM scanning is especially helpful in correlating specific nonlinearities. In this

work, typical scan sizes were 40 x 40 um at 5 uN, with a 1 hz scan rate.
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3.6.2 Modulus Mapping

Modulus mapping is a function of the nanoDMA, combining SPM scanning with the DMA
function. Modulus mapping requires a setpoint fixed force along with a dynamic force amplitude
and frequency. The nanoDMA system can be modeled by a single degree of freedom damped
harmonic oscillator, which uses the input signal and output response to find the amplitude and
phase of the response. These two values can then be used to find stiffness and damping, which can
then be used to find storage and loss modulus. In this way, the modulus mapping can create a map
of variables such as phase or loss modulus. Essentially, each pixel of the SPM scan will be a data
point of some variable of interest. Modulus mapping is used to analyze the interface of the fibers
by seeing the variation of loss and storage modulus throughout a profile of epoxy and fiber. In this
research, the setpoint force of the mapping was 5 uN with a dynamic load of 2 uN and 200 hz
frequency. The scanning rate was 0.1 hz with a scan size of 40 x 40 um and 512x512 resolution.

3.6.3 Low Load Indentation

Low load indentation makes use of the low load force transducer in order to perform a simple
indentation on the top surface of the fiber. It performs an indent using a certain load function,
constantly measuring displacement of the tip to get a load-displacement curve. Using the unloading
curve of the indenter, the nanoindenter program can find the hardness and reduced modulus of the
sample. The area between the loading and unloading curve can also be integrated, which gives a
measure of the toughness of the sample. In this work, 3 indents were performed on each fiber to
get an average load-displacement plot for comparing maximum displacement. Epoxy indents are
also used as a baseline comparison to all fibers. These indents followed a 5 second loading phase
until maximum load of 10 mN, 2 second hold phase, and 5 second unloading phase. The area
between curves was also calculated and compared. Indents were also performed at an elevated

temperature of 71.1 °C to analyze the effect of heating on the load-displacement plots.
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3.6.4 High Load Indentation

High load indentations mirror the low load indentation process, just with significantly higher
forces. The benefit of high load is that it can apply a force such that debonding can happen. In this
work, an 80 mN force was applied in a triangular load function at 1 mN/s loading rate. Before the
indent, there was a small pre-lift in order to remove the effects of creep. 3 fibers were indented,
and the debonding force is found by averaging the three curves’ debonding forces. SPM scanning
supported the indents by scanning the fiber for indentation confirmation, as well as corroborating

certain changes in geometry.
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4 Results and Discussion
The first set of results shown are the SEM images with corresponding geometry measurements.
Then, the nanoindenter results are shown, starting with the low load indentations. The high load
results are shown next with the analysis to get the interfacial shear strength, followed by modulus
mapping results. After that, the conceptual wetting considerations are explained, followed by a

general discussion on all the results.

4.1 Microstructural Analysis

Microstructural analysis begins with the As-Is fibers. Figure 4.1 shows a bare carbon fiber with
Figure 4.2 showing a measured fiber. The measurement of the fiber shows a diameter of about 7

um. This is in line with the manufacturer specification of 6.8 um [67].
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Figure 4.1 As-Is Fiber

30



HFW WD mag - 10 pm
Quanta

L
mag HV HFW spot| WD — 10 ym
10 000 x 18.00 kV 32.0 um 3.5 149 mm Quanta

Figure 4.3 ZnO Growth on Single Fiber
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Figure 4.3 shows a single fiber with ZnO growth. As seen by the image, the ZnO crystals can
be seen grown radially and uniformly on the surface of the fiber, with the ZnO taking the expected
shape of hexagonal prism. Figure 4.4 is a measured micrograph showing the diameter of a set of
crystals. The diameters seem to center around 850 nm, with some crystals being smaller around
700 nm and others being larger around 1000 nm. Despite this spread, generally most of the fibers

average around 850 nm in diameter.

