
THE USE OF AFM INDENTATION TO QUANTIFY MECHANICAL

PROPERTIES OF THE INTERPHASE REGION IN

FIBER-REINFORCED COMPOSITES

By

LIBIN KALEELUVILAYIL BABU

Bachelor of Technology in Mechanical Engineering
University of Kerala

Thiruvananthapuram, Kerala, India
2012

Master of Science in Mechanical and Aerospace
Engineering

Oklahoma State University
Stillwater, OK, USA

2015

Submitted to the Faculty of the
Graduate College of

Oklahoma State University
in partial fulfillment of

the requirements for
the Degree of

Doctor of Philosophy
July, 2019



COPYRIGHT ©

By

LIBIN KALEELUVILAYIL BABU

July, 2019



THE USE OF AFM INDENTATION TO QUANTIFY MECHANICAL

PROPERTIES OF THE INTERPHASE REGION IN

FIBER-REINFORCED COMPOSITES

Dissertation Approved:

Dr. Raman P. Singh

Dissertation Advisor

Dr. Khaled A. Sallam

Dr. Shuodao Wang

Dr. DoYoung Kim

iii



ACKNOWLEDGMENTS

First and foremost, I am grateful to my God for the blessings to do the PhD program and
for arranging the best people to provide guidance and motivation.

I am very thankful to my advisor, Dr. Raman P. Singh, whose encouragement, supervision
and support from the preliminary to the concluding step has enabled me to develop an un-
derstanding of the subject. It would have been next to impossible to do this research and
write this dissertation without the guidance of Dr. Singh. Greatly indebted for his patience
and financial support provided towards my research work.

I would like to express my gratitude to Dr. Sallam, Dr. Wang and Dr. Kim for their precious
time and support throughout my research work and for being a part of my PhD defense
committee.

Thank you to Dr. Mishra for his continuous cooperation in each and every step. He was
always there with his helping hand whenever I felt the need for his expertise. Also, I am
grateful to Dr. Hamim for his advice and motivation at different steps of this PhD work.

My lab–mates and colleagues helped and supported me always in the thick and thin phase
of these 6 years at OSU. In particular, I want to express gratitude to my current lab mem-
bers Blaze and Tharun for their assistance and cooperation. I would also like to thank my
friends Ranjan, Padmanapan and all others at HRC for their support, chat, gossip and our
random discussion. Sincere thanks to front desk staff, Julia and core lab in-charge Dr. Lu
for all the help provided.

Lastly, I am thankful to my wife, my son, my parents, my in-laws, my brother and all
my relatives who have always encouraged and prayed for me during this journey of PhD
program.

Acknowledgements reflect the views of the author and are not endorsed by committee members or Ok-
lahoma State University.

iv



Name: LIBIN KALEELUVILAYIL BABU

Date of Degree: JULY, 2019

Title of Study: THE USE OF AFM INDENTATION TO QUANTIFY MECHANICAL
PROPERTIES OF THE INTERPHASE REGION IN FIBER-REINFORCED COMPOS-
ITES

Major Field: MECHANICAL AND AEROSPACE ENGINEERING

Interphase is the region in the vicinity of the reinforcing fiber in the polymer compos-
ites with properties distinct from the bulk matrix. Investigation of these nano- and micro-
interphase regions have been done using conventional indentation techniques, followed
by closed form solutions applicable to the indentation in a semi-infinite space. However,
due to the presence of the fiber the interphase region can be considered only as a semi-
infinite space with rigid constraint. An integrated approach using AFM (Atomic Force
Microscopy) based indentation and FEA (Finite Element Analysis) is used to investigate
the effect of the fiber constraint on the mechanical properties of the interphase region. Ob-
tained results indicate that the thickness of the interphase region is approximately 250 nm,
based on the gradient in the elastic modulus as a function of radial distance from the fiber.
3D FEA using an elasto-plastic material model indicates that the fiber constraint effect is
considerable in the region less than 40 nm away from the fiber. The time-dependent be-
havior of the interphase region is studied using constant displacement approach, and the
distinct viscoelastic response of the interphase region is observed as a function of the ra-
dial distance to the fiber. FEA using a linear viscoelastic material model shows that the
influence of fiber constraint on the evaluation of the viscoelastic properties is distinguish-
able only within 20 nm away from the fiber. Due to the limited extent of influence of
fiber constraint effect, the distinct behavior of the interphase region in terms of elastic and
viscoelastic properties is confirmed. Additionally, it is shown that consideration of an axi–
symmetry assumption for modeling the interphase region leads to an overestimation of the
properties of the region. This technique is further implemented to demonstrate the effect
of UV irradiation on the interphase region. Methodical analysis of the data indicates that
the response of epoxy to UV irradiation is influenced by the proximity to the reinforcement
and carbon fiber reinforcement hinders the photo-degradation of epoxy. Furthermore, the
influence of the thermal mismatch between the fiber and the matrix on the formation of the
interphase and the effect of post–curing are examined using the approach considered in this
study. Results indicate that the presence of thermal stresses greatly impact the width of the
interphase region and its behavior.
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CHAPTER 1

INTRODUCTION

Fiber-reinforced polymer-matrix composites find extensive application across various sec-

tors including transportation, energy generation, aerospace, and infrastructure. This can

be attributed to the exceptional properties of composite materials such as high strength

to weight ratio and high modulus [3, 4]. Furthermore, the design and fabrication process

can be tailored to generate direction-dependent material properties [5]. Nonetheless, un-

derstanding and predicting the influence of near-fiber region on the long-term durability

of composite materials and its performance under harsh environments continues to be a

matter of concern [6–8]. Characterizing the mechanical response, damage tolerance, and

long-term durability of these materials is further complicated because it involves the re-

sponse of the two individual components, namely the fiber and the matrix, and also by the

interaction between the two.

This study is focused on the near-fiber region known as interphase (illustrated in Fig. 1.1),

which is often characterized by a matrix material with properties distinct from the rest of

the bulk material [9–11]. Its presence is a result of the chemical interaction between the

fiber and the matrix, during the curing process in composites [12]. The response of the in-

terphase region governs the load-transfer mechanisms in composites and can be considered

as an important determinant of the type of failure and the overall load bearing capabilities

of the composite material [6, 13]. The following sections discuss the challenges associ-

ated with the determination of true properties of the interphase region at very small length

scales.
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Figure 1.1: Schematic illustration of the interphase region in composites.

1.1 Literature review about the interphase region

1.1.1 Span and characterization of the fiber–matrix interphase

The interphase properties as well as its width are dependent on the materials considered and

can be influenced by fiber surface treatments [14–16]. The width of the interphase region

in polymer-matrix composites has been found to vary from several hundred nanometers

to few micrometers, depending on the chemical interaction between the fiber and the ma-

trix [17–19]. Many studies have characterized the effect addition of nanoparticles in poly-

mer composites and its overall behavior [20–25]. However, due to the small length scale

of the interphase region, several nanomechanical methods based on tip–specimen interac-

tion have been prominence in the characterization of the interphase region. These include

instrumented nanoindentation [26, 27], nano-scratch techniques [28], and atomic force mi-

croscope (AFM) indentation [29–33]. Nonetheless, the application of the above described

methods to determine the mechanical properties of the interphase region is limited by the

assumption of an unconstrained space, as all of the solutions available are for indentation

in a semi-infinite half-space as shown in Fig. 1.2 [34]. In this context, it is instructive to ex-

amine the effectiveness of the techniques used in indentation to evaluate material properties

such as elastic modulus.

Considering the small-scale width of the interphase region which varies from nano

2



Figure 1.2: Point load on semi infinite elastic space.

scale to few microns, indentation methods have proved to be a versatile tool in the evalu-

ation of its properties. Munz et al. [35] found that the thickness of the interphase region

in carbon fiber–epoxy system was about 20–80 nm using an AFM indentation technique.

Nano-scratch testing was used by Kim et al. [36] to find the width of the interphase in

glass fiber reinforced–vinyl composites and nanoindentation was used by Lee et al. [37] to

estimate the transition zone in cellulose fiber reinforced polypropylene. Wang et al. [38]

used AFM characterization techniques to study the interfacial properties of carbon rein-

forced composites that were subjected to hygrothermal treatments. Topographic changes

and phase images were used to show the reduction in the height as samples were exposed to

hygroscopic treatments. Reynaud et al. [39] determined the Young’s modulus of a biphase

polymer system using AFM. Despite a fair number of studies done over nearly two decades

it is instructive to examine details of the indentation process in order to determine the ef-

fectiveness of the techniques in quantifying the properties of the interphase phase region.

1.1.2 Evaluation of material properties using indentation technique

The main components of a nanoindentation system include an indenter and a force gener-

ation source possessing controlling capabilities coupled with a data acquisition tool. The

primary purpose behind the development of nanoindentation was to analyze materials of

relatively smaller volume, such as thin films on substrates, with the ability to indent at

3



micron and submicron length-scales. The contact theory used along with indentation tech-

nique to determine mechanical properties such as elastic modulus and hardness is briefly

discussed as follows.

In 1885, Boussinesq developed the solution for a concentrated load applied on a semi-

infinite elastic space. Relationships for deformations and stresses along the three directions

were derived in terms of material constants, elastic modulus (E) and Poisson’s ratio (ν).

The relationship between the applied load and the indenter displacement was derived

by Sneddon [40],

P = αhm (1.1)

where, P and h are the load and displacement, respectively and α and m are power law

fitting constants.

Doerner and Nix [41] in 1991, proposed an extensive method to evaluate the contact

area utilizing the shape of the indenter. Based on this work, mechanical properties such

as elastic modulus and hardness could be computed using the contact load at the point of

maximum loading utilizing Sneddon’s solution for elastic indentation. Doerner and Nix

considered the elastic behavior constituting the initial unloading region to be linear and

therefore assumed the contact area to be constant. Oliver and Pharr [34] raised concerns

about this assumption stating that constant contact area during unloading doesn’t hold true

for all materials. They proposed that unloading curve could be characterized using a power

law. This led to the development of a method that is seen as the most widely employed tool

for evaluating the elastic modulus and hardness of samples subjected to nanoindentation.

The contact depth between the indenter and substrate, hc is given as,

hc = hmax + ε
Pmax

S
(1.2)

where, Pmax and hmax are the maximum indentation load and displacement, respectively.

