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Abstract:

At the region between fiber and matrix in a composite there is a region called interphase
region, which basically has different properties than bulk matrix and fiber. This region is
responsible for the loads transfer from the matrix to the fibers. Size of the interphase region
is very small and it is expected to vary from 100nm to less than 1m. Direct measurement
of mechanical properties of the interphase region is challenging and requires development
of novel techniques. To characterize mechanical behavior of local surface, nanoindentation
with atomic force microscopy (AFM) was implemented. Using MFP3D AFM, a test setup
was developed to characterize the region with variable contact areas and contact forces.
A series of radial line scan nanoindentations, starting from the center of cross-sectioned
fiber ending in matrix far away enough from interface, was used for characterization. Mea-
surement of quantitative mechanical properties using an AFM indentation requires several
things to be considered. For example AFM tip geometry is not simple like Berkovich in-
denter. AFM tip is small enough to get response from the change in properties in narrow
interphase region. Important observation includes the range in measured elastic modulus at
matrix side, gradually increasing at interface of fiber-matrix. The remarkable elastic mod-
ulus increment proves the AFM tip contacted harder material at interphase region. Such
a measurement provides reliable knowledge of interphase properties. Several measure-
ment were conducted to achieve consist and reliable data. The measurement validated with
Berkovich indentation method. Sample preparation for such a measurement was found
to be a critical issue. A method of cutting samples with ultramicrotome found to be the
best method. AFM indentation at interphase of carbon fiber matrix was performed with
different indentation depth or loads. Results of AFM indentation helped us to proof the
presence of interphase. The interphase of carbon fiber epoxy matrix was measured around
200nm with this method. Elastic modulus of polymer gradually increases at interphase
region from 3.0G Pa up to 10G' Pa. Increment of elastic modulus in interphase is attributed
to radial alignment of polymer chains. When polymer chains are aligned in a plane it is
hard for the indenter to penetrate through the polymer. Elastic modulus measurements
with 10, 15 and 30 nm penetration depth, was found to be reasonably similar and inde-
pendent of penetration depth. We experimentally validated our hypothesis that the ratio
of m/d, that constraint effect is ignorable while interpreting the nanoindentation data at
fiber—polymer interphase, is determinable with a series of indentation with different maxi-
mum depth dm/d at constant distance d from fiber interface. We found that interpretation
of nano indentation data at interphase with homogeneous model is valid and not affected
by constraint effect, if maximum depth is less than one fourth of distance from the fiber.
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CHAPTER 1

INTRODUCTION

1.1 Problem Statement

Indentation of a surface using an atomic force microscopy (AFM) tip has evolved into a
powerful mechanical property measurement technique in the field of surface science, thin
film science, and biomaterial sciences due to its promising ability to obtain the mechan-
ical response of surfaces at the nanoscale [1-4]. With increasing demand for the use of
composites in cutting edge technologies [5, 6] and commercial applications [7, 8], it has
become increasingly essential to study the fiber—matrix bonding quality and the behavior
of the interface region. The strength of fiber—matrix bonding is dominated by chemical
interactions at the interface region and the physical nature (roughness, etc.) of the sur-
face [9,10]. The strength of bonding is determined by interactions at the interphase and has
the highest importance for load transfer [11-13]. Although various continuum mechanics
based models were adapted to incorporate the presence of the interface in the prediction
of the mechanical response of reinforced composites [14—-16], few studies have been con-
ducted to measure or simulate the mechanical properties at the interphase region [17-19].
Furthermore, fiber reinforced composites show enhancements in the mechanical properties
when the fibers are properly bounded with the matrix, so it is important to develop new
techniques to measure the mechanical properties in the interphase area between reinforcing
fibers and the matrix. The effect of treated glass-fiber polymers in the glass-fiber polymer
interphase thickness has been studied by Griswold et al. (2005) using nanoindentation and
atomic force microscopy phase imaging [20]. They concluded that, as the percent of silane

increases, differences between the penetrations in the interphase versus penetrations in the



matrix would increase. In the case of carbon fiber, a reinforced polymer interphase was
investigated by Gu et al. [21] using a dynamic mechanical mapping technique and an in-

terphase about 100 nm wide was reported.

Researchers have studied fiber—matrix interphases using microindentation and nano-
scratch tests. The microindentation test is now widely used in various areas of material
science [22,23]. There are studies on the characterization of the glass fiber matrix inter-
phase by the microindentation technique [24]. Although nanoindentation is a powerful
technique for mechanical property measurements at the nanoscale and is a proper way to
study the interphase, more investigation is required to appropriately implement this method.
The indentation technique results are generally based on an interpretation of the force vs.
indentation depth curve [25-27]. Chateauminois et al. (1996) have developed a method
to analyze the glass—epoxy composite indentation curves. This method takes into account
the fiber compression into the epoxy matrix in addition to indentation of the fiber cross-
section [28]. Nanoindentation and the nanoscratch tests have been employed by Hodzi et
al. (2001) to characterize the effects of the interphase region in polymer-glass compos-
ites on the bulk material properties. Indentations on the glass—fiber interphase region of
both dry and water aged degraded samples showed that the elastic modulus of the glass—
matrix interphase is greater than the elastic modulus of the matrix [29]. Implementing the
nanoindentation and nanoscratch tests, Kim et al. measured the effective thickness of the
glass-fiber polymer interphase to be between 0.8—1.5 um depending on the type and con-
centration of the silane agent used. It was observed that increasing the silane concentration

increases the interphase thickness. [30].

Most of the reported mechanical measurements of the interphase have been done by the
nanoindentation technique. Such measurements have been carried out when the interphase

region is large enough, such as with the glass fiber—matrix interphase. However, in our



case, the case of the carbon fiber-matrix interphase, nanoindentation is limited because of
the limited size of the interphase. The interphase region around the fiber in the matrix is
extremely narrow, which makes the characterization of this region difficult [31]. Although
we presented examples of indentation at the microscale, there is a lack of knowledge on the
quantified measurement of mechanical properties of the interphase at the nanoscale. In this
work, we describe research that enables the mechanical characterization of the interphase
of carbon fiber-matrix composites at the nanoscale using AFM indentation. Indentation of
a surface using the atomic force microscopy (AFM) tip has evolved into a powerful me-
chanical property measurement technique in the field of surface science, thin film science,
and biomaterial sciences due to its promising ability to obtain a mechanical response of the

surface at the nanoscale.

Although there are reported examples of indentation at the microscale, there is a lack
of knowledge on fairly quantified measurement of mechanical properties of the interphase
at the nanoscale. AFM based techniques have been used for the carbon fiber—matrix in-
terphase and informative qualitative results have been achieved, but a quantitative result
requires extra effort. In this work, we describe research that enables us to obtain a quan-
titative mechanical characterization of the carbon fiber—matrix interphase at the nanoscale
using AFM indentation. Such issues as spring calibration, real AFM tip geometry, surface
roughness, and substrate effects were taken into account to achieve reliable quantitative

mechanical properties at the interphase.

1.2 Interphase and Interface Properties in Polymer Composites

Fibers and matrix in fiber reinforcement composites produce a combination of mechanical
and chemical properties that cannot be achieved with either of the constituents acting alone.
In other words, the material properties of the composite are quitedifferent from the material

properties of the fiber or the matrix.



A detailed understanding of composite material properties depends on the knowledge of
the mechanical properties of the interphase, which is ambient around the interface. The
interface is a surface formed by a common boundary between the reinforcing fiber and the
matrix, and it maintains the bond between the fiber and the matrix to transfer the applied
loads. A deep understanding of the interaction between the matrix and the fiber requires
a characterization of the interphase properties. As illustrated in figure 1.1, the interphase
is a finite region around the fiber between the interface and the matrix. The interphase
plays a key role in load transmission and in maintaining the integrity of the composite.
It provides gradient changes in the material’s property, prevents sharp transactions, and

reduces failures caused by mismatches at the interface.

Interface

—> Matrix (Polymer)

Interphase

Figure 1.1: Carbon fiber interphase and interface.