11/16/2022| HV HFW WD mag o
3:32:07 PM|18.00 kV 32.0 um|14.9 mm 10 000 x Quanta

Figure 4.4 ZnO Fiber with Measured Diameters

Figure 4.5 shows the measured width of the ZnO carbon fiber. Since the growth is uniform on
a circular surface, the height of the ZnO crystals would just be the new width subtracted by the
original width, divided by 2. The ZnO modified fiber has its diameter extended to about 11 pm, so
subtracting out the original 7 um diameter leads to a difference of 4 um. This means that the ZnO
crystal height is approximately 2 um.
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Figure 4.6 ZnO Fiber with Measured Crystal Spacing
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Figure 4.6 shows the spacing between the crystals. This measurement varies as there are certain
crystals that seem essentially connected to each other, and some that are as far apart as 3 um.
Overall, the ZnO micrographs show a uniform growth of ZnO crystals grown radially on the
surface of the fibers, that are approximately 850 nm wide and 2 pum tall, which are spaced in
varying amounts and orientations.

Figure 4.7 is a micrograph of the MOF growth on the T650 carbon fiber, sourced from
Ayyagari [47]. Similar to the ZnO growth, MOF is seen to grow radially on the fiber in a uniform
manner. The MOF takes the form of a porous, sponge-like crystalline structure. In this analysis,
the flower structures will not be analyzed as they are not directly part of the fiber surface
modification. The next set of figures shows the various measurements of the MOF structure. Figure
4.8 shows the diameter of the modified fibers, which is about 7.75 um. This would indicate that

the MOF height is about 375 nm.

1/22/2020 | HV |spot WD mag 5pm
4:08:40 PM 5.00 kV| 4.0 6.1 mm 20 000 x Quanta

Figure 4.7 MOF Growth on Carbon Fibers [47]
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Figure 4.9 MOF Fiber with Measured Wall Width
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Figure 4.10 MOF Fiber with Measured Pore Width

Figure 4.9 shows the measurements of the MOF walls. These measurements are variable
between 40 and 100 nm, though it is more likely the widths are around 60 nm. Figure 4.10 shows
the width of the pores of the MOF. Again, it is variable, going from as little as 100 nm up to 900
nm. The micrographs indicate that the pore widths are likely to be on the smaller size, around 400
nm.

From the micrographs, the differences between the nano-species are clear. ZnO nanorods take
on the form of large hexagonal prism ceramic structures, while MOF looks like a sponge shaped
crystal structure. MOF is smaller than ZnO, but the smaller size of MOF would indicate that the
surface area increase of the MOF would be greater than with ZnO. By taking the shape of the ZnO
nanorods as hexagonal prisms and using micrographs, the ZnO nanorods increase the surface area

of the fiber by 450 — 500%. On the other side, the MOF structure is also assumed to be loosely
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based on a hexagonal prism. The range of geometry measurements is greater for the MOF;
however, the measurements of MOF tend to be on the smaller end. Given this, the surface area of

the carbon fibers is increased by around 1000%.

4.2 Nanoindentation
The various data sets from the nanoindenter are broken down into headings based on their

function. To check polishing level, an SPM scan was taken of fiber and epoxy region and processed
in the nanoindenter image processing application. From this, the surface roughness of the sample
was shown to vary from 5 to 25 nm. Fibers were also found to not be flush with the surface, raising
up around 300 nm from the surface.

4.2.1 Low Load Indentation
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Figure 4.11 Comparison Load-Displacement Curves from Low Load Indentation

Figure 4.11 shows the average load-displacement curves for each of the fibers with error bars.

These error bars come from the standard error of the data, out of 3 sets of data. Figure 4.12Figure
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4.13, and Figure 4.14 show the constitutive 3 curves for each fiber, and Figure 4.15 shows the

load-displacement curves for the epoxy.
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Figure 4.13 ZnO Representative Curves
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Figure 4.15 Epoxy Representative Curves

Figure 4.15 shows the epoxy representative curve, where it is clear the displacement in the

epoxy is much greater than with the fibers. This is due to the epoxy being softer than fiber.
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Additionally, the larger residual displacement of 1000 nm indicates a higher plastic response with
epoxy. Figure 4.11 is a comparison of the average load-displacement curves of the three fibers.
From this, it is clear that that the As-Is fiber has the greatest maximum displacement, followed by
the MOF fiber then the ZnO fiber. The residual displacement is approximately the same for each,
around 100 nm. One more variable of interest is the area between the loading and unloading curves.
This integral would give a value that is indicative of toughness, though it is not the toughness
variable itself. Visually, it is clear that the epoxy would have the highest area between the curves,
followed by the fibers. However, the fibers look like they would all have similar areas. These areas

along with the maximum displacements and residual displacements are given in Table 4.1 for each

fiber.
Table 4.1 Comparison of Indentation Data at Room Temperature
Maximum Residual Area Between
Displacement (nm) | Displacement (nm) Curve (nm*mN)
As-Is Fiber 480.1 £ 35 94.5 3406
ZnO Fiber 446.2 £ 3.4 80.4 3146
MOF Fiber 465.1 + 3.7 87.2 3283
Aeropoxy 1619 £ 3.7 951. 6969