The contact stiffness S, is given by the slope of the unloading curve, dP/dh. ε is a geomet-

4



ric constant dependent on the indenter. For flat punch, ε = 1 and for conical indenters, it is

evaluated as 0.75. Projected contact area at maximum load Ac is obtained as,

Ac = F(hc) (1.3)

where, F(hc) is determined by calibration of the indenter. For Berkovich indenter, Ac =

24.5hc
2. The effective elastic modulus, Ee f f , can be determined as,

S = β
2√
π

Ee f f
√

Ac (1.4)

where, the effective elastic modulus, Ee f f , takes into consideration the elastic deformation

in indenter and sample. It is related to the known indenter modulus, Ei, and Poisson’s ratio,

νi, and unknown sample modulus, E, and Poisson’s ratio, ν , as,

1
Ee f f

=
1−ν

2

E
+

1−νi
2

Ei
(1.5)

For indentation of time dependent materials, creep behavior leads to the formation of a

“nose” at the point of unloading from maximum load. In this case, the Oliver–Pharr method

overestimates the elastic modulus. Feng and Ngan developed an extension that accounts

the time dependency of the material’s response [42]. The relation between the true stiffness

S and the apparent stiffness Su is given as,

1
S
=

1
Su

+
ḣh

Ṗ
(1.6)

where, ḣh is the indenter displacement rate at the end of the hold time and Ṗ is the rate

of unloading at the beginning of unload curve. The true stiffness is used to determine the

elastic modulus of the sample, as the modulus of the indenter is known.

It is vital to note that the application of the above described methods to determine

the mechanical properties of the interphase region is limited by the assumption of un-
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constrained space, as all of the preceding solutions are for indentation in a semi-infinite

half-space. In the case of indentation in the interphase region, the loading is applied in the

vicinity of a rigid boundary (note that the elastic modulus of fiber is very large as compared

to the matrix), as indicated in Fig. 1.3. This produces a constraint effect or a fiber-bias in

the indentation data, which requires the use of appropriate solutions to determine material

properties from the load versus displacement data. However, most indentation studies on

the behavior of interphase region completely ignore or only partially address the influence

of the fiber constraint.

Figure 1.3: Schematic of indentation in interphase region.

Stresses produced in the material during indentation interact with the rigid boundary

condition produced by the vicinity of the fiber. This leads to the overestimation of the

mechanical properties in the region. Kumar et al. [43] described this as a phenomena

due to the slowing down in the uniform flow of the bulk material, just below the indent

near the stiffer fiber. Pascual et al. [44] pointed out that the interaction of the stress fields

beneath the indenter and the nearby fiber can lead to a wrong estimation of the thickness

of the interphase. Li et al. [45] used FEA simulations to illustrate the fiber constraint

effect present during nanoindentation in the interphase region of carbon fiber–epoxy resin

system. They described that there is a ‘mutation’ of the load–displacement curve due to

a fiber stiffening effect. It was noted that the effect of variation in modulus of matrix is

6



negligible, but this variation was very sensitive to changes in indentation depth. Khanna et

al. [46] evaluated the interphase behavior of silane coated glass fiber-reinforced polymer

composites and suggested that the fiber constraint effect impacts the determination of the

interphase properties. Li et al. [47] noted that indent affected zone (IAZ) is high due

to the large surface radius of the indenter, in their study using conical indenter on the

interphase formed by epoxy and aluminum. They added that IAZ increases proportionally

to the indentation depth. Finally, Hu et al. [48, 49] discussed about an apparent gradient

in the modulus of the fiber–matrix interphase region due to the fiber constraint. They also

observed that fiber bias is directly proportional to the depth of indentation. The lack of

a good contact theory for indentation of anisotropic and non-homogeneous materials was

acknowledged. While these studies acknowledge the effect of constraint on the indentation

results they do not provide an explicit scheme for quantifying this effect or for decoupling

the fiber-bias effect from the actual variation in the interphase properties.

Studies by Hardiman et al. [1, 50] suggested the concept of a ‘fiber constraint factor’

(FCF) to evaluate suitable indentation depths at which fiber bias can be ignored. FCF was

defined as the ratio of radius of the matrix pocket formed by surrounding fibers (Rp) to

the instantaneous indentation depth (h). It was found that fiber constraint effect led to an

apparent increase in modulus values of the near-fiber region by about 40–50%, and is given

as,

FCF =
Rp

h
(1.7)

Using FEA model of Berkovich nanoindentation, they determined that when FCF is

equal to or greater than 20, the modulus values are considered to be unconstrained. Optical

imaging techniques were used to determine the radius of matrix pocket. It was noted that

at an indentation depth of 2µm, the impression created by Berkovich indenter will extend

to about 6 to 9µm from initial contact point. So, when the radius of matrix pocket is less

than extension of the impression created, the indenter tip is in direct contact with the fiber.
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However, the FCF considered in their work is influenced by the circularity of the matrix

pockets. Also, their work is limited to a Berkovich indenter, which has a much greater

effective cone angle as compared to an AFM tip.

1.2 Motivation for this study

Recently, Belec and Joliff [30] noted the impact of actual probe geometry on the mechan-

ically affected zone in AFM force measurements. Brune et al. [51] conducted direct mea-

surements of the stiffness of rubber interphase and indicated the possible impact of ‘probe

effect along with wall effect’ on the interphase measurements. A recent review by Roy et

al. [52] on the characterization of polymer nanocomposites noted the challenge in eliminat-

ing artifiacts from the interphase measurements and also remarked that AFM measurements

along with Finite Element (FE) modeling will be able to overcome these challenges. Very

recently, adaptive optimization technique using numerical modeling is presented as a pos-

sible method to study the interphase properties in polymer nanocomposites by Wang et

al. [53].

Majority of the studies done on investigating the fiber–constraint effect are limited in

two aspects. First, these studies have only focused on the use of a Berkovich indenter.

Second, the studies have focused on elastic or elasto-plastic deformation. Addressing these

limitations is the focus of the current investigation.

Objective

This aim of this research is to conduct a systematic study of the interphase region in the fiber

reinforced polymer composites. AFM-based indentation due to its high spatial resolution

will be employed in this study. Furthermore, to determine the influence of fiber–constraint

on the interphase properties using indentation technique, a numerical approach is proposed.

Additionally, effect of fiber–constraint on the viscoelastic behavior of the near fiber region

will be examined using a similar approach. Finally, the technique will be used to assess

8



the impact of severe environmental conditions such as UV irradiation on the nano-scale

properties of the region around the fiber along a radial line from the boundary of the fiber.

The load–displacement curves are the output of the indentation experiments. But the

concern is that we are not certain about the material parameters in the interphase (input)

that provides us the output. Therefore, it is hypothesized that the FE method can be used to

analyze the effect of the fiber constraint alone on the nano-scale mechanical properties of

the interphase region in composites - both from an elastoplastic and viscoelastic perspec-

tive. This numerical approach will help to evaluate any damage due to loading or environ-

mental changes, studied using indentation technique. Major objectives of the research and

approach is presented below:

• Replicate the work done by Hardiman et al. [1]: This aim of this step is to confirm

the influence of fiber bias during indentation at near fiber region. Additionally, it will

provide understanding regarding the factors that influence the fiber constraint effect,

modeling of the interphase region. A comparison of data obtained from 2D and 3D

FE modeling will done to determine the best approach to be considered for other

investigating other objectives.

• Use AFM based force mapping to generate load–displacement curves near the

fiber region of carbon fiber reinforced composites: AFM indenters has a much

sharper geometry that provides for a greater spatial resolution than conventional

diamond-based tips used for instrumented indentation. For example, the effective

cone half angle of a typical AFM tip is found to be approximately 10.69° while that

for a Berkovich tip is 70.3°. Tranchida et al. [54] explained the ability of AFM inden-

ter to evaluate the behavior of polymeric materials at smaller length scales than pos-

sible by depth sensing indentation techniques which use more blunt indenters. Munz

et al. [35] have demonstrated that the interphase region in carbon fiber reinforced

epoxy composites can vary between 20 to 80nm. However, Berkovich indenter cre-

ates an impression extending 6 to 9µm from initial contact point for an indentation
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depth of 2µm.

• Estimate the effect of fiber-constraint alone as a function of radial distance to

the fiber: Using a commercial Finite Element Analysis (FEA) tool, a model of the

AFM indentation process in the near fiber region will be created. Major challenges

such as modeling the complex shape of the AFM tip will also be addressed. The

preliminary approach will be to use an elasto–plastic model for the matrix around the

fiber. The carbon fiber will represented using a rigid boundary as it modulus value

is two orders of magnitude higher than the matrix. The extent of impact of fiber–

constraint on the modulus values will be used to as an indicator to evaluate whether

there is a need for using inverse analysis technique or not.

• Investigate the viscoelastic response of the interphase region and the impact of

fiber constraint on the data collected near the fiber: Polymeric materials exhibit

time dependent behavior due to their unique molecular structure. The effect of the

environmental conditions on polymers can be greatly influenced by the intrinsic vis-

coelastic behavior of the molecular structure of these polymers. Due to this reason,

it is important to capture the true viscoelastic behavior of the matrix and interphase

present in fiber reinforced polymer composites. Therefore, the approach used to eval-

uate the viscoelastic behavior along a radial line involves AFM indentation using a

constant displacement of different hold periods. This will capture the stress relax-

ation of the interphase region as a function of the distance from the fiber. Based

on the studies discussed previously about the effect of fiber constraint on the elastic

modulus, it is reasonable to suggest that the measurement of the viscoelastic response

of the interphase region can also be influenced by the fiber–constraint effect preva-

lent during indentation in the near fiber region. Hence, the material properties of

the 3D FE model of the AFM indentation will be modified to incorporate a linear

viscoelastic behavior using a generalized Maxwell model. A nonlinear elastic model

will be used in conjunction with the linear viscoelastic definition of epoxy, taking

10



into account the limitations of FEA software available. This method will help to

approximate the influence of the fiber–constraint on the viscoelastic response of the

interphase region studied using the AFM indentation technique.

• Evaluate the effect of UV irradiation on the elastic and viscoelastic response of

the interphase region and bulk material using AFM indentation: To demonstrate

the usefulness of the force spectroscopy technique, the influence of environmental

degradation such as exposure to UV irradiation will be considered. Exposure to

UV rays can lead to degradation of the composites in terms of fiber, matrix and the

interphase region [55–59]. Past research have provided information about the photo-

catalytic degradation of the fiber and subsequent reactions by the free radicals [60].