CHAPTER 2

METHODS TO MEASURE THE MATERIAL PROPERTIES

2.1 Contact mechanics

The ultimate goal of mechanical property characterization is to understand and predict a
material’s behavior when it is in contact with another material. Contact mechanics is the
study of the deformation of solid materials in contact with each other. Solids may touch
each other at one or more points. There are two major contact mechanics configurations.
First, there is the contact of two surfaces fitted narrowly together without deformation. In
the second kind of contact, one or both of the surfaces deforms when there is a contact area
between them. The stresses and deformations are occurring from the contact between the
two solids. The most well-known contact mechanics problem is the characterization of the
contact between a rigid sphere and a flat sample. To solve this contact mechanics problem
between a spherical indenter and a sample, the Hertz equation has been used.

The major assumptions in the Hertz equation are the following: the radii of curvature
of the sample are large compared with the radius of the circle of contact, and the surface
in contact is continuous. In nanoindentation, the contact mechanics solution for a contact
between a small sphere or a sharp tip indenter and a flat surface is implemented for the
characterization of unknown material properties. The elastic modulus, relaxation modulus,
residual stress, hardness and creep compliance are some of the unknown material properties
that can be measured using nanoindentation [32-34].

An understanding of the nanoindentation test leads us to have a good understanding of
the contact mechanics problem. In fact, all AFM based techniques are really the dynamic

contact problem between a sharp tip and a sample surface. Therefore, any developments in



these complex techniques require a deep understanding of tip surface contact mechanics.

2.2 Nanoindentation

Nanoindentation is a technique that determines the mechanical properties of the surface
of a material at a small scale by analyzing the response of the material to the indentation.
Nanoindentation results are based on the analysis of the loading and unloading curve, and
an analysis of the geometrical changes. To understand how the properties of an unknown
sample could be extracted by this technique, one needs basic knowledge of the contact
mechanics between the indenter and the surface of the sample. A study of the contact
mechanics problem between two nonrigid bodies is thus our starting point. A simple and
important case is this: the contact between a spherical indenter and the surface of a flat
sample. In 1881, Hertz parameterized the contact problem between a spherical indenter
and the surface of the sample. Suppose there is contact between the spherical indenter and

the surface of the sample as shown in figure 2.1.

//”_ i h,
f 1 A
t _ P ] f.'..p

Figure 2.1: Schematic of contact between a rigid indenter and a flat specimen.

The contact parameters are these: the indenter load (P), the radius of the indenter (R;),

the radius of the circle of contact (), the last point that the indenter touches on the surface



of the sample (point p), the distance between the surface of the sample and point p (h,),
and the distance between point p and the line tangent to the minimum point of the indenter
(h¢). To explore the contact mechanics problem, a spherical indenter is selected because of
its symmetry and important indentation applications. The spherical indenter is symmetric
along the y axis. Nonrigid body contact mechanics is used for the elastic properties of
both of the objects in contact. The combined elastic modulus £* depends on the elastic
modulus of the indenter and the sample, as well as the Poisson ratio of the indenter and the
specimen, as shown in equation 2.1.
1 1—v2 1-07

— = 2.1
E* E * £ 1)

Primes denote parameters related to the indenter. It is obvious that the radius of the circle
of contact (a) is proportional to the indenter load. It also depends on the indenter radius
(R;) and the combined modulus £*. By increasing the elastic modulus of the indenter, or
by decreasing the elastic modulus of the material, the depth of the penetration will increase.

Equation 2.2 gives the relationship between the radius of the circle of contact, the in-

verse of the combined modulus, the load, and the indenter radius:

PR;
2.2
Qo (2.2)
PR;
= (C—=>)" 23
a=(C—7) 2.3)
C' is a constant parameter that can be obtained by a series of experiments:
3PR;
= (= n 24
o= G5 4
n is a number because of dimension correction.
The dimension of the right hand side of equation 2.2 is L3
PR; NL
] = =L (2.5)



The left hand side of equation 2.2 should have the same dimension, so n will be 1/3 [35],

,  3PR

TR

(2.6)

Equation 2.6 is called the Hertz equation. The Hertz equation relates the radius of the
circle of contact (a), to the indenter radius (R;), the applied load (P), and the combined
elastic modulus (£*).

In general, both the indenter and the surface will deform but still we can use the same
equation obtained for the contact between a rigid body and the surface of the sample by
replacing the radius of the indenter with a slightly larger value.

A linear relationship between indentation strain and indentation stress can be found by
combining the Hertz approach. This means replacing the nonrigid body indenter with a
larger radius rigid indenter. This means that the mean contact pressure is linearly propor-
tional to the ratio of the circle of contact divided by the indenter radius. The proportionality
coefficient is a combined elastic modulus. This interesting result is like the linear relation
between stress and strain, where the proportionality coefficient is the elastic modulus.

Usually, the final goal of nanoindentation is to extract the elastic modulus and hardness
of the unknown sample. An advanced method can be used for residual stress measure-
ments [?,36,37]. Nanoindentation also involves some plastic deformation in addition to
the elastic deformation. An advanced study of this topic aims to understand the basics of

the elastic properties and move towards an elastic plasticdescription of the contact.

2.2.1 Nanoindentation tips

One of the standard tips for nanoindentation is the Berkovich tip. This tip is the best tip for
most bulk samples where their surface roughness is more than 50 nm. The total included
angle of the tip is 142.35° and the typical radius of curvature for a standard Berkovich
tip is around 150 nm [38]. Most well accepted models use the Berkovich tip. Thus, the

Berkovich tips are used in most experiments.



Another kind of indenter is the cube corner tip. Small indentations can be made by using
this kind of indenter. The cube corner indenter tip is pyramidal, similar to the Berkovich
tip, and it is sharper than the Berkovich indenter because the total included angle of the
cube corner tip is 90°, which is less than the Berkovich tip. Typically, the radius of the tip
for the cube corner is less than 30nm.

The Vicker tip is an example of a four sided pyramidal tip. The depth to area ratio is the
same as for a Berkovich tip, but the Vicker tip has only limited uses at the nanoscale. When
the four planes are cut into the diamond to create the tip, they intersect as a line rather than
as a point. Therefore, the radius of curvature of the Vicker tip is in general much larger
than that of a Berkovich tip.

The Knoop indenter is another kind of four sided pyramidal indenter. The cross section
of the tip is rhomboidal. This tip was developed for microindentation. This kind of tip is
suitable for indenting samples that have directional dependence.

Having knowledge about the shape, special applications and capabilities of different
indenters helps researchers to select the one that properly interacts with under measurement
of the modulus. This is important when chipping failure of the tip by improper usage is

considered.

2.2.2 Oliver-Pharr method

The professional and common methods to measure the hardness and elastic modulus of
a solid material is the Oliver-Pharr method. In 1970, Buylchev et al. used instrumented
microhardness testing machines to obtain indentation load displacement data, as shown in
figure 2.2. They obtained the relationship between the stiffness, the reduced modulus, and
the projected area of the indentation [25], as shown in equation 2.7.

_dp_ 28

§=—r= ﬁEr\/Z (2.7)



The slope of the curve, is indicated by of the stiffness .S of the contact and F, is the reduced
elastic modulus, A is the projected area of the indentation, and /3 is a geometrical constant,
which is 1.034 for the Berkovich indenter.

A is often approximated by a fitting polynomial, as shown in equation 2.8 for a Berkovich
tip,

A = 24.50% + C1hL + Cohl? + Oshl* o 4 Cgh/*™ (2.8)

Where I is the contact depth. Later, Oliver and Pharr were able to show that equation 2.7

A

Loading curve

Load (P)

Unloading curve

»J
j o

o« himge 2 Distance

Figure 2.2: A schematic characterization of load versus indenter displacement for an in-
dentation experiment. A, is the indenter depth at peak load and /; is final depth after

unloading.

is a strong equation and applies to tips with a wide range of shapes. Equation 2.1 gives us

the elastic modulus of an unknown sample.