As expected, epoxy has the greatest displacement and area between curves. The fibers all have
similar areas, and the As-Is exhibits the greatest maximum displacement of the three fibers. The
next set of figures shows the SPM scans of each indent.

Looking at Figure 4.16, the indents on the epoxy and fibers are clear. There is minimal
differentiation between each indent on the fiber, a product of low residual displacements. Summing
up the low load data, there is no debonding occurring with the low load indents. There may be
minimal local sliding occurring where the fiber and epoxy meet, but overall, the low load does not

give information about debonding.
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Figure 4.16 SPM Scans on (a) As-Is, (b) ZnO, (c) MOF, and (d) Epoxy

4.2.2 Low Load xSol

The next set of data comes with the xSol system data. These indents are using the same load
function as the low load, just at the elevated temperature of 71.1 °C. Figure 4.17, Figure 4.18,
Figure 4.19, and Figure 4.20 show the comparison curves between the average curves for each
fiber and epoxy and the xSol results. The fiber indents are largely similar in behavior but have
slightly higher maximum displacements and larger areas under the curve, but residual
displacement is similar. The epoxy exhibits the largest change in behavior after heating, which
makes sense as it is a thermoset. With heat, the material will soften slightly, allowing for higher

displacement response.

41



Table 4.2 tabulates the three variables of interest for the xSol data.
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Table 4.2 Comparison of Indentation Data at Elevated Temperature

xSol Max xSol Residual xSol Area Between
Displacement (nm) | Displacement (nm) Curve (nm*mN)
As-Is Fiber 495.8 64.5 3634
ZnO Fiber 468.5 82.7 3289
MOF Fiber 481.9 66.9 3567
Aeropoxy 2427 1666 12435

SPM scans for the xSol fibers also show the indent on the surface of the fiber; the epoxy was
not imaged due to its softening interfering with the scan. These images are shown in Figure 4.21.
Even at elevated temperatures, there is no debonding occurring; only local sliding at the

fiber/epoxy connection.

Figure 4.21 xSol SPM profiles for (a) As-Is Fiber, (b) ZnO Fiber, and (c) MOF Fiber

4.2.3 High Load Indentation

High load indentation features the same curve comparison as with low load, just at a higher
loading. Figure 4.22 shows the average load-displacement curves for the high load indentations,
with error bars. Each of the three curves consists of the three indents on each type of fiber. These

are shown in Figure 4.23 for As-Is, Figure 4.24 for ZnO, and Figure 4.25 for MOF.
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As seen in Figure 4.22, the As-Is fiber displaces the most, followed by the ZnO and MOF.
Residual displacements are all around 3000 nm, but that is to be expected as the high load allows
for total debonding. However, there are a couple of nonlinearities to understand first to figure out
which one belongs to the debonding load. One nonlinearity occurs around 40 mN, marked by sharp
jumps in the data and a “mouse ears” geometry, then another nonlinearity occurs later on; this
nonlinearity is a smooth transition from linear to a nonlinear shape. To investigate which of the
two nonlinearities shows debonding, a simple test is done by indenting a fiber from 15 to 40 mN,

imaging each indent to see what occurs. The results of the test are shown in Figure 4.26.
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Figure 4.26 Results of Increasing Load Experiment

Figure 4.27 shows the SPM scans of the indents at 15, 30, and 40 mN. The load-displacement
plots in Figure 4.26 show that the loads up to 40 mN do not result in any nonlinearities. The
behavior of each of the prior 5 curves is the same, just with increasing values. However, at 40 mN,

there is a discontinuity in the curve. This is corroborated with Figure 4.27c, where the scan shows
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the surrounding matrix being deformed by the tip, taking the form of the “mouse ears”. Figure 4.28

helps explain why there is a nonlinearity in the load-displacement plots around 40 mN.