This highlights the need to explore about changes in properties of the interphase re-

gion due to UV exposure. Carbon fiber reinforced epoxy composites exposed to UV

radiation will be analyzed at nano-scale. Elasticand viscoelastic properties will be

evaluated as function of two factors i. e. radial distance from the fiber and time

period of UV exposure.

• Study the effect of post curing and residual thermal stress on properties of the

interphase region: Carbon fiber and epoxy have coefficient of thermal expansion

(CTE) that are very different–the fiber has a negative CTE in most cases and epoxy

shows positive CTE [61]. This difference may have an important effect on the prop-

erties of the interphase and its width. Previous studies have computed the presence

of residual stress due to thermal mismatch by various techniques [62–64]. Nonethe-

less, there is a lack of understanding on the impact of this contrasting behavior on the

overall response of the interphase region. This work will investigate about the effect

of post curing on the development of the interphase region and its elastic modulus.

Additionally, the presence of residual stresses near the fiber on account of the thermal

mismatch between the fiber and the matrix will be examined numerically.
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CHAPTER 2

FINITE ELEMENT MODELING OF BERKOVICH NANOINDENTATION

2.1 Introduction

Commercial finite-element software ABAQUS v2016 (Dassault Systèmes, Vĺizy-Villacoublay,

France) was used to model and simulate diamond-tip nanoindentation. The objective of

Finite Element Analysis (FEA) discussed in this chapter is to understand the difference

between 2D and 3D FE modeling on the determination of the effect of fiber constraint. Ad-

ditionally, this step is expected to help identify the factors to be considered while modeling

the interphase region.

2.2 2D finite element model of Berkovich nanoindentation–Hardiman et al. [1]

2.2.1 Model development

Nanoindentation using a Berkovich indenter was simulated to understand the study done

previously by Hardiman et al. [1]. Figure 2.1 shows the 2D axisymmetric model represent-

ing nanoindentation using a Berkovich indenter. The total number of nodes and elements

were 1270 and 1188, respectively. Berkovich indenter was modeled as an axisymmetric

rigid part, treating it as a cone with half angle of 70.3°. It provided a simplified represen-

tation with the same projected area to depth ratio as the full model of Berkovich indenter.

Specimen was defined with material properties such as modulus value of 3.63 GPa and

Poisson ratio of 0.34. Mohr–Coulomb yield criterion was used to specify the plastic be-

havior of the material. Friction angle and cohesion stress was specified as 26° and 82

MPa, respectively. The test was conducted as displacement controlled and indenter was
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allowed to indent up to a depth of 1µm. Displacements perpendicular to the left side sur-

face and bottom surface, respectively were set as zero. The fiber was represented by an

encastre boundary to the right of the point of indentation, similar to the work seen in lit-

erature [1, 45, 49]. 4-node bilinear axisymmetric quadrilateral, CAX4 elements were used

to mesh the specimen. A refined mesh was used near the point of indentation to capture

the increased amount of deformation in that region. It was made coarser further away from

the contact point between indenter and specimen using edge bias to reduce computational

costs. Dimensions of the specimens in both directions were specified to be 300 times more

than indentation depth, to avoid any far-field effects. Tests were conducted using standard

model with loading and unloading steps specified as static general and NLGEOM turned

on to account for the nonlinearities in deformations.

Figure 2.1: 2D model of nanoindentation using Berkovich indenter.

2.2.2 Elastic modulus evaluated by 2D model

The elastic modulus obtained from the 2D model closely matched with values indicated by

Hardiman et al. [1](Fig. 2.2). It was observed that as the indents approached the fiber, there

was an increase in modulus values. In FEA simulation, we know that only the influence of

fiber bias is highlighted and any material property deviations in the interphase region that
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may exist are not considered. The effect of fiber bias is evident from about 50µm away

from the fiber.

Figure 2.2: Comparison of modulus values from 2D model with data obtained from Hardi-
man et al. [1]

2.3 3D finite element model of Berkovich nanoindentation

2.3.1 Model developed by Hardiman et al. [1]

The 3D representation of Berkovich nanoindentation was done using the model exactly as

setup by Hardiman et al. [1]. Berkovich indenter due to its symmetry was represented by

a rigid plane at an angle of 24.7° from the surface of the specimen as illustrated in the

Fig. 2.3. However during the simulation, it failed to achieve convergence due to severe

distortion of elements. Even discussions with the authors failed to resolve the issue and

replicate the study.

2.3.2 Full 3D representation of Berkovich nanoindentation

In order to address the challenges, a full representation of the Berkovich indenter, as shown

in Fig. 2.4, was developed using the angles specified by a leading manufacturer, Micro
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Figure 2.3: 3D model based on the specifications given by Hardiman et al. [1]

Star Tech, Huntesville, TX. and modeled as discrete rigid due to the complexities in its

geometry. The properties for bulk material was specified similar to the 2D simulation.

Specimen was modeled in two parts, one as an insert of fine mesh with 10µm length in x

and z directions and a supporting structure of dimensions 300 times the indentation depth,

with a coarse mesh. Both the parts were connected using a tie constraint. It was done to

reduce computation cost and for obtaining finer mesh near the point of indentation. The

aspect ratio of the elements in the insert were biased in the direction of indentation to reduce

the amount of element distortion during simulation. Fiber was represented in the model by

assigning the right surface of the specimen as a rigid constraint. The 8 node brick element

(C3D8R) was used to model the specimen, as shown in Fig. 2.5. The total number of nodes

and elements were 2276 and 1464, respectively. The indenter was allowed to indent up to

a depth of 1µm and thereafter unloaded back to its original position. Standard model was

used for the simulation, with loading and unloading steps specified as static general and

NLGEOM turned on to allow the nonlinearities in deformations. The distance between the

point of indentation and the rigid boundary was varied to understand the influence of the

presence of fiber on indentation. In this study, a complete model of the indenter was used,

whereas Hardiman et al. [1] had used a plane at 24.7° with the top surface of specimen to
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represent it. The mesh distortion and convergence issue encountered in the former case was

resolved with the use of complete model of the indenter, as there was more surface contact

between the different parts and also it reduced the sudden collapse of elements just below

the indenter tip.

Figure 2.4: 3D model of Berkovich indenter

Figure 2.5: 3D model of nanoindentation using Berkovich indenter.

2.3.3 Elastic modulus evaluated by 3D model

3D simulation of Berkovich indentation was carried out to understand the deviations from

2D model. The elastic modulus values showed the same trend as in 2D simulation and

is lower than 2D results due to more realistic representation, as shown in Fig. 2.6. The

variation in the 2D and 3D model used in this study is given in table 2.1. There is a slight
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Figure 2.6: 2D and 3D simulation results compared to the 3D analysis by Hardiman et
al. [1]

Table 2.1: Variation in the modulus values obtained using 2D and 3D models as a function
of distance from fiber.

Distance from fiber (µm) Normalized modulus values Change (%)

2D model 3D model

100 1.00 1.00 -0.5
30 1.06 1.04 -2.0
15 1.13 1.08 -4.6
10 1.22 1.11 -9.9
5 1.85 1.40 -32.1
3 1.93 1.72 -12.2

deviation from the values indicated by Hardiman et al. [1] for 3D simulation. It can be

attributed to the full representation of the Berkovich tip used in this study, compared to

the rigid plane based on symmetry used by Hardiman et al. [1]. The modulus value of the

bulk material was found to be 3.68 GPa by indenting about 100µm away from the fiber.

Hardiman et al. [1] reported the elastic modulus of matrix as 3.70 GPa using 3D model.

Table 2.2 gives the percentage change in results obtained by Hardiman et al. [1] and the 3D

model representing complete geometry of Berkovich indenter.

It can be observed that fiber bias is influenced by the geometry of the indenter. Full rep-
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Table 2.2: Variation in the modulus values obtained using 3D model and Hardiman et al. [1]
as a function of distance from fiber.

Distance from fiber (µm) Normalized modulus values Change (%)

Hardiman et al. [1] 3D model

100 1.00 1.00 -0.5
30 1.06 1.04 -1.9
15 1.10 1.08 -1.9
10 1.17 1.11 -5.4
5 1.47 1.40 -5.3
3 1.67 1.72 2.9

resentation of the Berkovich indenter has led to rise in fiber bias effect due to the increased

amount of contact with the fiber. The interaction of the stress field with the rigid boundary

representing the fiber is shown in Fig. 2.7. From the FEA simulation results, the impact

that fiber bias on the elastic modulus in the interphase region is confirmed.

Figure 2.7: Interaction of stress field due to indentation with the rigid fiber.

2.4 Conclusion

As a preliminary step, the influence of fiber bias was verified with reference to the work

done by Hardiman et al. [1]. The 2D simulation of Berkovich nanoindentation closely

matched the results given in literature. Elasto-plastic material properties were assumed and
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Oliver–Pharr method was used to evaluate the properties to replicate the methodology used

by Hardiman et al. [1]. Attempts to replicate the 3D simulation work failed due to conver-

gence issues. In order to circumvent the issue, a full representation of the Berkovich tip

was developed. The elastic modulus values obtained from 3D simulations were closer to

the true properties of the bulk material than 2D simulation. This indicated that 3D repre-

sentation is essential to capture the indentation process entirely. A complete representation

of the Berkovich nanoindeter is required for preventing excessive distortion of elements

below the point of indentation. It is understood that to study the concept of fiber constraint,

the assumption of axisymmetry must be ignored as it will typify a circular matrix pocket

with presence of rigid boundary around it. This will be discussed further with regard to FE

modeling of AFM indentation.
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CHAPTER 3

AFM INDENTATION

3.1 Introduction

Evaluation of the fiber bias effect have been confined to the use of Berkovich indenter as

seen from the literature [1, 48, 49]. It is estimated that the width of the interphase region in

the carbon fiber reinforced polymer is in the range of 50 nm to 300 nm. Therefore it can be

understood that AFM indenters due its high spatial resolution when compared to Berkovich

indenter, provides a good tool to study the interphase properties very close to the fiber.