10



2.2.3 Elastic modulus of aluminum

The Elastic modulus of an aluminum specimen was obtained from the unload-depth curves
using the method of Oliver and Pharr as shown in figure 2.3. Obtaining quantitative data
with the nanoindenter requires calibration of the inverted optical lever sensitivity (InvOLS).
The objective when calibrating the InvOLS is to convert the deflection voltages (the signal
from the photodiode) into a distance. This is done by performing a force curve on a hard
contact (in this case a sapphire micro sphere on a sapphire flat). If the contact is infinitely
hard, there is no indentation depth and the deflection in volts is equal to the Z sensor
displacement. This condition is assumed in the following experiment and computation. The
tips used are industrial diamond. Poisson’s ratio and the elastic modulus of the diamond
indenter are 0.07 and 1000 GPa, respectively. For geometrical purposes, it is possible to
make an image of an AFM probe. The Berkovich indenter tips are between 30 and 50 nm

when they are new.

11
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Figure 2.3: a) A schematic view of indent locations, b) a histogram of the elastic modulus

of aluminum, and c) the elastic modulus of aluminum at different locations.

12



Five load displacement curves were recorded for each sample. The penetration depth
for aluminum and stainless steel samples with a 10m N load were about 500nm and 250nm,
respectively. The average elastic modulus values of the five nanoindentation tests of the

stainless steel and aluminum samples were 176G Pa and 69G Pa, respectively.

2.2.4 Limits of nanoindentation technique for carbon fiber-matrix interphase

Nanoindentation is one of the powerful techniques to measure material properties. Using
this technique, we will measure the mechanical properties of materials at the micron scale.
One of the limitations of the nanoindentation test is the tip size. For interphases around a
few hundred nanometers, it is not possible to obtain material properties at the nanoscale.
Studying any effects of treatment on the carbon fiber surface depends on finding new ad-
vanced methods to measure the material properties of the interphase. An interphase is a
region around the fiber. An interphase is about a few hundred nanometers thick, and is

schematically shown in figure 2.4.

Fiber

Matrix Interphase

Figure 2.4: Schematic image of carbon fiber—-matrix interphase.

In order to show the limitation of microindentation figure 2.5 shows the carbon fiber

diameter and the projected area after nanoindentation while the applied load is on the order

13



of mN. As an example of the size limitation of the microindentation, a residual deformed
region after microindention on a 7um diameter carbon fiber cross section is shown in fig-

ure 2.5.

101.4 nm

10.0 pm

00

0.0

Figure 2.5: Projected area of Berkovich tip on carbon fiber surface in matrix.
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2.3 Scanning Probe Microscopy (SPM)

Scanning probe microscopy is a type of microscopy that images the surface with a physical
probe in a raster scan pattern with the line-by-line motion of a mechanical scanner [39].
Interaction between the probe and specimen is used to create the image. Various kinds of
surface probe interactions could be implemented for imaging at the same time. The type of
interaction between the surface and the tip determines the mode of imaging. The high res-
olution of this method relies on the precise and accurate motions provided by piezoelectric

devices [40].

2.3.1 Atomic Force Microscopy

The most common branch of SPM is atomic force microscopy (AFM), in which the tip
surface interaction is provided by the Van der Waals forces between the atoms of the tip
and the surface under scan. This type of scanning can be done by keeping either the force
or the distance constant. Using a constant force ensures that there is less risk of collision
between the sample and the surface. This implements a feedback mechanism to adjust
the tip-to-sample distance to maintain a constant force between the tip and the sample. A
piezoelectric scanner moves the tip in « and y directions on the surface while the feedback
loop keeps the force constant. The amount of deflection of the cantilever beam to which a
tip is connected is used for topography imaging. As schematically illustrated in figure 2.6,
the deflection of the cantilever is measured by a change in the position of a laser light re-
flected from the top surface of the cantilever to a position sensitive detect (PSD) consisting
of two closely spaced photodiodes. Figure 2.7 shows an SEM image of a typical cantilever

and an AFM tip.
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Figure 2.6: Scanner that moves the sample in the x — y direction to be scanned with a sharp

tip.
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Figure 2.7: Typical tip cantilever SEM image.
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2.3.2 AFM indentation

Atomic force microscopy has been used in a wide range of applications to determine the
quantitative analysis of surface topography. For example, one can find the surface rough-
ness of a thin film [41], an etched glass [42], or a polished surface [43] using this method.
It can be combined with other methods, such as nanoindentation or scratching, to determine
the final shape of the residual plastic deformation area or the depth of the nanoindentation or
the nanoscratches. The unique advantage of AFM is that, unlike the electron microscope,
which provides a two-dimensional projection image, AFM provides a three-dimensional
surface topography. The sample does not need to be conductive or coated and there is no
need for a vacuum chamber to perform the experiment. AFM microscopy performs well
even in a liquid environment, which makes it suitable for biological samples. The scanning
size limit is typically up to 100 x 100 pum? , and the maximum height is on the order of 2

to 3 um.
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CHAPTER 3

AFM indentation

3.1 Experimental

3.1.1 Material and sample preparation

In the current study, the IM7 carbon fiber with 5—8 um diameter polyacrylonitrile (PAN)
with a carbon content of 94.0% (Hexcel Composites, Stamford, Connecticut, USA) was
used. IM7 has an intermediate modulus (IM) with a tow strength of 7x107% psi, hence
the name IM7. The fiber studied was as-received and unsized. We specifically obtained
the unsized fiber so the effect of the fiber surface would not affect the interphase measure-
ments. The epoxy resin used for this study was a diglycidyl ether of bisphenol F- Epon
862 (Miller Stephenson Chemical Company, Inc., Dunbury, Connecticut, USA). The cur-
ing agent used for this resin system was Epikure 3274, which is a moderately reactive, low
viscosity aliphatic amine-curing agent (Miller-Stephenson Chemical Company, Inc., Dun-
bury, Connecticut, USA). The curing agent was added to the mixture at a ratio of 100:40
by weight and carefully hand mixed to avoid the introduction of air bubbles. To remove en-
trapped bubbles from the mixture, degassing was performed for around 30 minutes inside
a vacuum chamber. A loose bunch of fibers was casted in the epoxy matrix. As shown in
figure 3.1, a mold was used to make thin cross sections and long samples. One must cast
the fibers with enough distance from each other. When the fibers are far enough away from
each other they can be considered as a single fiber embedded in a matrix. Several of these

single fibers in the prepared sample is desired before cutting.
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|1.5 cml

Figure 3.1: A rectangular shape carbon fiber—-matrix composite specimen.

3.1.2 Surface preparation

AFM imaging from the cross the section of a fiber in a matrix requires an extremely flat
surface. The flatness of the surface should be one tenth or smaller than the expected inden-
tation depth. Based on past experience, the indentation depth is expected to range from15
to 50 nm, and that is why a surface roughness on the order of 1.5-5nm is essential. Mechan-
ically polished and ultramicrotome cuts on the surface of bulk samples were investigated

to achieve the required surface smoothness.

3.1.3 Mechanical polishing

The cylindrical mold, with an embedded unidirectional fiber, was cross-sectioned with a
diamond saw and polished with paper cloths and alumina nanoparticles. The polishing rate
was found to be different for the fiber and the matrix. The polishing most likely removes
material around the fiber. There is a sharp transaction in the interface of the fiber and the

matrix, which we were interested in imaging, as shown in figure 3.2.

3.1.4 Ultramicrotome

Ultratome (Sorvall, Porter-Blum MT2-B, Ultra-Microtome) was used to cut the samples.

Sections were picked up using glass knives (product number 8030, ultramicrotome glass
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25-30mm

Figure 3.2: a) Cylindrical carbon fiber composite, b) AFM image of the cross section of

carbon fibers after polishing, and ¢) SEM Image of carbon fibers cross-section
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strips, 25mm wide x 200mm long x 6mm thick). A bunch of fibers was embedded in
flat dog bone shaped molds. Rubber mold material with low viscosity was used to easily
detach the samples from the mold. Samples were cured at room temperature for 24 hours,
followed by post-curing at 121 °C for 6 hours. There are two methods to cut the samples
using the microtome. We can have a few chunks of polymer with a flat, polished area that
measures around 1mm square, or we can have sections of the material that measure about

Imm square and are about 100um thick, as schematically shown in figure 3.3.

TEM grid

Figure 3.3: Sample slices were fixed on the grid after having been cut with the microtome.

22



Normally, slices are applied to a grid for TEM imaging. In this case, the section may
or may not be completely flat. As figure 3.4 shows, to prevent the samples from moving

during imaging, the samples were fixed on the grid after cutting.