Figure 4.27 SPM Scans of (a) 15 mN, (b) 30 mN, (c) 40 mN

indenter i ‘

Figure 4.28 Schematic of High Load Indentation
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In the leftmost image, the initial condition is shown. The fiber is slightly protruding from the
surface, with the tip beginning the indentation. Then, the middle image occurs. There is some local
debonding occurring in the fiber, but the main deformation occurs in the matrix. Since the high
load indenter tip is slightly larger than the fiber (~10 um compared to 7 um), the sides of the tip
begin to push the matrix out of the way, with the fiber being broken open on occasion. This is what
creates the initial nonlinearity around 40 mN. Then, as the tip continues to push the fiber, the fiber
completely debonds, leading to the second nonlinearity. The debonding is not a sudden failure, so
there is no large jog; rather, the debonding is seen by a change in the linearity of the curve.

In Figure 4.23, Figure 4.24, and Figure 4.25, these debonding loads are denoted by the red
circle. As shown in the figures, the debonding load is not as apparent as the mouse ears/fiber
breakage nonlinearity as the debonding would only cause the fiber to slide. Therefore, the
debonding is shown as the change in slope from linear to more quadratic. For As-Is fibers, this
load occurs around 50 mN, for ZnO fibers debonding occurs at around 60 mN, and for MOF fibers
the debonding occurs at around 62 mN.

To find the interfacial shear strength, the following Equation 4.1 is used. In this equation, P is

the debonding load, D is the diameter of the fiber, and t is the sample thickness.

B P
T_nDt

(4.1)

In this case, D is 7 um for all the three fibers. This is because the modifications increase the
size of the interface, so the fiber diameter still remains the same. The thickness of the sample is 1
cm, and the load depends on the curve. The P value for each fiber was chosen by finding the

approximate point on the curve where the slope begins to change. The results of the analysis are

tabulated in Table 4.3. From the table, it is clear that the interface modifications positively affect
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the interfacial shear strength, increasing it by 15-20%. The MOF has a greater effect on shear

strength than ZnO, owing to its slightly larger debonding load.

Table 4.3 High Load Interfacial Strength Data

Fiber Type Debonding Average Interfacial Nominal
Load (mN) Debonding Shear Strength Increase (%0)
Load (mN) (MPa)

51.29

As-Is Fibers 50.84 51.81+1.3 2.356 + 0.05 -
53.29
63.62

ZnO Fibers 56.95 60.10£3.3 2.733+£0.15 16.0
59.74
55.90

MOF Fibers 60.33 61.48+6.2 2.796 £ 0.28 18.7
68.21

4.2.4 Modulus Mapping

Figure 4.29 shows the results of modulus mapping on each of the three fibers. While the
mapping collects all variables, the only ones of interest are the topology and moduli. These images
show roughly circular fibers surrounded by a mostly flat plane of epoxy. The benefit of modulus
mapping shows itself on the second and third rows. Looking at storage and loss moduli, there is a
clear distinction between the fiber and epoxy; the epoxy data is a dark brown, while the fiber data
is a brighter brown/white. Here, the interface region is in the small transition region between the
fiber and epoxy. To explore this further, a profile of the storage and loss modulus is created. This
profile looks at the variable of interest along the distance of the line. Profiles are chosen on each
fiber such that the noise is minimized. The profile comparisons of each modulus are shown in

Figure 4.30, with length scales calibrated using similar SEM images.
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Figure 4.29 Modulus Mapping Results Showing Topology (top row), Storage Modulus
(middle row), and Loss Modulus (bottom row) for each fiber

The profile plots in Figure 4.30 support the scans, showing a clear transition region fiber and
matrix properties, around 3 and 10 um. As the modulus map process uses a low load and results
in small indentation depths, there is a lot of y-axis data noise in the modulus profiles on the
significantly harder fiber than with the softer epoxy. However, the behavior of the profiles matches
is similar to other modulus map studies [56]. The average moduli of both the fiber and epoxy can
be found using peaks and valleys. This averaging shows that the storage modulus of carbon fiber
is 121.5+9.832 GPa and 20.89+3.761 GPa for the epoxy. The loss modulus of the fiber is