As discussed previously, in the interphase region the presence of fiber which can be

considered as a rigid boundary due to its high stiffness needs to be considered as it will

provide an apparent increase in the modulus value due to the fiber constraint. This occurs

due to the reflection of stress fields from the rigid boundary. In turn, it may mask the true

behavior of the interphase properties that can be determined using indentation technique.

Hence, there is a need for quantifying the influence of fiber constraint on the evaluation of

mechanical properties of the interphase region. A numerical approach is also considered to

study this effect on the properties of the interphase in fiber reinforced polymer composites.

3.2 AFM indentation - Experiment

3.2.1 Material preparation

In this study, interphase samples were prepared by embedding carbon fibers in an epoxy

matrix. Carbon fiber tows with 6k filament count was obtained from Hexcel (Stamford, CT,

USA). Selected fiber was already surface treated by Hexcel before acquiring. The poly-
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mer matrix was prepared using a diglycidyl ether of bisphenol–F (DGEBF) based epoxy

resin (EPON 862®) (Fig. 3.1), cured using an aliphatic amine based hardener (EPIKURE

3274®). Both epoxy and hardener were acquired from the Miller-Stephenson Chemical

Company (Dunbury, Connecticut, USA). Curing was done at room temperature for 24

hours and post-curing at 121°C for 6 hours.

Figure 3.1: Chemical structure of DGEBF.

Small circular blocks of samples were cut using precision cutter (ISOMET 1000, Buheler,

Lake Bluff, Illinois) and polished using metallographic techniques starting from 320 grit

grinding paper to 0.05 µm alumina particles using an automated polisher (Labopol 5,

Struers, Cleveland, Ohio, USA). Initially sample preparation was done by cryo-microtoming

using a diamond knife, however, it was found that the epoxy smeared over the carbon fiber

and it was difficult for to obtain clear images of the surface. SEM images of surfaces ob-

tained after cryo-microtiming and mechanical polishing are shown in Fig. 3.2, respectively.

Therefore, it was avoided for other sample preparations. The RMS value of surface rough-

ness after polishing was found to be approximately 4 nm, using AFM imaging technique.

The indentation depths need to be greater than the surface roughness in order to avoid the

influence of surface artifacts on the data collected.

3.2.2 Generation of elastic modulus maps using AFM indentation

An atomic force microscope (MFP–3D, Asylum Research, Santa Barbara, CA, USA) was

used for performing AFM indentations on the prepared samples. The AC160TS AFM

indenter tip, manufactured by Olympus Micro Probes (Center Valley, PA, USA), which is

recommended for study of polymers, was employed. It has a resonant frequency in air of
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(a) Cryo-microtomed (b) Mechanically polished

Figure 3.2: SEM images of the sample.

300kHz (100 - 400 kHz) and a typical spring constant of 26 N/m (8.4 to 57 N/m). Figure 3.3

shows the topographical images of the carbon fiber obtained from the scanning area in

tapping mode. The initial scan size was set at 65 µm to capture the set of carbon fibers

embedded in the matrix and thereafter each scan involved a zoom for obtaining a closer

image of the carbon fiber. The final image size was approximately 1µm that contained a

portion of the carbon fiber, the matrix and the interphase region. In this regard, it is good to

note that the average diameter of a carbon fiber filament in a tow is about 5 to 10 µm. The

height profile of the carbon fiber shown in Fig. 3.4 indicates a dip on the top of the fiber,

this may be due to the oxidation of carbon fiber during mechanical grinding or polishing.

Prior to force spectroscopy, calibration of the AFM cantilever was done to determine the

spring constant and inverse optical lever sensitivity (InvOLS). Sader method [65], which

was incorporated in the software was utilized to estimate the two parameters. The spring

constant and InvOLS were observed to be about 42 N/m and 56 nm/V, respectively. Us-

ing the contact mode, force maps were generated at each point covered with 48 by 48

grid across a square region of 950 nm × 950 nm. All the force maps were done as load

controlled.

In order to obtain meaningful interpretation of the collected data, a MATLAB code was

written (Refer Appendix). Key objective of this step was to capture data along radial lines
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Figure 3.3: Topographical images of carbon fiber reinforced polymer.

Figure 3.4: Height profile of carbon fiber.
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from the boundary of the fiber. As described previously, adhesion map was used to iden-

tify the points on the modulus map corresponding to the boundary of the fiber and it was

given as input to the MATLAB code in the form of coordinates. Using basic mathematical

equations of circle, a portion of circle was superposed over the boundary of the fiber and

the center of the corresponding circle was determined. Equation of radial line was then

employed to form radial lines from the boundary of the fiber. Coordinates of points lying

along each radial line was obtained as the output of the code. This was later used to extract

load–displacement curves from the AFM for the respective points.

3.3 FEA modeling of AFM indentation

Commercial finite-element software ABAQUS v2016 (Dassault Systèmes, Vĺizy-Villacoublay,

France) was used to model and simulate AFM based indentation of the interphase region

in the 3D space, given in Fig. 3.10.

3.3.1 AFM indenter model

Few of the dimensions needed for modeling of the tip were collected from the website of

the manufacturer, Olympus Micro Probes (Center Valley, PA, USA). However it was rec-

ommended by Asylum Research, Santa Barbara, CA, USA to perform Scanning Electron

Microscope (SEM) imaging of the AFM indenter AC160TS to obtain closer look at tip

geometry. SEM images of the AFM indenter at different length scales are given in Fig. 3.5.

Figures 3.5 (c) and (d) were provided by the manufacturer of the tip. Considering the

maximum indentation depth of 27 nm observed in this study, geometric dimensions of the

indenter up to a height of 1000 nm from the tip were collected. The front angle of the tip

is 0° and back angle is 35°. As noted previously, the tip was observed to be rounded with

a radius of about 10 to 15 nm. The 3D model of the AFM tip was created as shown in

Fig. 3.6. The AFM indenter was modeled as discrete rigid due to complex geometry with

a tip radius of 15 nm, as its elastic modulus is very high as compared to the specimen and
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(a) (b)

(c) (d)

Figure 3.5: SEM images of the AFM indenter at different length scales.

its degrees of freedom were constrained in the directions perpendicular to the loading.

Determination of area function of the AFM indenter

To accurately evaluate the mechanical properties of the sample being probed by the AFM

indenter, it is essential to determine the area function of the AFM indenter used. The

general contact area Ac of an indenter is given by the Eq. (3.1).

Ac =C ∗hin
2 (3.1)

where, C is a constant dependent on the indenter geometry and hin is the indentation

depth. The area function of Berkovich indenter is very well-known and widely used as

Ac = 24.5∗h2. However, it is not trivial to determine the value of C for an AFM indenter
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Figure 3.6: 3D model representing AFM indenter.

from its geometry due to its complex tip geometry and its positioning on the cantilever.

Therefore the FEA model of the AFM indenter developed in the previous section with the

aid of SEM images of the tip will be employed to evaluate the value of the constant, C. The

AFM manufacturer of the indenter used in this study, Asylum Research (Santa Barbara,

CA, USA) had indicated that the AFM tip indents at an angle of 10◦ with the specimen,

so the indenter tip was tilted at 10◦ with the vertical axis for the evaluation of the area

function. Various partition planes normal to the vertical axis were placed along the height

of the indenter. The indenter shape resulted in a triangular intercept of varying size on

the partition plane as a function of the height of the indenter. Lengths of these triangular

intercepts were measured for indentation depths ranging from 0 nm to 960 nm. Area of

these triangular intercepts whose sides have lengths a, b and c were then calculated using

the well known Heron’s formula given in Eq. (3.2). The plot of the area function to the

indentation depth is given in Fig. 3.7.

A =
√

s∗ (s−a)∗ (s−b)∗ (s− c) (3.2)
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where, s is the semiperimeter of the triangle, s = (a+b+c)
2

Figure 3.7: Cross section area of the AFM indenter AC160TS versus the indentation depth.

The general relation given in Eq. (3.1) was used to fit the data and thereby determine

the value of C. It was determined that the area function of the AFM indenter used in this

study is given by, Ac = 0.1321∗h2
in, where hin is the indentation depth in nanometers.

3.3.2 Axisymmetric modeling of the interphase region

An axisymmetric model is generally considered for the modeling of the interphase re-

gion [1,66]. However, this assumption considers the interphase region as a cylinder shaped

matrix region surrounded by the rigid boundary representing the fiber, which doesn’t denote

the real case. Such a case can be expected to overestimate the effect of fiber constraint on

the properties determined in the region near the fiber. In this study, an axisymmetric model

and a realistic representation of AFM indentation near the fiber is studied to accurately

estimate the effect of fiber constraint on the properties of the interphase region.

A simplified 2D axi–symmetric model of the AFM indentation was initially consid-

ered to simulate the force mapping on CFRP. Based on same projected area to depth ratio
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concept, the equivalent cone angle of the AFM tip AC160TS was evaluated using its geom-

etry as 10.69°. Similar to the Berkovich nanoindentation described previously, the indenter

could be modeled as a line representing the side of the equivalent cone at an angle of 10.7°,

as shown in Fig. 3.8. However as the indenter was modeled as very sharp, it will fail to

establish any contact with the substrate. But most importantly, it was realized that a axi–

symmetric model (3D axisymmetric model given in Fig. 3.9) is not a good representation

of the problem to study the fiber bias effect.

Figure 3.8: AFM indenter modeled using effective cone angle.

To reduce computational cost and to provide finer mesh at the point of indentation,

specimen was modeled as two parts using 8 node brick element with reduced integration

elements (C3D8R) with minimum element size of 1 nm. The first part was modeled as a

deformable wedge shaped insert of 60◦ and 50 nm length with extra fine mesh, as large

local deformation takes place in this region. The other part was a supporting wedge shaped

structure of coarse mesh with all the dimensions set as 300 times the maximum observed

indentation depth, to ensure far field effects were negligible. A tie constraint was used to

connect the two parts. Figure 3.9 shows the 3D axi–symmetric FE model representing the

AFM indentation. As noted previously, the indenter tip was placed at 10◦ with the top

surface of the specimen.
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Figure 3.9: 3D model representing AFM indentation.
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Displacement controlled indentations were done in 3D space to minimize instabilities

in the simulations. Frictionless contact was assumed between the indenter and the spec-

imen. A 4-node 3-D bilinear rigid quadrilateral element (R3D4) was used to mesh the

indenter. Encastre boundary condition was specified to right–hand end of the specimen to

represent the rigid fiber constraint. A roller boundary condition was applied to the bottom

region of the specimen. Additionally, the degree of freedom perpendicular to the sides of

the specimen were constrained to remove instabilities. Surface to surface interaction was

defined between the indenter (master) and the top surface of the specimen (slave). Loading

and unloading for the simulation were defined as independent static general steps. The NL-

GEOM option was used to account for the nonlinearities present in the deformation. The

reaction force (RF) at the reference point (RP) of the indenter, along the axis of loading

was collected as the load data. The displacement in the direction of loading of the left top

corner node of the wedge shaped specimen i.e. just beneath the indenter tip was recorded

as the displacement data.