Using the first method, we cut several cross-sections of the samples. This increased

Figure 3.4: Sample slices were fixed on the grid after having been cut with the microtome.

the possibility of finding a good cross section for imaging. As figure 3.5 illustrates, the

sample was cut into a trapezoidal shape with the ultramicrotome using glass knives at room

temperature.
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Figure 3.5: SEM image of a trapezoidal cut using the ultramicrotome.

3.1.5 Comparing polishing and ultramicrotome techniques

The polishing rate was found to be different for the fiber and the matrix. Polishing most
likely removes material around the fiber. A significant height change at the interface of the
fiber and the matrix was observed from the AFM topography image and the height profile,
as shown in figures 3.6a and 3.6b, respectively.

Since we were interested in the properties of the interphase, such variations in height
were undesirable, rendering the mechanical polishing ineffective. Line profiles along the
fiber cross sections for both techniques are shown in figure 3.7. In comparison to the
polished sample, the sectioned fiber with the ultramicrotome has a reasonably flat surface,

quite appropriate for AFM indentation.

3.1.6 Atomic force microscopy indentation

Here we describe a route for quantitative modulus measurement using AFM indentation.
It involves direct measurement of the modulus using a fully calibrated instrument. A pre-
cise value for the indentation modulus of the material requires accurate tip geometry and

calibration of the cantilever spring constant. The response of the surface to AFM inden-
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Figure 3.6: a) AFM image of a mechanical polished cross-sectioned fiber, b) Cross-

sectioned fiber by ultramicrotome.
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Figure 3.7: Height profile of a carbon fiber cross-section
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tation depends on the indentation force, /', and the indentation modulus, £* as shown in
equations 3.1. The indentation modulus, £*, is a function of both the sample and the tip’s

young’s modulus, F; and E}, and the Poisson ratios, v, and vy, respectively [44,45].

1 1—v2 1—v}
— = > 3.1
£~ E, * E, ’ 1)

The MFP3D AFM (Asylum Research, Santa Barbara, CA) system was implemented to
measure the elastic modulus of the fiber matrix interphase with the AFM indentation tech-
nique. All measurements were completed at room temperature. For the indentation, AC160
tips Olympus cantilevers with a spring constant of 42N /m and a resonance frequency of

300 kHz, were used [46].

3.1.7 The cantilever spring constant calibration

Many manufacturers provide data sheets for their cantilevers, giving general values for the
spring constant, k., the geometry, and the resonant frequency. These are only nominal
values and can be quite far from the actual values. Hence, quick and accurate methods to
determine k,, are required. To calibrate the spring constant of the AFM tip, mica was used.
In this calibration method, the spring constant of the unknown spring was calibrated by
pressing it against a very stiff surface, such as mica, and then against a reference spring of

known and lesser compliance [47].

3.1.8 Real tip geometry

For the elastic modulus measurement through contact indentation, there are some solutions
from classical continuum elasticity theory for simple indenter tip shapes, such as spheres,
cones, and cylinders. In the case of a direct elastic measurement with the AFM tip, the real
geometry of the tip must be included in the equation. Although the geometry parameters
are given by manufacturers, the real tip shape may deviate significantly from the given

values. In fact, the real geometry is needed to calculate the projected area of the indenter
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versus the penetration depth A(h). Figure 3.8 schematically shows the projected area A(h)
at a given height of h. Ly(h), La(h), and L3(h) are unknown functions for three lines, and
are determined from the SEM images, as shown in figure 3.9. When the equations of the
lines are known, the triangle projected area could be calculated from a cross product of two
in-plane vectors, as shown in figure 3.8. It was assumed that the tip had a rigid geometry

and was not deformed during the indentation process.

Figure 3.8: Schematically illustration of the projected area A(h) at a given height h.

Before indentation, Hitachi S—4800 FE—SEM scanning electron microscopy was used
to determine the actual tip geometry. Coating was not required for imaging since the sam-
ple showed proper electrical conductivity during the imaging. The tip was attached to a
cantilever, which itself was connected to a silicon wafer base, as shown in figure 3.10. Be-
fore setting the specimen on the specimen stage, it was precisely aligned under an optical
microscope. The stage is capable of a full 360 ° rotation and a -5 to 70 ° tilt, with 0.01

degree accuracy.
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Figure 3.9: Schematic view of the AFM tip

ST 500 um

Figure 3.10: SEM image of the cantilever that holds the tip.
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3.2 Results and discussion

3.2.1 Tip geometry calculation

Figures 3.11a and 3.11b were captured on the side and top views of a tip without any tilt
or rotation. In Figure 3.11c, the specimen stage was tilted to 35.00 degrees to capture a
3D view of the tip with a known tilt angle. The tilt was applied when the specimen was
set inside the imaging chamber on the stage. Figures 3.11d, 3.11e, and 3.11f show the
AFM tip edge lines corresponding to the SEM images. Some customized image processing
matlab code was used for edge detection and for the plots. We found L;, L3, and L, from
the side views and the top view, respectively, as shown in figure 3.9. Knowing L, and Ls,
we can obtain 6.

Figure 3.12 shows the very front end of the AFM tip and its zoomed-in image, confirm-
ing the required sharpness of the tip. The calculated cross sectional area for the given tip
is shown graphically in figure 3.13a. Figure 3.13b shows the quadratic function fitted on a

cross sectional area versus depth curve.
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54800 30.0kV 5.4mm x5.00k SE(M) 8/11/2012 13:47

()

Figure 3.11: a) Side view, b) Top view, c¢) 3D view of the SEM image of the AC160 AFM
tip, d), e), and f) Demonstrate the AFM tip edge lines corresponding to the SEM images of

the side view, top view, and 3D view, respectively.
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Figure 3.12: SEM image of AC160 AFM tip.

Figure 3.13: a) Graphical representation of tip projected area, and b) cross section area

versus depth curve.
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3.2.2 Validation of the data

Before studying the interphase with this method, it is essential to test the accuracy and
consistency of the AFM indentation for the elastic modulus measurement. Two samples
aluminum and epoxy polymer with known elastic properties were indented. On each speci-
men, 72 points at 12 different regions were indented using the AFM indentation technique.
A group of 6 indents were located on a rectangular grid of 10um x 10um size. These
groups were spaced from each other on the measurement surface to cover a larger sampling
domain. A 2um distance was also considered between two adjacent indents.

A large number of indents is required for validating the test to avoid the effects of
variations in surface roughness. Figures 3.14a and 3.14b show the load-depth curves for

indentations on the aluminum and epoxy polymer specimens, respectively.
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Figure 3.14: a) Load-depth curve of indentation on aluminum specimen, and b) Load-depth

curve of indentation on epoxy polymer specimen.

Environmental noise, mechanical vibrations, fluctuations in the atmospheric tempera-
ture, and pressure are other potential error sources. Load-displacement curves collected
from these indentations were used for direct calculations of the mechanical properties, as

presented in figure 3.15. Each number on the x axis represents a group of 6 indents located
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on a rectangular grid of 10um x 10um size. These groups were spaced apart from each
other on the measurement surface to cover a larger sampling domain. A 2um distance was

also considered between two adjacent indents.
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Figure 3.15: Elastic modulus calculated from unloading curves of standard aluminum sam-

ple.

The average elastic modulus for aluminum was found to be 68.32 + 3.51GPa. The
variance +£3.51 shows an acceptable consistency in measurement. Although, having an
acceptable consistency level for the aluminum sample is good, it is not reliable enough for
the measurements in the region of interest, that is, the carbon fiber—matrix interphase.

To ensure the method is working properly for polymeric material, epoxy polymer was
also indented similar to the standard aluminum sample, both with AFM indentation and
Berkovich tip nanoindentation. To validate the results of AFM indentation, the same sam-
ple was indented with the Berkovich tip, with details explained elsewhere [48]. The average
elastic modulus for the epoxy polymer from the AFM indentation was 2.99 4 0.31GPa and
using the Berkovich tip indentation the elastic modulus was 3.03 +0.10GPa. The two tech-
niques were in good agreement. The Berkovich indentation had three times fewer error

bars. As the indent size decreases the error caused by tip rounding, surface roughness,
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vibration and other experimental errors increases.
Figure 3.16 shows the elastic modulus measurements for 10 measurement points on an

epoxy polymer using AFM indentation.
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Figure 3.16: Elastic modulus calculated from unloading curves for epoxy polymer speci-

men.