19.44+3.882 GPa and 2.280+0.297 GPa for the epoxy. The interior of the carbon fiber is not
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affected by the surface modifications, so the variation peaks and valleys in each fiber type is
attributed to the low load noise. Essentially, the spread of data is within the margin of error. The

interface region is looked into further by taking a snapshot of the transition region going from the

epoxy to the fiber.
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Figure 4.31 shows a snapshot of the transition region from matrix to fiber. Looking at the
profile, the interface seems to be from 2.6 um to 3 um. Inside this region, the storage modulus is
analyzed. The As-Is fiber modulus essentially linearly increases from the matrix to the fiber. The
ZnO profile in red shows a much sharper increase to a maximum, then going to the fiber properties.
Finally, the MOF curve in blue has a moderate increase, with a small nonlinearity just before the
fiber. The sharp increase of ZnO near the fiber can be attributed to the ZnO nanorods acting as a
cantilever beam that is fixed to the fiber. From the small size of the MOF, it would not lead to a
big change in the curve, so the slight nonlinearity near the 2.75 um mark may be the beginning of
the MOF, ending around 3 pum. It is interesting that the ZnO nanorods have a larger effect in
modulus mapping, when the MOF has a greater interfacial strength. This may be due to the
cantilever beam effect of the ZnO on the fiber. For MOF, the effect is slight in the change in slope
after the 2.75 um point, where the 2 curves have different slopes. This is also seen in the loss
modulus curve where the MOF curve increases to its maximum around 2.75 um, then decreasing
sharply.

4.3 Wetting Considerations
A different way to look at the interfacial behavior is through a chemical and hydrodynamic

lens. The easiest explanation chemically is that bare carbon fibers are inert and would not attract
the epoxy any more than the basic van der Waals forces that usually exist, but the nano-species
would be different. They are grown in functional groups and are themselves non-inert. This would
immediately strengthen the bonding between the epoxy and fiber, as well as have a better attraction
with the epoxy. The porous structure of MOF would also give the epoxy more surface area to
promote chemical interactions. Two hydrodynamics models are well known in literature that
elucidate what is occurring in the interface. For non-ideal surfaces, the two models are the Wenzel
and the Cassie-Baxter models [68], shown pictorially in Figure 4.32.
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Figure 4.32 Schematic of Wenzel and Cassie-Baxter Wetting Models

In a Wenzel state (left of Figure 4.32), the liquid will wet the entire surface including any
nonlinearities where it can be assumed that the nano-species are nonlinearities. The variable 0app
is the apparent contact angle of a liquid drop (in this case epoxy); this is defined as the equilibrium
contact angle times a roughness factor. An equilibrium angle less than 90° would imply a wetting
pair between solid and liquid, and an angle greater than 90° indicates a non-wetting pair. From this
model, it is clear that a wetting solid surface would become more wet if made rougher as the liquid
would sink between the pores more, leading to a lower equilibrium angle. On the other hand, a
non-wetting surface would be made more non-wetting, as the angle would increase. Therefore,
creating more topological roughness on the solid (carbon fiber) surface would amplify the wetting
behavior of the epoxy with the Wenzel state.

In the Cassie-Baxter wetting state (right of Figure 4.32), the pores formed by the nonlinearities
are not initially wetted, rather holding air pockets. In this model, the apparent contact angle is
found using an area average of the individual types of microscopic regions of note; in this case,
the fiber and the nano-species. Given the two materials 1 and 2 having their own contact angle 6

and area fraction f, the apparent contact angle is given as Equation 4.2.
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cos(8app) = f1 cos(6,) + f, cos(6y) (4.2)

From this equation, it is clear that the Cassie-Baxter model predicts that a smooth wetting
surface (carbon fiber) can be made more wet if some nonlinearity (nano-species) is introduced that
has better wetting properties (such as surface energy) than the initial surface. In terms of the
modified carbon fibers, the nanostructures in this study have higher surface energies than carbon
fibers [69]. Based on this, it is clear that regardless of which model the epoxy-fiber system behaves
in, the presence of nanostructures on the surface of the fiber will increase the epoxy wetting on the
fiber’s surface.

Another consideration is wetting timescale. This is a critical parameter as the epoxy should be
wetting the surface of the fiber in a timeframe sooner than the curing timeframe. If wetting takes
longer than curing, the interface will be weak. On the other hand, if wetting time is faster than
curing time, the interface will benefit from the enhanced surface area from the nanoscale
modifications, resulting in a strong interface and increased interfacial shear strength. Looking at
wetting parameters, it stands to reason that the increased surface energy of the nano-species will
result in faster wetting times than with bare fibers, resulting in stronger interfaces. This is another
reason the modified carbon fibers have higher interfacial shear strengths than the As-Is carbon

fibers.