Simulations were done at different distances from fiber, denoted by r in Fig. 1.3 to

determine the impact of fiber constraint on the measured properties of the near fiber region.

The values of r were selected keeping in view of the resolution of modulus map obtained

experimentally and included values: 600nm, 400nm, 200nm, 100nm, 60nm, 40nm and

20nm. Average of indentation depths at the different value of r observed in experiments

were used for the simulations.

3.3.3 Realistic representation of the interphase region

The impact of fiber constraint alone is captured using the FE analysis as the variation in

material properties of the interphase is ignored and the substrate is assumed to be a block

with uniform properties defined by elastic and plastic properties. Material properties of the

substrate, mesh elements of the substrate as well as the minimum size were defined in the

same way as the finite element modeling done in the case of the axisymmetric model shown
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in Fig. 3.9. A curved region of radius 2.5 µm was carved out of one end of the block to

represent the rigid contour of the carbon fiber boundary. The AFM indenter was modeled

as discrete rigid, in similar manner as the modeling done in the axi–symmetric case [66].

Figure 3.10: Modified 3D model representing AFM indentation.

Two boundary conditions were used for the substrate. The first one was a roller bound-

ary condition applied to the bottom region of the specimen and the other one was an encas-

tre boundary on the curved surface representing the boundary of the fiber. All the degree

of freedom except the y-direction were constrained for the indenter using a displacement

based boundary condition. The interaction between the indenter (master) and the top sur-

face of the substrate (slave) was defined as surface to surface. Loading and unloading were

carried out as a single static general step using a displacement based boundary condition

with defined amplitude. The NLGEOM option was used to account for the nonlinearities

present in the deformation of the substrate.

Simulations were done at different distances from fiber, denoted by r to determine the

impact of fiber constraint on the measured properties of the near fiber region. The different

values of r were selected keeping in view of the resolution of modulus map obtained exper-

imentally. Average of indentation depths at the different value of r observed in experiments

were used for the simulations [66]. For this reason, the substrate was partitioned at the dif-
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ferent values r for the respective simulations, as shown in Fig. 3.10. The reaction force

(RF) along the axis of loading at the reference point (RP) of the indenter was recorded as

the load data. The displacement in the direction of loading of the node at the intersection

of the partition was collected as the displacement data.

3.4 Conclusion

The experimental portion of this study consisted of load controlled force spectroscopy us-

ing AFM indenter on a region of approximately 1µm comprising of the carbon fiber and

the near-by epoxy. The depth of penetration decreased from approximately 25 nm to 5 nm

as the distance from fiber was varied from 600 nm to 20 nm, for the same maximum load

of 870 nN. The adhesion map was used to identify the contour of the fiber and was used

in a MATLAB code that was developed to extract modulus values along radial lines to the

fiber.

A FE model of the AFM indenter used in the experiments was developed to numerically

study the indentation of the interphase region. Additionally, the FE model of the indenter

was used to find the area function of the indenter i.e. a relationship between the area

of contact during the indent and the corresponding indentation depth. A modified finite

element model of the interphase region is created to obtain a realistic representation of

the AFM indentation in the interphase region in the fiber reinforced polymer composites.

This model overcomes the drawback of previous studies which have considered models of

interphase region as a circular matrix pocket surrounded by the fiber, due to the assumption

of axisymmetry. Additionally, this model will offer an accurate estimation of the effect of

fiber constraint on the properties of the near-fiber region. The specimen was modeled as a

block in 3D space with a curved surface at one end of radius 2.5 µm, representing the rigid

fiber.

32



CHAPTER 4

ELASTIC BEHAVIOR OF INTERPHASE REGION

4.1 Introduction

The results from the experimental and numerical approaches using AFM described in chap-

ter 3 are analyzed in this chapter in terms of the elastic properties. A careful examination of

the changes in the elastic modulus along a radial line to the carbon fiber is done to determine

the variations in the interphase behavior. Furthermore, the influence of fiber constraint on

the evaluation of interphase properties is determined using Finite Element Analysis (FEA).

4.2 Elastic modulus maps generated using AFM indentation

Force mapping technique using AFM was conducted as load controlled indentations with

maximum load of 870 nN. The maximum observed indentation depth was 27 nm. Fig-

ure 4.1a shows the modulus map generated by ‘full field’ force displacement curves. Every

point on the modulus map uniquely represents the elastic modulus obtained from each of

the 2304 load–displacement curves. The modulus values were generated using the in–built

tool based on Oliver–Pharr method [34]. It was difficult to precisely distinguish the contour

of the carbon fiber using the modulus map. Therefore adhesion map shown in Fig. 4.1b was

used to estimate the contour of the carbon fiber. It can be observed that the adhesion of the

tip is higher on the epoxy than the carbon fiber; making it possible to determine the position

of the fiber boundary in the image with ease. It can be observed using the color scheme

that the modulus of carbon fiber is shown as 15 GPa, which is significantly lower than its

nominal value. This can be attributed to the limitation of the AFM tip used. It is important
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(a) Modulus map (b) Adhesion map

Figure 4.1: AFM plots of interphase region in carbon fiber reinforced epoxy.

to note that we are able to obtain the load–displacement data for each indent across the 48

by 48 grid. The load–displacement curves obtained in the bulk material will be used to

validate the FEA simulation of AFM indentation.

In order to remove the ripples in the data due to noise from feedback loop and other elec-

trical signals of the equipment, Fast Fourier Transform was done on the load-displacement

curve to determine the frequency of the data. A low pass filter (LPF) was then used to

remove the noise and extract the true data. Figure 4.2 shows the filtered curve along with

the actual load-displacement data collected from the AFM.

To process the data obtained from force mapping, previously discussed MATLAB code

was employed and the load–displacement curves obtained were studied as a function of the

radial distance to the fiber (Fig. 4.3a). It can be noted that there is a ‘shift’ in the load–

displacement curves as the indentation was done closer to the fiber. Similar observation

can be made in Fig. 4.3b, which shows that the maximum indentation depth was reduced

considerably while indenting closer to the fiber, for the same maximum indentation load. A

gradient in the modulus while traversing from the carbon fiber to matrix can also be noted.

The points lying on the fiber’s boundary were identified using the adhesion map and was

given as the input to the MATLAB code to superpose a circle over the boundary of the

fiber. Equation of tangent line was then employed to form radial lines and thereby extract
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Figure 4.2: Filtered load-displacement curve and data obtained from AFM.

the modulus values from the matrix along the radial lines. Each pixel in the grid denotes

an approximate distance of 20 nm. Figure 4.4 shows average elastic modulus values of 20

radial lines that were plotted as a function of the distance from fiber. An exponential curve

was used to fit the change in modulus values along the radial lines from the boundary of

the fiber. Based on the change in elastic modulus values, the width of the interphase region

was determined to be approximately 250 nm. As noted previously, the increase in elastic

modulus of the interphase determined by indentation technique can be a combination of the

variation in material properties of the region and the influence of fiber constraint.

It can be observed from figure 4.4 that the error bars for average modulus values away

from the fiber are very small compared to those near the fiber. This can be attributed to

the fact that the indentation depths are much higher for force mapping done in region away

from the fiber than the indents carried our closer to the fiber. In addition, the influence of

surface roughness becomes more evident at shallow indentation depths, leading to signif-

icant variability. But as shown in figure 4.4, the existence of variation in modulus along

the radial line can be confirmed, taking into confidence the span of error bars. However as

discussed previously, it is important to distinguish the apparent rise in modulus due to fiber
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(a) Load–displacement curves along a radial line
to the fiber.

(b) Maximum indentation depth vs radial distance
to the fiber for constant indentation load.

Figure 4.3: Extracted AFM indentation force map data.

constraint because accurate determination of interphase properties will provide precise as-

sessment of the performance of the composite structure.

Figure 4.4: Average variation of the elastic modulus evaluated from experiment along with
exponential fitted curve as a function of distance from the fiber.
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4.3 Impact of fiber–constraint on elastic modulus of near–fiber region

4.3.1 Modeling elasto–plastic behavior of epoxy

The preliminary approach was to model epoxy as a purely elastic material using the elas-

tic modulus value and Poisson’s ratio. Experimental data was used to specify the elastic

properties of the specimen as elastic modulus, E = 2.78 GPa and Poisson’s ratio, ν = 0.34.

However, the FE simulations of the elastic material model resulted in severe convergence

issues after certain indentation depth. The distortion of the elements beneath the indenter

tip indicated that it was due to a lack of sufficient material definition. In this regard, it is

very important to note that due to the extreme sharpness of the AFM tip compared to the

Berkovich tip, the amount of plasticity that occurs in the material below the tip is quite

significant. Hence, it was essential to develop a suitable plastic model in addition to the

above indicated elastic properties for the epoxy being used as the matrix. Plasticity was de-

fined using the average yield strength determined as 92.7 MPa by compression tests carried

out on epoxy samples according to ASTM standard D–695 [67]. For this test, cylindrical

samples of 25.4 mm (1 in) height and 12.25 mm (0.5 in) diameter were prepared. Nominal

stress–strain curve obtained for one of the samples is shown in fig. 4.5.

Isotropic hardening was used to model the hardening behavior of the specimen. Ramberg–

Osgood model given in Eq. (4.1) was fitted to the compression test data to evaluate the yield

offset, α
(

σ0
E

)
and hardening exponent, n. Where, σ0 refers to the yield stress and E denotes

elastic modulus. Multiplier and exponent were evaluated as 0.0593 and 0.99, respectively.