3.2.3 Quantitative measurement of carbon fiber-matrix interphase

Figure 3.17a shows atomic force microscopic representative images of the interphase re-
gion. The desired indentation locations were selected radially on the AFM image and
indented using the AFM tip. Several radial lines were selected to obtain acceptable statis-
tics. Figure 3.17b shows a representative sample of load and unload curves for indents near
a fiber, and far from the fiber at the interphase region. To limit the effects of the fiber on the
indents, small loads of less than 3N were used [49]. An AFM image of the sample and
indents locations are shown in figure 3.17a. As shown in figure 3.17b, indents close to the
interface have less penetration depth and a steeper slope for load-unload curves than those

far away from the fiber interface. This is attributed to the formation of stiffer material at
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the interphase region that has an incremental gradient in elastic modulus while approaching

the fiber interface, as schematically illustrated in figure 3.18.
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Figure 3.17: a) AFM image of sample and indents locations, and b) load and unload curves

for indents at various radial distances.

The elastic modulus corresponding to each location was calculated from the load-
displacement curves. Figure 3.19 shows the calculated elastic modulus for 10nm, 15nm,
and 30nm depths as a function of the distance from interphase, from the matrix side. As we
approach the interphase the average value of the elastic modulus drastically increases. It is
also observed that the data is more scattered while approaching the interface. This can be
attributed to the a change in the mechanical properties in this region. Furthermore, the elas-
tic modulus on a circumference of a circle around the fiber in the interphase region varies,
as the fiber itself does not have a complete circular cross—section and the cross—section
might not be completely perpendicular to the fiber axis.

The findings presented here indicate that the width of the interphase is less than 200
nm. The nanoindentation results support the idea of the presence of a different bonded

network in matrix around the carbon fiber. Such parameters as surface treatment, epoxy

35

40




Interface

Fiber surface

Fiber surface
/AR
poxy polyme
Epoxy polymer

Matrix

i
ol

Figure 3.18: Schematic illustration of narrow interphase region.

type, curing agent material and percentage, curing conditions and nano fillers could affect
the width of the interphase [50-52]. The current technique would be the proper way to
study the effects of these parameters on the widths of the interphase, which is expected to
yield larger interphase regions.

During the polymer curing, the first nucleation sites appear on the surface of the carbon
fiber. A highly crystalline region of aligned polymer chains forms at the initial stage of
curing around the fiber. This molecular chain alignment provides an interphase region.
As curing progresses away from the interphase region, solidification of polymer chains
happens in more random directions. An observed increase in the modulus is attributed
to the radial alignment of polymer chains. When polymer chains are aligned in a plane
perpendicular to the indentation direction it is hard for the indenter to penetrate through the
polymer [53]. An elevated interphase modulus is related to an increase in polymer chain

alignment at the interphase region and causes the polymer to become very rigid [54].
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Figure 3.19: Elastic modulus as a function of distance from interface.

3.2.4 Ratio of 6m/d and validation of indentation data

To verify the effect of penetration depth on data, a series of AFM indentations was per-
formed with various penetration depths, from 10 — 100nm, as shown in figure 3.20.

The elastic modulus measurement by nanoindentation on a homogeneous polymer with
a smooth surface is independent of the maximum penetration depth dm. But for thin film
coatings, when the penetration depth is greater than 10% of the film’s thickness, the sub-
strate effect appears [25,55]. Therefore, evaluating the load-depth curve with a model that
assumes that the material under indent is homogeneous is not accurate. Similarly, due to
the presence of fiber at the vicinity of the indentation site, the load-depth curve could be
affected. Corresponding to the 10% limit for thin films, if the maximum penetration depth
(0m) compared to the distance from the interface is less than a certain value, the effect of
constraints due to the presence of the fiber can be neglected. But the question is: For a
certain om, how close to the fiber interface (d) can we get while the data is still not affected

by the constraint effect? Our hypothesis is this: The ratio of dm/d, at which the con-
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Figure 3.20: Elastic modulus vs. penetration depth as the distance from the fiber interface

18 varied.
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straint effect is negligible while interpreting the nanoindentation data at the fiber—polymer
interphase, is experimentally determinable.

A series of indentations with different maximum depths dm at a constant distance d
from the fiber interface can reveal at which §m /d value the constraint effect starts to show
up. Figure 3.20 shows the results of elastic modulus values calculated from indentations
for different dm values at constant 50, 100, 200, 300, 500 nm distances from the interface.
The results reveal that the elastic modulus is independent of the maximum depth dm for the
measurements at 200, 300, and 500 nm distance from the interface. Although, for the100
nm distance from the interface, the elastic modulus is initially constant for dm/d = 0.25
the calculated elastic modulus increased for dm/d = 0.5. This is attributed to constraint
effect. Similarly, for the 50 nm distance from the interface, the elastic modulus initially
did not vary significantly for ém/d = 0.25, but the calculated elastic modulus drastically
increased for dm/d = 0.5. As a result, the interpretation of nanoindentation data at the
interphase with a homogeneous model is valid, and not affected by the constraint effect,
if the maximum depth is less than one fourth of the distance from the fiber, as shown in

figure 3.21.

3.3 Conclusions

A series of AFM indentations with constant maximum load was implemented in order to
investigate the interphase properties of carbon—fiber embedded in a polymer matrix. This
technique provides unique information about the mechanical properties of the interphase.
Before applying the technique to a small interphase region, the method was validated with
a conventional method of indentation method with the Berkovich indenter on a polymer
sample, and found to be in good agreement. The elastic modulus of the carbon—fiber ma-
trix interphase was obtained based on the Hertzian model and fitting a polynomial function
on the initial part of the load-depth curve. An accurate calculation of the elastic modulus,

based on the load depth curve from the AFM indentation data, depends on a precise de-
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Figure 3.21: Elastic modulus vs. penetration depth.

termination of the real geometry of the AFM tip. In our experiment, when the indentation
depth was between 10 and 15 nm, the real geometry of the tip was even more essential.
SEM images were used to identify the real 3D tip geometry and the projected area of
the tip. The elastic modulus along the interphase was determined at different penetration
depths. The small size of the interphase, the minimum required distance between two adja-
cent indents, and the constraint effect between the fiber and the matrix limit the maximum
penetration depth. Furthermore, AFM indentation with a penetration depth less than the
sample surface roughness does not provide valid data. Elastic modulus measurements with
10, 15 and 30 nm penetration depths were found to be reasonably similar and independent
of penetration depth. We experimentally validated our hypothesis. We found that the ratio
of dm/d, that the constraint effect is ignorable while interpreting the nanoindentation data
at the fiber—polymer interphase, is determinable with a series of indentations with different
maximum depths dm /d at a constant distance d from fiber interface. We found that the in-

terpretation of nanoindentation data at the interphase with a homogeneous model is valid,
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and not affected by the constraint effect, if the maximum depth is less than one fourth of
the distance from the fiber.