4.4 Discussion

The physical effect of the nano-species in this study is clearly shown from the beginning with
the SEM imaging. Looking at the change from bare fiber, ZnO takes on the form of small cantilever
beams. They are quite large at almost 1 um in diameter and about 2 um in length using this growth
method. Most importantly, they are not in a uniform pattern, spread out at various angles and

orientations. This would result in a “Velcro” type behavior, leading to that effective mechanical
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tethering seen in the indentation results. While the epoxy can seep into the cracks between each
ZnO crystal, its main benefit comes from that random orientation based tethering.

On the other hand, MOF has a more sponge-like structure. This would allow for the epoxy to
seep into each pore, giving the epoxy the ability to bond to both the nanostructure and the fiber.
This is most likely the reason behind the MOF having better mechanical performance than ZnO.
It is also apparent that the nano-species increase the surface area on the fiber. Finding the increase
of ZnO is simple, as the crystals are structured as hexagonal prisms. With the SEM imaging
suggesting a full 100% coverage of the fiber, and using the SEM measurements, the surface area
of the carbon fiber increases by 500-550% accounting for some small variations in measurements.
On the other hand, MOF is slightly harder to find the increase in area. With an assumption that the
sponge structure also is slightly hexagonal, and using the SEM imaging measurements, the MOF
increases surface area by 1000-1100%. There is a lot more range with MOF as the measurements
can vary greatly, but generally the MOF pores are on the smaller and thinner size so smaller
measurements were used. This increased surface area would benefit thermal performance as well,
shown by thermal camera testing done by Kumar et al. [24]. The thermal performance increase
would also benefit additive manufacturing, allowing for faster curing epoxies to be used during
production.

Moving to mechanical performance, the low load indentations gave some information about
the system, but nothing super meaningful. As the load was too light on the fiber, there would only
be some slight local sliding where the fiber and epoxy meet, but nothing that would lead to
debonding. More of the work done by the indenter would have gone into making the indentation
mark on the fiber itself, which would be part of the reason all the residual displacements were

about the same for each fiber and the maximum displacements were roughly similar to each other.
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However, due to the local sliding effect, there is still a difference in the maximum displacement in
that the ZnO and MOF had lower maximum displacements than the As-Is fibers. The addition of
temperature did not have an effect on the load-displacement data; the epoxy was softened to such
a degree that the experimental data would be affected more by softening of epoxy than weakening
of the interface. In imaging, the epoxy was softening such that fibers would start to sink in the
matrix. This is shown in the xSol epoxy comparison where the deflection and toughness doubled
from room temperature. On the fiber side, the maximum displacement increased but not enough
to be meaningful.

The high load indentation shows the effect of the nanoscale modification on the interfacial
strength. The ZnO and MOF curves shifted to the left as compared to As-Is, suggesting here that
even though there was debonding, the nano-species still resisted the sliding motion. The interfacial
shear strength also increased for ZnO and MOF, with MOF having a slightly higher strength. This
could be due to the difference in morphologies, as cantilever beams would be strongest very close
to the fiber and debonding could have occurred further away from the surface. An interesting point
is that the low load results showed ZnO with superior performance, but the high load results
showed that the MOF has superior performance. This could be due to the lower load resulting in a
more stiffness based result (parameter EI), wherein the ZnO modified fibers have a higher stiffness
than MOF fibers. However, high load results consider not just stiffness but also interfacial
adhesion. Modulus mapping also gave some insight into the behaviors occurring near the interface,
but the process could be refined or more data gathered to remove the effect of noise and fibers not
being flushed with the surface.

Looking at hydrodynamics, interfacial tension would give a clear picture of what is happening.

The interfacial tension of ZnO-epoxy interface is 700 mNm™ [70], and the tension of the MOF-
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epoxy interface is 20.7 mNm™ [71]. The lower the interfacial tension, the better the wetting
performance would be. This would also be a reason the MOF carbon fibers performed better than
ZnO fibers. Looking at surface free energy as well, the nano-species would have higher surface
free energy than the bare fiber; this promotes bonding as there is more energy that the epoxy can
use on the surface of the nano-species to bond to.