ε =
σ

E
+α

σ

E

(
σ

σ0

)n−1

(4.1)

4.3.2 Finite element analysis of the interphase properties

Fig. 4.6 shows the load–displacement curves obtained from 3D FEA model of AFM in-

dentation. It can be observed that for the indents done on the same material, there is a
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Figure 4.5: Nominal stress-strain curve for epoxy.

shift in the load–displacement curves for indents at 20 nm and 40 nm away from the fiber.

This can be attributed to the stiffer response due to the interaction of indentation gener-

ated stress contours with the encastre boundary representing the rigid fiber, as shown in

Fig. 4.7. The AFM indenter’s shape and indentation depth are factors affecting the impact

of fiber constraint on the evaluation of properties of the near-fiber region. Oliver–Pharr

method [34] was used to evaluate the elastic modulus from the load–displacement curves

at different distances from the fiber. The elastic modulus of the polymeric matrix - epoxy

was determined from indentation at 600 nm away from the fiber as 2.76 GPa.

Figure 4.8 shows the comparison of elastic modulus evaluated from modulus maps,

realistic FEA model of the AFM indentation in the interphase region and the results found

using an axi–symmetric model [66]. It can be observed that the effect of fiber constraint

in visible only within 40 nm away from the fiber. The realistic FEA model offers two

unique perspectives compared to previous studies. One is that the boundary representing

the fiber is not used based on axisymmetry assumption. Second, the influence of the curved

boundary of the fiber on the fiber constraint effect is also captured in this data, unlike

the axi–symmetric model. Additionally, these results also demonstrate for the first time
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Figure 4.6: Load–displacement curves obtained using 3D finite element model of AFM
indentation.

Figure 4.7: Interaction of stress fields with fiber while indenting close to the representative
rigid constraint.
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quantitatively that AFM indentation is not as affected by the fiber constraint as in the case

of Berkovich indentation. This is due to the reason that the effective cone half-angle of the

AFM indenter is very small compared to the Berkovich indenter.

Figure 4.8: Comparison of elastic modulus evaluated from the modified model and axi–
symmetric model.

It is important to note that the realistic model estimates the effect of fiber constraint to be

about 32% lower than the value evaluated using the axisymmetric model. Also, the increase

in modulus due to fiber constraint at 40 nm away from the fiber is found to be only 8%. This

confirms that the use of an axisymmetric model of the interphase region in fiber reinforced

composites leads to an overestimation in the evaluation of the impact of fiber constraint

effect. Analysis of the data obtained from the realistic model with the experimental values

is also done. It shows that the contribution of fiber constraint to the increase in modulus

value in the interphase region is not very significant compared to the increase resulting from

the interaction between matrix and fiber during the curing process, taking into confidence

the length of the error bars. Hence, it confirms the mechanical properties of interphase

region are distinct from the bulk matrix. Also, AFM based indentation is an effective tool to
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evaluate the properties of small interphase regions with minimal impact of fiber constraint

effect.

4.4 Conclusion

Data analysis of the modulus maps of the interphase region obtained using AFM indenta-

tion indicates that there is a gradient in the average elastic modulus values along a radial

line to the boundary of the carbon fiber. Using this method the width of the interphase re-

gion in carbon fiber reinforced epoxy was approximated as 250 nm. The gradient in elastic

modulus values can be attributed to the chemical interaction between the carbon fiber and

the nearby epoxy or the influence of the fiber constraint effect due to the presence of the

rigid fiber in the vicinity of the indent.

Two finite element models were considered to evaluate the effect of fiber constraint

in the interphase region. First one assumed axi-symmetry and the second one is a re-

alistic representation of the AFM indentation done in the interphase region of the fiber

reinforced polymer composites. The realistic model overcomes the drawback of previous

studies which have considered models of interphase region as a circular matrix pocket sur-

rounded by the fiber, due to the assumption of axisymmetry. Additionally, it offers an

accurate estimation of the effect of fiber constraint on the properties of the near-fiber re-

gion. The specimen was modeled as a block in 3D space with a curved surface at one end

of radius 2.5 µm, representing the rigid fiber. Results of the 3D FE simulations carried

out at varying distances to the fiber confirm that fiber constraint affects the evaluation of

properties within 40 nm of radial distance from the fiber. It is noted that there is an appar-

ent increase in elastic modulus of about 42% and 8% due to fiber constraint for indents at

20 nm and 40 nm away from the fiber, respectively. There is no effect of fiber constraint

observed for indents done beyond 40 nm of radial distance from the fiber.

Comparison of the results from the modified model to the axisymmetric model shows

that assumption of axisymmetry leads to an overestimation in fiber constraint by 32% for
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indentation done at 20 nm away from the fiber. Most importantly, these results still confirm

that effect of fiber constraint due to the AFM indentation is less significant that the change

in elastic modulus of the interphase region due to the interaction between fiber and matrix

during curing process. Hence, this work confirms the distinct behavior of the near-fiber

region in comparison to the surrounding matrix.
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CHAPTER 5

VISCOELASTIC PROPERTIES

5.1 Introduction

Polymer materials are known to exhibit significant time-dependent behavior termed as vis-

coelastic behavior. This topic involves a good portion of research done on polymers that has

been continued from the last two decades [68]. The large extent of time and temperature

dependence of the mechanical properties of polymers, in comparison to metals, provides

higher significance to the study of viscoelastic behavior of polymers. Interestingly, it has

found many industrial applications. In short, polymers have some characteristics of an elas-

tic solid and some of a viscous fluid. The molecular structure of polymers composed of long

chains are highly linked to this behavior [69]. When a nano-scale outlook is considered,

the flexibility of these polymer chains are known to be affected by its interactions with the

surrounding system, which may be in the form of a reinforcement or an inclusion [70, 71].

This translates to modified mechanical and thermal properties of the polymer [72]. Hence,

it is important to analyze the viscoelastic response of the distinct interphase region formed

around the fiber in FRPs. Li and Weng [73] investigated the macro-scale effect of the vis-

coelastic interphase on the creep behavior of the fiber reinforced polymer composites. They

concluded that the viscoelastic behavior of the interphase region has a strong influence on

the creep strength and load-carrying capacity of the overall composite structure. Fisher and

Brinson [72] showed the existence of an interphase region with viscoelastic moduli dif-

ferent from the bulk material using a theoretical approach based on Mori-Tanaka solution.

Recently, Liu et al. [74] indicated in a review that AFM based indentations can be utilized

to show the changes in viscoelastic behavior of the interphase region.
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In this context, it is good to review the major aspects with regard to the evaluation of the

viscoelastic properties using indentation technique, a powerful tool to determine properties

at small length scales. In most of the cases, a simple load or displacement profile consists of

a loading and an unloading region used to study the mechanical properties of the material

- forming a triangular shape as shown in the fig 5.1a. This triangular profile is sufficient

to characterize the elasto–plastic materials such as metals and ceramics where negligible

time-dependent behavior may exist, as the load–displacement curve is quite insensitive to

the rates of loading or unloading. However, the viscous nature of polymers creates time

dependency in the unloading curve during indentation and this typically results in a “nose”

region. This can be attributed to the excessive creep undergone by the material beneath the

indenter and it overshadows the elastic recovery seen in materials as the tip moves up. It

can considerably affect the estimation of elastic moduli using indentation technique [75]. A

major fallback of this issue is that it gives a negative contact stiffness value or theoretically

invalid fitting parameters, which doesn’t allow the true evaluation of elastic properties of

the material [76, 77]. From literature, it has been seen that the use of a dwell region (hold

time) between the loading and unloading portion can be used to ensure that the material is

completely relaxed so that viscoelastic recovery doesn’t influence the unloading. This was

shown by some of the recent indentation experiments done using a Berkovich indenter to

indent into epoxy at varies dwell periods [78, 79].

The idea of using hold time in nanoindentation experiments was first introduced by

Hochstetter et al. [80]. Since then there has been lot of interest to estimate the viscoelastic

properties of polymers using this method [81, 82]. It is good to note that these indenta-

tion experiments can be conducted based on load control or displacement control mode.

Accordingly, the viscoelastic response will generate creep curves or relaxation curves. As

noted by Huang and Lu [83], for the analysis of stress and deformation, evaluation of re-

laxation modulus is essential. The relaxation modulus and creep compliance are related by

Eq. (5.1).
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(a) Triangular (b) Trapezoidal

Figure 5.1: Indentation load or displacement profiles.

∫ t

0
E(ξ )J(t−ξ )dξ = 2(1+ν)t (5.1)

where, E(t), J(t) and ν are relaxation function, creep function and the Poisson’s ra-

tio. However, this relation has many limitations and a small error in the creep compliance

will result in large errors in the determination of relaxation modulus. Therefore, in this

study displacement controlled indentation experiments will be used to directly compute

the relaxation modulus values. Displacement data obtained for different hold time will be

used to analyze the stress relaxation of the material as a function of other parameters of

the material system. Researchers have developed mathematical models for determining the

stress relaxation or creep compliance using instrumented indentation techniques involving

spherical and Berkovich nanoindenters for determining the viscoelastic behavior of poly-

mers [83–85]. Also, these models have been successfully applied to study the variation of

creep or stress relaxation behavior of the polymer as a function of different environmental

factors or weight fractions of coupling agents used in composites [79, 86]. In the context

of this study, the model provided by Shimizu et al. [87] will be used to determine the re-

laxation function E(t). An application of a fixed indentation depth h0 i.e. h(t ′) = h0H(t ′)
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(H(t ′) is the Heaviside step function) will provide the constitutive relation for E(t) (given

in Eq. (5.2)) in terms of the load relaxation P(t) captured during the constant indentation

depth test.

E(t) =
2γ

gk
(1−ν2)

h0
2 P(t) (5.2)

where, γ is a geometric factor dependent on the total penetration depth and contact

depth using the relation h = γhc. g is the indenter shape factor given by g = π cot2 β with

β being the inclined face angle. k is known as the frontal factor and is related to the tip

geometry as k = tanβ . In the case of the AFM indenter used in this study, β = 79.3◦ i.e. the

angle between the half-space and the conical generators of the equivalent cone of the AFM

indenter.