The increment of the elastic modulus in the interphase is attributed to radial alignment
of polymer chains and polymer chain cross—links. When polymer chains are aligned in
a plane perpendicular to the indentation direction, it is hard for the indenter to penetrate
through the polymer. Results show that the elastic modulus increases from 3GPa in the
polymer side to 10GPa in the interphase. Variations in measured elastic modulus values
indicate that the width of the interphase is less than 200 nm. This measurement method is
general and relevant to other fiber—matrix systems where the interphase width measurement
is important and it opens up a key method for studying the change in mechanical properties

at the interphase region.
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CHAPTER 4

Measuring the viscoelastic properties of a fiber-matrix interphase by AFM

indentation

4.1 Viscoelastic properties of polymers

4.1.1 Introduction

Viscoelasticity, similar to elasticity, is defined based on the relationship between stress
and strain. A viscoelastic material, however, is a material that has a time dependent re-
lationship between stress and strain. An ideal elastic material quickly returns back to its
initial form after the load is removed, but a viscoelastic material returns to its original po-
sition gradually, over time. When there is not a plastic deformation, after load removal, a
viscoelastic material fully recovers after a certain time. After removing the load, this dis-
sipative response of a material is controlled by internal friction [56]. In polymer materials,
viscoelastic effects are not small enough to neglect and should be considered in the study of
mechanical properties [57,58]. Almost all polymers are viscoelastic and their characteristic
functionality depends on viscoelastic properties. Earplugs provide an interesting example
of the implementation of viscoelasticity in product design. The viscoelastic responses of
materials are defined as transient properties. Two viscoelastic quantification methods are
creep and stress relaxation measurements. Here are the definitions: Creep is the time de-
pendent strain response to stress. A quantitative value for creep is represented by creep
compliance, which is the strain divided by the constant stress, denoted by J(t). Stress re-
laxation is the time dependent stress response to strain. Similarly, a quantitative value for

stress relaxation is represented by the relaxation modulus, which is the stress divided by the
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constant strain. The relaxation modulus is denoted by F(t). The objective of this chapter is
to use AFM indentation for viscoelastic property measurement at a small scale. We initially
start with microindentation to establish a standard comparison data set for AFM indenta-
tion. Although creep and stress relaxation experiments for large bulk samples can be done
in both tension and compression using mechanical testing equipment, nanoindentation and

AFM indentation only can be implemented in the compression mode.

4.1.2 Importance of viscoelastic property measurement on hygrothermal aging

Environmental conditions, such as electromagnetic fields, ultraviolet (UV) exposure, mois-
ture, temperature, and pressure changes can alter the performance of a polymer compos-
ite [59,60]. Synergistic degradation by exposure to various environments leads to changes
in the physical, chemical, and mechanical properties of polymer composites [61-68]. Pre-
venting the premature failure of fiber reinforced polymer composites, and aiming at long-
term high-performance structures requires knowledge of viscoelastic property changes as
functions of environmental variables. Predicting the behavior of reinforced polymer com-
posites with conventional aging methods, such as natural aging, temperature, humidity,
condensation, and water spray, can be very time consuming. Hygrothermal aging [69-73]
is an accelerated methods used to predict the performance of polymer composites. Hy-
grothermal aging mechanisms and changes in properties of the polymer matrix have an
important role to play in the performance of fiber reinforced polymer composites. More
importantly, the fiber—polymer matrix interface that is responsible for load transfer and the
integrity of the fiber—matrix is affected by synergistic condition mechanisms. Although
microindentation is well established for bulk property measurements [74—77], it is not suit-
able for measurements at the narrow interphase region. This is mainly because of the size
limit. The focus of this research is to investigate the viscoelastic properties of a carbon fiber
matrix composite as a function of exposure to hygrothermal aging by employing AFM in-

dentation.
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4.1.3 Review on viscoelastic measurement by nanoindentation

One of the powerful techniques that has been implemented to calculate various material
properties, such as the elastic modulus, creep compliance, and hardness, is nanoindenta-
tion. Lu er al. [78] proposed a method to measure the creep compliance of viscoelastic
materials using nanoindentation. Creep compliance is defined as the change in strain as a
function of time for a constantly applied stress. They validated this method by measuring
the elastic modulus from the creep compliance behavior of two bulk polymers, polymethyl
methacrylate (PMMA) and polycarbonate (PC). The two indenter geometries used in their
experiments were Berkovich and spherical. In their nanoindentation test, two different
loading histories were used: i) Ramp loading, in which the indentation load and the dis-
placement were recorded and 11) Step loading, in which the indentation displacement as a
function of time was recorded. Results from the nanoindentation test agreed with data from
conventional shear tests and tension tests.

Tweedie et al. [79] performed a similar nanoindentation test on four amorphous poly-
mers, two semi-crystalline polymers, and two epoxies. They proposed that the linear vis-
coelastic assumption does not hold for any of these polymers when creep compliance is
measured using a conical indenter the same as Berkovich for both step or ramp loading,
regardless of the loading history, due to non-linearities in material behavior and contact
mechanics. However, for a spherical indenter of large diameter (500 microns), the linear
viscoelasticity assumption holds. They showed that nanoscale contact creep experiments
with sharp indenter geometries on polymeric surfaces could not be used correctly for the
current linear viscoelastic analysis of contact. They further demonstrated the effect of
monomer structure, molecular steric hindrance and microstructure on the creep compli-
ance characteristics of bulk polymers.

One of the methods used to measure the relaxation modulus is nanoindentation tech-
nique. Lu et al. [80] presented methods to measure the relaxation modulus from nanoinden-

tation. In these methods, the relaxation modulus is extracted using nanoindentation load-
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displacement data. The Maxwell model was developed to measure the relaxation modulus
for both the differentiation method and the curve-fitting method with the Berkovich inden-
ter. For nanoindentation with a spherical indenter, a curve fitting was derived to measure
the relaxation modulus. Nanoindentation tests were performed on three bulk polymers:
polymethyl methacrylate (PMMA), polycarbonate (PC), and polyurethane (PU). The re-
laxation modulus measured from the nanoindentation was compared with data measured
from conventional tensile and shear tests. They obtained a good agreement for all these
materials for an indentation depth higher than a certain value, providing reassurance that
these methods are good for measuring relaxation functions.

Odegard et al. [81] used a nanoindentation test to determine the dynamic viscoelastic
properties of eight polymeric materials. They selected three high performance materials
(8320, 5260, and LaRC-SI) and five density variations of polyethylene (HDPE). They used
nanoindentation testing to determine the dynamic viscoelastic properties of polymeric ma-
terials and to quantify the relative influence of test parameters and material variations on
the measured response. They compared the viscoelastic data acquired from nanoindenta-
tion with bulk viscoelastic data obtained from standard DMA tests on identical materials.
They tested samples with both harmonic frequency and harmonic amplitude and showed
that varying the harmonic frequency of nanoindentation does not have a significant effect
on the measured storage and loss moduli of the polymers, but varying the harmonic ampli-
tude of the nanoindentation has a limited effect on the measured viscoelastic properties of

the resins.

4.2 Material and sample preparation

The epoxy resin used for this study was diglycidyl ether of bisphenol F-epon862 polymer
(Miller— Stephenson Chemical Company, Inc., Dunbury, Connecticut, USA). The curing
agent used for this resin system was Epikure 3274, which is a moderately reactive, low

viscosity aliphatic amine-curing agent (Miller—Stephenson Chemical Company, Inc., Dun-
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bury, Connecticut, USA). The curing agent was added to the mixture at a ratio of 100:40
by weight and carefully hand mixed to avoid the introduction of air bubbles. To remove
entrapped bubbles from the mixture, degassing was performed for around 30 minutes. The
final slurry containing epoxy and clay was poured into an aluminum mold and cured at
room temperature for 24 hours, followed by post-curing at 121 °C for 6 hours. The final
outcome had a nominal dimensions of 6 in.x5 in. x0.2 in. After the specimens were pol-
ished, they were subjected to hygrothermal aging. Specimens were taken and submerged

in 60 °C water for 10 days, as shown in figure 4.1.

Figure 4.1: Specimens were taken and submerged in 60 °C water for 10 days

Table 4.1 experimentally verified that 10 days of exposure time was enough to ensure
the saturation of water by absorption into the specimens. Figure 4.2 shows weight percent-
age vs. time for the specimen. Water saturated specimens were then dried in an oven at
110°C for 6 hours to remove void-filling moisture from the samples, leaving only perma-

nent degradation in the form of bonded water.
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Table 4.1: Weight change (g) by water absorption during hygrothermal aging

Specimen  1st 2nd 3rd 4th Sth 6th 7th 8th Otht  10th
#1 2747 27765 27783 2788 2.797 2.7984 2.798 2.800 2.801 2.802
#2 2.489 2.503 2.523 2527 2530 2530 2528 2530 2.531 2.531
#3 2.608 2.623 2.640 2.647 2.651 2.651 2.650 2.652 2.65 2.654
#4 2.604 2.614 2.639 2.648 2.651 2.653 2.651 2.653 2.654 2.656
#5 2,627 263 2.661 2667 2.673 2.674 2.673 2.675 2676 2.676

4.3 Indentation using Berkovich indenter

The MFP3D AFM (Asylum Research, Santa Barbara, CA) machine was used for indenta-
tion to measure the mechanical properties of materials at the micron scale. A Berkovich
tip was used as the standard tip for indentation. The total included angle of the tip is
142.35 °and the typical radius of curvature for a standard Berkovich tip is around 150nm [82].
Most well accepted models use the Berkovich tip, and thus most experimenters use Berkovich
tips. Obtaining quantitative data with the nanoindenter requires the calibration of the in-
verted optical lever sensitivity (InvOLS). The objective when calibrating the InvOLS is to
convert the deflection voltages (the signal from the photodiode) into a displacement. This
is done by performing a force curve on a hard contact in this case a sapphire micro sphere
on a sapphire flat. If the contact is infinitely hard, there is no indentation depth and the
deflection in volts is equal to the Z sensor displacement. This condition is assumed in the
following experiment and computation. The tips used are industrial diamond. The Poisson
ratio and the elastic modulus of the diamond indenter are 0.07 and 1000G Pa, respectively.
A constant rate of displacement was applied in all indentation tests. The average maximum
penetration depth for weight fraction 0.5 with a 1.5m /N load was about 570nm.