As explained in Sections 2.3 and 2.4, the use of nanoscale modification is more than just a
mechanical benefit. Zinc oxide, for example, is a great piezoelectric material. Therefore, these
nanoscale modifications can be used for both strengthening and for multi-functional composites.
Studies already exist that use ZnO coated hybrid composites in energy harvesting scenarios [72].
These multi-functional composites would pave the way for future structural and material design,

having both increased strength and multiple functions.
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5 Conclusions and Future Work

From this research, many insights were gained from theoretical aspects of nanoscale
modification to the experimental comparisons of the fibers. Microstructural characterization
showed the geometries of the nano-species, with the ZnO having a large cantilever beam type
structure and the MOF having a more porous structure. The low load indentation did not explicitly
give any new information, rather only showing the basic effects of local deformation. The high
load debonding experiments showed that the interfacial shear strength increased by 16% for ZnO
nanorods and 18.67% for MOF. Modulus mapping gave a better understanding of the transition
region between the fiber and matrix, further explaining the effects of the nanoscale modification.
Comparing all these results and looking at interfacial tensions and other wetting parameters
showed that the MOF has better performance due to its porous structure, which brings in more
epoxy to the surface of the fiber than the ZnO. This results in a more complete and stronger bond.
Some basic modeling was performed using a cohesive zone model but requires some further work
as the parameters were not well tuned. Overall, the understanding was made that these nano-
species increase the performance of the composite by having increased epoxy wetting and
mechanical tethering between the fiber and epoxy. The increased surface area would also help in

this manner due to there being more area for the epoxy to bond to.

5.1 Future Work
With a method for nanoscale single fiber interfacial shear strength calculation established, it

can be adapted to more than just a carbon fiber/polymer matrix combination. Other methods of
modification can be looked at on other fiber types like a hydroxyapatite coating on natural jute
fibers. The existing modifications (ZnO and MOF) can also be attempted to be used on glass fibers
or aramids. The ZnO and MOF morphologies can also be optimized for optimum performance as
well, as the design of ZnO is a big factor in the interfacial performance of composites. Further
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nanoindentation studies can also be performed, as the nanoindenter has other capabilities such as
scratch or electrical conductivity modules. With this, experiments can be done that use a surface
modification like ZnO to see how electrical conductivity changes in the interface as compared to
fiber’s surface and matrix. Finally, the interfacial shear strength experiments can be redone with a
more optimized tip such as an accurately sized punch tip. This would be a benefit because the
punch tip would remove the effect of the “mouse ears”. Even an accurately sized berkovitch tip
can remove that effect. From this, cleaner curves can be made that do not have that nonlinearity
around 40 mN, making the point of debonding clearer without the distraction of the mouse ears
nonlinearities.

In terms of modeling, wetting models can be further developed to model the behavior of epoxy
on the fiber’s surface. A flow model can be made for both bare and modified fibers. Furthermore,
flow models can be further optimized to create geometry plots (since flow models vary based on
geometry), which may allow the ability of the models to give a user what the best geometrical
parameters result in the best flow capabilities. Along with that, thermal curing models can be
created using differential scanning calorimetry (DSC) parameters for each modification. For
example, a small piece of modified fiber can be placed in the DSC crucible with the epoxy to see
how the heatflow changes with the addition of the fibers. These parameters like heatflow and
degree of cure can be used to create models and compare the effects of bare and modified fibers.

Modeling of the push-in tests can also be created and optimized. Initial investigations into
modeling of push-in tests used ABAQUS, primarily working with cohesive zone modeling. The
benefit of cohesive zone modeling is that it can model the debonding behavior of the interface
without nonlinearities. However, the cohesive material properties would have to be heavily

optimized in order for the load-displacement curves from ABAQUS to match with experimental
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data. Results from some preliminary tests are shown below; however, they do not match the
behavior shown by the experimental results. Figure 5.1 shows the vertical deformation in the
system, while Figure 5.2 shows the comparison between the experimental and modeling data.
Figure 5.2 shows that the cohesive properties chosen from a literature survey of T650 and
Aeropoxy did not result in accurate modeling data. Future iterations of this project would use
experimentally obtained variables such as the maximum traction and separation for the interface,

resulting in simulations that would match experimental data.
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Figure 5.2 Comparison between Abaqus Data and Nanoindentation Data
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