5.2 Use of AFM spectroscopy to determine viscoelastic response of the interphase

The unique ability of AFM tips to probe properties in nanometer scale as a function of

distance from the fiber will be utilized to understand how the viscoelastic behavior of the

interphase varies from the bulk material. Samples for the AFM indentation was prepared

and imaged in the same manner as described above. The major difference in the analysis

stems from the use of hold time (dwell) or the constant-rate displacement approach during

the AFM indentation. In the first approach, AFM indentation is done in the displacement

control mode, where the sample is loaded to a particular depth that is higher than the mea-

sured surface roughness of the sample. Thereafter, the displacement is kept constant for a

finite amount of dwell period to study the stress relaxation and then unloaded. Hold times

varying from 5s to 10s are employed to study the viscoelastic behavior. Displacement

controlled indentation is used in this study so that the experimentally determined stress re-

laxation curves can be easily compared to the values obtained from the intended FEA based

simulations. A typical load–displacement curve for this experiment is given in fig 5.2.
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Figure 5.2: Typical load–displacement with a constant displacement based dwell region.

5.2.1 Relaxation curves of the interphase region

A constant displacement of 25 nm was used to study the near fiber region, based on the

indentation depths observed from the previous experiments of this study. A small force of

100 nN was used to trigger the indentation and thereafter the indentation was carried out

based on the input from the indenter panel. The general load profile for the experiments in

this study is given in the fig 5.1b. As described in chapter 3, the adhesion map over a region

approximately 1µm composing of the carbon fiber and near-fiber epoxy region was used

to determine the contour of the fiber. MATLAB code discussed earlier was employed to

generate radial lines from the fiber boundary to the matrix. The hold region data along these

radial lines were subsequently analyzed to determine the relaxation curves. On an average

there were 10,000 pairs of load–displacement data for a 5 sec hold time experiment and

20,000 pairs for a 10 sec hold time experiments. Due to the large volume of data, 4 radial

lines were selected for the analysis and average of the viscoelastic response was computed.

It is important to note that the data collected is masked by noise from internal sources of

the equipment. Therefore, a low pass filter (LPF) was set-up using the corrected frequency
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(determined during the calibration of the tip) at which the data was collected using the

cantilever. This attenuates all the noise from the frequency higher than the cut off. An

example of the filtered data is shown in fig. 5.3.

Figure 5.3: Low pass filtered data and the raw data collected from AFM.

The filtered load data was used in the model (Eq. (5.2)) to determine the relaxation

modulus. The plot for normalized average relaxation modulus with respect to the hold

time for 5 sec and 10 sec are given in fig. 5.4a and fig. 5.4b, respectively. These plots

are an average of the data collected at different points along 4 radial lines to the carbon

fiber boundary. The values are normalized for the purpose of understanding the variation in

relaxation behavior of the epoxy as a function of the position of indent from the boundary

of the carbon fiber.

The relaxation plots obtained from the AFM indentations are not smooth curves and

include minor fluctuations which can be attributed to the small changes in the position of

the AFM indenter as it is very small when compared to conventional nanoindentation tips

like a Berkovich indenter. This is an inherent nature of the data collected using AFM tip.

Therefore, the data has not been curve fitted. In both the plots, a significant amount of

stress relaxation is observed at about 400 nm and 600 nm away from the fiber – that were
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(a) 5 sec (b) 10 sec

Figure 5.4: Normalized average relaxation modulus as a function of the hold time.

previously identified as regions outside the interphase. As the hold time is increased, the

stress relaxation tends to plateau which can be seen from the 10 sec relaxation plot. Taking

into account the error bars involved, it is possible to state that there is very limited stress

relaxation in the response of the interphase region when compared to the actual response

of epoxy. Hence, it is demonstrated that the viscoelastic response of the interphase region

is distinct when compared to the matrix. Additionally, it is good to note that the stress

relaxation is significantly limited as the indents are done closer the fiber boundary. This is

very important as it underscores the fact that viscoelastic response of the material around

the fiber varies as a function of the distance from the carbon fiber. The sources for this

behavior can be identified as the chemical interaction between carbon fiber and the epoxy

or the fiber constraint effect.

5.3 Influence of fiber constraint on the viscoelastic response of interphase in CFRPs

5.3.1 Finite element modeling and material properties

The viscoelastic response of the interphase region can also be affected by the presence

of the rigid fiber. Hence, a linear viscoelastic material model will be incorporated in the
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material definition for FEA modeling of the AFM experiment to ascertain the impact of

the rigid constraint on the determination of viscoelastic properties in the interphase region.

The constant displacement data obtained from the hold time are fitted using Prony series

given by the relation in the Eq. (5.3), based on the generalized Maxwell model. Thereby,

the relaxation coefficients and relaxation times are obtained for the material definition to

be used in the FEA simulation. These coefficients are added in terms of ratios of the

instantaneous value.

E(t) = E∞ +
N

∑
i=1

Eie−λit (5.3)

where, E∞ is the instantaneous value, Ei are the relaxation coefficients and λi are the

reciprocals of relaxation times.

Additionally, a nonlinear elastic material definition is considered for the loading region

as the FEA software doesn’t take in plastic definition along with the viscoelastic properties.

For this, the experimental data from the compression test was fitted to a reduced polynomial

form of nonlinear elastic material model (given in Eq. (5.4) with N=1 i.e. Neo–Hookean

form) using the FEA software and the corresponding material constants were empirically

determined.

U =Ci0(Ī1−3)+
1
Di

(Jel−1)2i (5.4)

where, U , Ī1 and Jel are the potential, first strain invariant and elastic volume strain

respectively. C10 and D1 are the coefficients computed by the FEA software by fitting

nominal stress and strain values from the compression test on epoxy.

Simulations are done similar to the method described in chapters 3 and 4 for the elasto-

plastic material model, but in this case the step was modified as ‘visco’ to take into account

the viscoelastic behavior of the material.
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Table 5.1: Prony series constants obtained from curve fitting.

E∞ E1 λ1 E2 λ2

2.48 0.265 0.843 0.109 4.987

5.3.2 Results of the constant displacement based simulations

Eq. (5.3) was used to fit the relaxation modulus curve for the material at 600 nm away

from the fiber – this was taken as the response of epoxy. Two elements of the generalized

Maxwell model was used and the Prony series constants i.e. relaxation coefficients and

relaxation times determined are given in table 5.1.

The simulations were done for 5 sec hold time by placing the point of indent at varying

distance from the rigid constraint. Fig. 5.5 shows the variation of the normalized relaxation

modulus for the different indents performed and compares it to the previously obtained

experimental data.

Figure 5.5: Comparison of normalized relaxation modulus evaluated from experiment and
3D FEA data.

It can be observed from fig. 5.5 that the viscoleastic response of epoxy from FEA is

comparable to the experimentally determined values. Therefore, the results obtained from
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the simulation model can be compared to experimental results to ascertain the extend of

influence of fiber constraint effect. The major point to note in fig. 5.5 is that only for the

20 nm indent, there is a significant deviation in the viscoelastic response obtained. This

infers that only for indents within the region of 20 nm away from the carbon fiber, the

constraint contributes approximately 3% reduction in the stress relaxation. However, it can

seen that the experimentally determined stress relaxation modulus for material at 20 nm

away from the fiber is approximately 10% less than the response of epoxy. Hence, it can

be conclusively stated that the viscoelastic behavior of interphase region is different from

the bulk material due to its interaction with carbon fiber.

5.4 Conclusion

Polymer materials are known to exhibit time dependent behavior. For the first time, an

AFM indentation based approach was proposed to determine the changes in viscoelastic

response of the interphase region along a radial line and compare it to the response of the

bulk material. This approach involved constant depth based AFM indentation, in which the

stress relaxation during varying hold times (1 sec to 10 sec) were analyzed. Results showed

that along a radial line to the carbon fiber, there is a decreasing rate of stress relaxation in

the material. Quantitatively, it was observed that the stress relaxation of the material at 20

nm away from the fiber was about 10 % less than that for the material at 600 nm away

from the fiber. It denotes that the viscoelastic response of the interphase is distinct from the

bulk material. For the first time, the effect of fiber constraint on the viscoelastic response

observed using indentation technique was also computed.

Prony series based curve fitting was done to the relaxation modulus curve obtained at

600 nm away from the fiber. The relaxation coefficients and the reciprocals of the relaxation

time for a two element system were evaluated by Prony series curve fitting. It was used as

the material definition for the linear viscoelastic behavior in conjunction with a nonlinear

elastic behavior defined for the loading region. FEA simulations based on constant dis-
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placement indicated that only for indent at 20 nm away from the fiber, there is a marginally

small effect of fiber constraint on the stress relaxation. Hence, it can be concluded us-

ing the numerical approach that the viscoelastic response of the material is affected by its

proximity to the carbon fiber and the chemical interaction between the fiber and the matrix.
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CHAPTER 6

EFFECT OF UV IRRADIATION ON INTERPHASE PROPERTIES

6.1 Introduction

As an example application, the AFM indentation technique was applied to investigate the

impact of UV irradiation on the mechanical properties of the near-fiber region. Exposure

of polymers to UV leads to the absorption of photons and the activation of polymer macro-

molecules that cause the formation of free radicals and breaking of bonds, which over

extended periods of exposure will lead to the failure of the polymer [88]. Chemical struc-

ture of the polymer is changed primarily by chain scission which leads to the formation of

functional groups with double bonds such as C=C and C=O. These functional groups in-

volve in the photocatalytic degradation process leading to the discoloration and degradation

of the polymer. Additionally, these new reaction sites contributes to crosslinking [88].

Mailhot et al. [2] examined the possible chemical changes that occur in epoxy due to

exposure to UV. They investigated the photooxidation mechanism of diglycidyl ether of

bisphenol-A (DGEBA) and amine based hardner. It was noted that there can be occur-

rence of three major chain scissions. Two of which is involved with the oxidation of the

isopropylidene site shown in fig. 6.1. It results in the photo–products such as acetophe-

none and benzyl methyl ketone. In the case of formation of acetophenone, β–scission can

produce it as an end group (scission ‘a’) or as an in-chain group (scission ‘c’). The third

possible scission reaction involves the disappearance of ether group (CH2) as shown in

Fig. 6.2 and the breaking of the CH3−C bond.

Overall, it can be understood that variations in the properties of these polymers are

dependent on the amount of chain scission and also the possible subsequent crosslinking
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(formation of new covalent bonds between the chains or recombination of radicals) that

can occur during its exposure to UV. This is corroborated by Woo et al. [88], where brittle

fracture of epoxy due to UV embrittlement with limited amount of plastic deformation was

observed. It was also noted that the rate of degradation is very rapid initially and shows

slight increase with further exposure to UV irradiation.