Because the mechanical properties of the tested material are calculated on the assump-
tion that the sample surface is flat, surface roughness is extremely important for indentation

experiments. Figure 4.4a shows the AFM image of a neat epoxy polymer. As seen on the
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Figure 4.2: Weight percentage vs. time of specimen.

surface profile in figure 4.3b, the largest surface fluctuation is about 20 nm, which is very
small when compared with the penetration depth of the 1um indenter tip. The surface
roughness of the neat epoxy polymer is 17.81nm. This level of surface roughness does not
have a significant influence on the resultant values of the microindentation.

The results show that the surface roughness of 17.81nm increased to 27.50nm after hy-
grothermal aging. This surface roughness is still small for the 1pm indenter tip penetration
depth, and the effect the of surface on the resultant values of microindentation can be ne-
glected. Although a smoother surface is more ideal for measurement, excessive polishing

could influence the mechanical properties [83, 84].

4.4 Viscoelastic properties of epoxy polymer

Creep and stress relaxation are important time—dependent parameters used to characterize
viscoelastic materials. Creep is the measure of the increase in deformation that occurs

under a constant load, in addition to the initial deformation. Stress relaxation is the decrease
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Figure 4.3: AFM image of neat epoxy polymer surfaces, and b) Line profile on AFM image.

Figure 4.4: AFM image of epoxy polymer after hygrothermal condition and b) Line profile

on AFM image
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in stress with time after stressing to a constant deformation, as in the case of loosening of
bolts after they are tightened to a certain stress when put into service. According to Lu
et al. [80], the relaxation function for a viscoelastic polymer, F(t), can be determined
from the loading curve of a constant displacement rate indentation test. The value of the
function for ¢ = 0 gives the glassy modulus or relaxation modulus for the viscoelastic
material, which also represents its Young’s modulus. The relaxation function can be found
from equation 4.1.

Where v is the Poisson ratio, P is the indentation load, A is the indentation depth, and
a 1s the angle between the half—space and the conical indenter (here we used o = 19.7°
for the Berkovich shape). Using real AFM tip geometry for the AFM tip, we found o =
10.73°. A quadratic function, P(t), is fit into the loading section of the load-displacement

plots and the relaxation modulus is calculated from the above equation.

(1 — v?) tan a d?p(t)

E =
(®) 4 dh?

4.1)

The ultimate goal of mechanical property characterization is to understand and predict
material behavior when it is in contact with other materials. Solids may touch each other
at one or more points. The stresses and deformations occur from the contact between two
solids. All AFM based techniques are dynamic contact problems between a sharp tip and
a sample surface. Nanoindentation results are based on an analysis of the loading and

unloading curve, and the geometrical changes.

4.5 Relaxation Modulus of Neat Epoxy polymer

4.5.1 Indentation (Berkovich indenter)

A Berkovich tip was used because of its well-defined geometry, which ensures more precise
control over the indentation process. Constant displacement rates of 0.033, pum/sec were

used to load the specimens. The objective of viscoelastic measurements with the Berkovich
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tip is to obtain experimental reference data for compression and validation of measurements
at a smaller scale by AFM indentation. A neat epoxy polymer with known elastic properties
was used for viscoelastic property measurement by indentation. As shown in figure [?], a
loading curve with a constant displacement rate was used for the indentation test. A loading
rate of 33.33nm/sec and a load time of 30 seconds were selected. The relaxation modulus
value of 2.97 £+ 0.1(G'Pa) was obtained from the indentation test according to a method

developed by Lu er al. [80] to measure the relaxation modulus of viscoelastic materials.

4.5.2 AFM indentation

The ultimate aim of comparing the relaxation modulus measurement of a neat epoxy poly-
mer by both the Berkovich tip and the AFM tip methods is to validate the AFM tip based
method for measurement at narrow interphase regions. At the interphase, the material is
expected to have a gradient of viscoelastic properties as a function of the distance from the
interface, and we are interested in quantifying these properties. Therefore, it is essential
to test the sensitivity of the method to changes in the viscoelastic properties. Before con-
ducting the test on the interphase, a hygrothermally—aged polymer was selected in order to
measure its elastic relaxation modulus change as a function of the aging time. If the error
bar of the measurement method is small enough to capture the trend in changes, it will be
suitable to be adapted for the interphase measurements as well.

Figure 4.5 shows three load—displacement curves of a neat epoxy polymer using AFM
indentation. The test was conducted at 10 different locations, which were far enough apart
not to interfere with each other. For illustration purposes only three representative curves
are presented. All three curves overlap each other, indicating the consistency and reliability
of the data.

Figure 4.6 shows a load—displacement curve for an epoxy polymer after 5 days of hy-
grothermal aging. For illustration purposes only, the three curves with the greatest dif-

ferences are shown. The differences are very small, but since the method was able to
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Figure 4.5: AFM indentation load—displacement curve for neat epoxy polymer.

obtain almost similar curves for multiple measurements on neat samples, the three small
differences could be attributed to real material property changes at various measurement
locations. This is an indication of small local variations of aging that can be captured only
by the AFM indentation method. Obviously, this is not observable by microindentation,
since it is averaging the properties of a relatively larger area.

Figure 4.7 shows a comparison between load displacement curves of the neat epoxy
polymer and the epoxy polymer after hygrothermal aging for a similar constant strain rate.
For the initial penetration steps, the slope of the loading curve for both neat and aged epoxy
is the same, but as the tip penetrates more deeply into the material, the neat epoxy shows
more stiffness and a steeper curve. For similar final penetrations of 400 nm, the maximum
load reached for the aged polymer is much lower. That is an indication of weaker bond-
ing between polymers, and is attributable to moisture diffusing into the interface between

the fiber and the polymer. The aged polymer unloading curve becomes tangent to the dis-
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Figure 4.6: AFM indentation load—displacement curve of epoxy polymer after hygrother-

mal aging.
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placement axis around 260 nm, while the unloading curve for the neat epoxy intercepts
the displacement axis around 200 nm. This is because the behavior of the aged polymer
is more viscoelastic.This viscoelastic behavior difference can also qualitatively observed

from the large separation distance between the load and unload curve for the aged polymer.
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Figure 4.7: Load—displacement curve for neat epoxy polymer and epoxy polymer after

hygrothermal aging.

By comparing the tests on neat and aged epoxy, it can be concluded that the AFM inden-
tation is able to reliably and consistently measure the change in the viscoelastic behavior

of polymer materials.

4.6 Viscoelastic property of fiber—matrix interphase by AFM indentation

In our previous chapters, we showed that the elastic modulus of a polymer in the interphase
region gradually increases when approaching the interphase. The interphase region plays

a critical role in the load transfer between the fiber and the matrix. Generally, loads are
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applied to the composites over a span of time. When a time dependent load is applied to a
polymer, it is important to study its behavior as a function of time. This time dependency
can be quantified in terms of measuring the creep compliance and the relaxation modulus.
Although similar to the elastic modulus measurements at the interphase, there are several
limiting factors that make the measurement of viscoelastic properties at the interphase a
challenging job. Our success in using AFM indentation for elastic modulus measurements
at the interphase, and the consistency of our measurements of the changes in viscoelas-
tic properties under an aging polymer, reinforce the idea that this method is suitable for

viscoelastic property measurements at the interphase region.

4.6.1 Sample preparation and method

A sample preparation method that is similar to the one used for elastic modulus measure-
ments was implemented for viscoelastic properties measurement. An ultramicrotome was
used to cut the samples and sections were picked up using glass knives. Samples were
selected from a neat epoxy polymer and aged for 5 days aged in 60 °Cwater. More details
of sample preparation and hygrothermal aging are explained in section 4.2. Constant dis-
placement rates of 0.75nm /s were used to load the specimens with a sharp AFM tip with
a 10.73 °half angle. Linear viscoelastic equations developed by Lu et al. [80] were used to
obtain the relaxation modulus from the load and unload curves.

Figure 4.8 shows the load—displacement curve for indentations at different distances
from the carbon fiber interface used for relaxation modulus measurements. The inden-
tion at the 50 nm distance shows that the polymer around the fiber is stiffer and both the
load and the unload curves are steeper. For a similar maximum penetration of 15 nm, the
maximum load reached for the 50 nm distance is 5 times more than the maximum load
reached for the 200 nm distance from the interface. A similar trend of higher stiffness as
a function of interface distance was observed from indentation on the interphase region of

similar specimens after hygrothermal aging, as shown in figure 4.9. Comparing the load—
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displacement curves before and after aging reveals that the maximum indentation load has
decreased after aging at the interphase region for all indentations. These observed changes
in the load—depth curved are an indication of the change in viscoelastic properties of the
interphase after hygrothermal aging. The next important step is to quantify the viscoelastic

properties. This is explained in detail in the next section.

1 0 | | === 50nm distance from fiber
e | Q0N distance from fiber

s 200nm distance from fiber

Load (MN)

0 5 10 15
Depth (nm)

Figure 4.8: Load—depth curves for indents at various radial distances from the fiber for neat

epoxy polymer.

4.6.2 Relaxation modulus measurement using AFM indentation

In this section, a method of relaxation modulus measurement, directly from AFM indenta-
tion and with a constant rate of displacement loading, is presented. This method is an adap-
tation of the method originally developed by Lu et al. [78] for micro scale indentation using
load displacement data. According to the Lee-Radok approach, the load-displacement data,

in which the contact area does not decrease with time, was used. Assuming that the ma-

56



1 s 50nm distance from fiber
O s | 00N distance from fiber
s )00nM distance from fiber
8 |
Z 6
=
S
o
o]
§ 4
2
0
0 5 10 15

Depth (nm)

Figure 4.9: Load—depth curves of indents at various radial distance from fiber after hy-

grothermal aging.
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terial is homogeneous isotropic linear viscoelastic, with a constant Poisson ratio of v, the
load—displacement relation for constant-rate displacement indentation is shown in equation

4.2:

4‘/02 t
(1 — v2?)tana /0 Bt = ¢)ede *2)

For linearly viscoelastic materials, the generalized Maxwell model for the relaxation

P(t) =

modulus is shown in equation4.3:

E(t)=Ey + ZN: Eie ™™ (4.3)
Where E,, E; are the relaxation coefficients, and \; are the reciprocals of the relaxation
times.
Substituting equation 4.3 into equation 4.2:

4 2 E. ih
P = 2 — )4+ e 4.4
(1l — VQ)tcma 2 sl Z Voh )+ )\ie "D 4

Figure 4.10 shows fitting equation 4.4 into the load—dlsplacement curves from AFM
indentation before and after hygrothermal aging for indentations at 50nm and 200nm dis-
tance from the interphase. Although both curves are shifted after hygrothermal aging, the
shift for the 50nm distances from the interface indentation is significantly higher.

For curve fitting, the reciprocal relaxation times \; are fixed to be 1/10s~! and 1/100s 1.
The total loading time was 20 seconds. Therefore, A = 1/1000s~! and beyond were ne-
glected. The cross-correlation between the fitted curves plotted together with the measure-
ment data in figure 4.10 are higher than 0.98 indicating a good correlation between the two
sets of curves. Curve fitting parameters are then used in equation 4.3 to calculate the elastic
relaxation as a function of time. The parameters obtained from curve fitting are presented
in table 4.2.

The elastic relaxation parameters obtained from fitting the first three terms of an ex-

ponential series are plotted in figure 4.11. All elastic terms exponentially increased when
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Table 4.2: Relaxation modulus terms at 50, 100, and 200 nm distance from carbon fiber

Distance(nm) Specimen FEy(GPa)

Ey: (A =1/10sec)(GPa)

Ey : (Mg = 1/100sec)(G Pa)

50
50
100
100
200
200
500
500

Dry
H-aging
Dry
H-aging
Dry
H-aging
Dry

H-aging

15.03
9.25
7.77
3.50
3.93
2.96
2.20
1.72

1.65
1.48
1.63
0.70
0.39
0.27
0.35
0.28

2.76
1.61
0.76
0.90
0.45
1.27
0.21
0.06

approaching the fiber interface. There is a reduction in E, for all cases after hygrothermal

aging. Similarly, £; and E> changed due to thermal aging and became smaller in most

cases. In fact, due to hygrothermal aging, the components of elastic relaxations are re-

duced and, as a result, the material shows different viscoelastic properties. The change in

viscoelastic properties at the interphase was more significant.

59



12 . .
== 50 nm distance from fiber

10}
8 L .................... : : :
Z Hygrdthermal
Seb N
o : : ‘ ; : ;
< : : ; ; :
-

R

> 4 6 8 10 12 14 16
Indentation depth (nm)

Figure 4.10: Load—depth curve of interphase before and after hygrothermal aging.

4.7 Conclusion

For the first time, the mechanical properties of the interphase region at the nanoscale were
measured using AFM indentation. In order to adapt AFM indentation, challenges such as
real AFM tip geometry, and the calibration of the system for such small scale measure-
ments were addressed. Several measurements were conducted to achieve consistent and
reliable data. The measurements were validated with indentation using the Berkovich in-
denter. Sample preparations for such measurements were found to be a critical issue. The
best method for cutting the samples was found to be with the ultramicrotome. The AFM
indentation at the interphase of the carbon fiber—matrix was performed with different inden-
tation depths and loads. A constant maximum force of 101N was found to be appropriate
for AFM indentations. The results of the AFM indentation helped us to prove the presence
of the interphase. The interphase of the carbon fiber epoxy matrix was measured to be
around 200nm with this method. The elastic modulus of a polymer gradually increases at

the interphase region from 3.0G'Pa to up to 10G Pa. Increments in the elastic modulus in
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the interphase are attributed to the radial alignment of polymer chains and polymer chain
crosslinks. When polymer chains are aligned in a plane perpendicular to the indentation
direction, it is hard for the indenter to penetrate through the polymer.

Elastic modulus measurements with 10, 15 and 30 nm penetration depths were found to
be reasonably similar and independent of penetration depth. Our hypothesis was that there
is a ratio of 9m/d, at which the constraint effect in interpreting the nanoindentation data
at the fiber—polymer interphase is ignorable. This hypothesis was experimentally validated
by conducting a series of indentation test with different maximum depths dm /d at constant
distance d from the fiber interface. We found that the interpretation of nanoindentation
data at the interphase with a homogeneous model is valid and not affected by the constraint
effect if the maximum depth is less than one fourth of the distance from the fiber.

Hygrothermal aging affects the viscoelastic properties of the interphase region. To
measure the viscoelastic property of the interphase specimen, it was indented with an AFM
tip. Indentation at a distance of 50 nm shows that the polymer around the fiber is stiffer
and the load and unload curves are steeper. For a similar final penetration of 15 nm, the
maximum load reached for the 50 nm distance is 5 times more than that of the 200 nm
distance from the interface. A similar trend of higher stiffness as a function of interface
distance was observed from indentation on the interphase region of a similar specimen
after hygrothermal aging. Comparing the load-displacement curves before and after aging
reveals that the maximum indentation load decreased after aging in the interphase region
for all indentations. This means that a mechanical property of the polymer material at the
interphase region changed. Hygrothermal aging affects the viscoelastic properties of epoxy

polymers.
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