Figure 6.1: Photo–oxidation of =C(CH3)2. (Adapted from Mailhot et al. [2])

Figure 6.2: Cleavage of −O−CH2. (Adapted from Mailhot et al. [2])

The photo-degradation of carbon fiber by UV irradiation is also an important aspect

that influence the overall effects of UV exposure on the polymer matrix composite. This

is beacuse the photo-degradation of carbon fiber can produce free radicals that then affect

the polymer, especially in the interphase and near–fiber region. Mulyana et al. [89] inves-

tigated the effect of UV irradiation on graphene, which is very closely matched in terms of

chemical bond structure with the carbon fiber. It was revealed that exposure to UV results in

the photocatalytic degradation of the material. In this process, the C−C bonds are broken

and subsequently multiple linkages with oxygen are formed. However, these bonds break
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giving rise to generation of Ȯ free radicals. A similar degradation process may be followed

by carbon fiber under UV irradiation. Therefore, it is very important to consider how UV

irradiation impacts the overall behavior of carbon fiber reinforced epoxy composite.

Awaja et al. [60] indicated that the type of reinforcement influences the response of ma-

trix such as epoxy due to the degradation by UV exposure. They observed that carbon fiber

reinforced epoxy underwent chain scission and cross-linking reactions during UV irradia-

tion. X-ray photoelectron spectroscopy (XPS) of UV exposed CFRP revealed an increase

of 108% in carbonyl species (C=O), which indicated the impact of surface oxidation. It

was noted that the increase in reaction sites resulting from chain scission leads to more

opportunities for oxygen and nitrogen to form bonds with polymer, thereby causing a rise

in cross-linking reactions. It is important to note that the possibility of matrix degradation

being affected by photo-catalysis of the reinforcement was examined by Awaja et al. [60]

based only on the chemistry. There is lack of clarity regarding the measure of influence

of photo-degradation of carbon fiber on the matrix in terms of the mechanical properties

and the proximity to the reinforcement. The three key factors for this investigation include

distinct properties of the interphase, variation in response closer to the fiber and time-

dependent behavior of the polymeric material considered. Hence, this study will examine

the influence of UV irradiation on the interphase region and bulk material as a function

of the time exposed to UV and distance from the boundary of the fiber. AFM indentation

based force spectroscopy will be utilized to capture the variations in response along a radial

line from the fiber.

6.2 Methodology

For this study, the cross-section surface of carbon fiber–epoxy specimen was exposed to

ultraviolet radiation (UV) at 0.7 W/m2 at 70°C for time periods varying from 30 minutes

to 24 hours using QUV accelerated weathering tester (Q-labs, Westlake, OH, USA). This

intensity replicates quite closely the average UV irradiation of sunlight, which is in the
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range of 0.65 to 0.7 W/m2. Thereafter, AFM based force spectroscopy was used to study

the properties of these samples. For understanding the variation in modulus radially from

the carbon fiber, a MATLAB code was employed, as explained in Chapter 3.

Data from two regions of the CFRP samples were collected. The first one is the re-

sponse of the bulk material, taken from indentations across a region of 5µm performed at

approximately 8 mm away from the fiber. Second is the interphase properties obtained by

performing force spectroscopy in the near–fiber region of about 1µm.

To study the viscoelastic response, a dwell time of 5 sec was applied at constant load of

1.78 µN was incorporated in the force spectroscopy. Similar to the procedure indicated in

chapter 3, the adhesion map was used to distinguish the boundary of the fiber and evaluate

the distance of the indent from the periphery of the fiber. The displacement data was

filtered using a low pass filter designed similar to the approach given in chapter 4. A creep

compliance model that was developed by Tweedie et al. [84], given in Eq. (6.1) was used

to compute the creep behavior at the different points from the boundary of the fiber.

Jc(t) =
8∗ tanα ∗h(t)2

π ∗P0
(6.1)

where, α is the semi-apex angle of the AFM indenter, which has a value of 70.3 °. P0

is the constant load applied and h(t) is the displacement data collected from the constant

load dwell period.

Additionally, an ATR–FTIR spectrometer (Agilent Cary 680, Agilent Technologies,

Santa Clara, California, USA) was used to perform absorbance mode spectroscopy on the

surface of epoxy–bulk material exposed to different time periods of UV radiation. The

spectra for each type were collected from two samples each between the wavenumbers

varying from 4000 cm−1 to 400 cm−1 using 64 scans. A characteristic IR chart was used

to interpret the spectra of each sample.
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6.3 Results and discussion

6.3.1 Variation in elastic modulus of bulk material as a function of UV exposure

The elastic modulus maps of the cross-sectional surface of carbon fiber reinforced epoxy

under pristine condition and subjected to UV irradiation ranging from 30 minutes to 24

hours were obtained by AFM force spectroscopy. Select modulus maps are shown in the

Fig. 6.3. Modulus maps for each sample were created using a 48 × 48 square grid, which

implies there are 2304 load–displacement curves. It can be visually ascertained from the

modulus maps that the elastic modulus of epoxy away from the fiber has decreased as a

function of prolonged exposure to UV radiation. This is consistent with the formation of

free radicals as epoxy undergoes chain scissions due to UV irradiation, making it com-

paratively less stiff, as discussed earlier. The elastic modulus of pristine epoxy decreased

almost linearly from 2.8 ± 0.23 GPa to 1.9 ± 0.26 GPa after 24 hours of UV irradiation

as shown in Fig. 6.4. This indicates that there is a drop of 32% in the elastic modulus for

epoxy when subject to UV for 24 hours. The reported modulus values are the average from

all the indents shown in the modulus map.

The changes in the elastic modulus of epoxy due to UV irradiation follows a similar

decreasing pattern as described by some of the past work that studied influence of UV on

neat epoxy and addition of fillers for the same time period considered in this study [88,

90]. Woo et al. [88] performed tensile experiments on neat epoxy samples subject to UV

irradiation. They found a decrease in tensile modulus of about 6% after about 250 h of UV

exposure. It is significantly lower than the variation captured in this study. This can be

attributed to the influence of UV irradiation taken as a surface measurement on the CFRP

samples compared to other studies that have evaluated impact on the overall behavior.
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(a) Pristine sample (b) 1 hour

(c) 6 hours (d) 24 hours

Figure 6.3: Modulus map of epoxy region exposed to UV for different time periods (5µm,
Scale: 0 to 5 GPa).
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Figure 6.4: Variation in elastic modulus of neat epoxy as a function of time exposed to UV.

6.3.2 Viscoelastic behavior of the bulk material subject to UV irradiation

It is expected that the time dependent response of epoxy will also be impacted by the UV

irradiation. Here, the variations in creep behavior of epoxy approximately at 8 mm away

from the fiber is monitored as a function of time exposed to UV irradiation, as shown in

fig. 6.5. After 2 hours of exposure to UV radiation, the creep compliance at the end of 5

sec increased by approximately 40%. This certainly points to the fact that chain scission

reactions occur in the epoxy due to the exposure to UV, as discussed in the previous section.

However, unlike the elastic modulus which deteriorates further with exposure to UV the

creep behavior shows a reversal. Creep compliance curves evaluated after 6 hours and

24 hours of UV irradiation shows that the material has become considerably creep resistant

compared to the pristine condition. A force spectroscopy done on the 24 hours UV exposed

sample without the dwell time showed that elastic modulus was approximately 1.8 GPa,

which is consistent with previously obtained data.

This reason why such a reversal occurs can be due to oxidation of the surface due to
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Figure 6.5: Variation in the creep compliance, Jc(t), of epoxy at 8mm away from the fiber
as a function of time exposed to UV radiation.

exposure to the UV also occurs simultaneously. This surface phenomenon is verified with

the help of Fourier Transform Infrared (FTIR) spectroscopy of samples exposed to 1 h and

24 h of UV irradiation. Fig. 6.6 shows the FTIR spectra of the exposed epoxy surface. The

peaks between 1900 cm−1 to 1200 cm−1 are only shown to focus on the changes between

the two spectra.

It can be clearly observed from the fig. 6.6 that extended exposure to UV irradiation has

developed two distinguishable peaks at A – 1675 cm−1 and B – 1725 cm−1. This corre-

sponds to formation of aldehydes and ketones with C = O. From literature, it is supported

by the peaks corresponding to acetophenone (1685 cm−1) and benzyl methyl ketone (1725

cm−1) [2]. It is possible to consider that the continued generation of these functional groups

could contribute to the reversal in the creep behavior upon exposure to UV irradiation. The

other possible reason can be that the material was subject to temperature near its glass tran-

sition temperature for a considerable amount time. Since the reversal in response is not

seen in the case of elastic modulus, it can be speculated that the time dependent properties

shows the effect of subsequent crosslinking earlier than the glassy behavior. The possibility
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Figure 6.6: FTIR spectra of epoxy surface exposed to different time periods of UV irradia-
tion ( A – acetophenone and B – benzyl methyl ketone).

of smaller chains can also lead to less mobility. Also, exposure to UV irradiation for longer

duration may help to capture the reversal in response in terms of elastic modulus as well.

In this context of studying the behavior of epoxy as a function of different time periods

of UV exposure, it is important to examine the effect of proximity to the reinforcement on

the material response. The next section discusses the impact of UV irradiation on mechani-

cal properties of epoxy as a function of both distance from the carbon fiber and time period

of exposure.

6.3.3 Changes in elastic modulus of near–fiber region due to UV irradiation

To study the impact of UV irradiation in near fiber region, elastic modulus maps across

950 nm square region containing the fiber and the interphase were obtained for pristine

condition and those subjected to time period of UV irradiation ranging from 30 minutes

to 24 hours of UV irradiation. Select modulus maps obtained are given in fig. 6.7. It can

be observed that is severe distortion in fiber contour as well as significant changes in the

properties of the near fiber region due to UV irradiation.

62



(a) Pristine sample (b) 1 hour

(c) 2 hours (d) 6 hours

Figure 6.7: Modulus map of fiber–matrix interphase region exposed to UV for different
time periods (950 nm, Scale: 0 to 15 GPa).

Figure 6.8: Modulus maps of near–fiber region of different carbon fibers in the 6h UV
irradiated sample.
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Figure 6.9: Adhesion maps of near–fiber region of different carbon fibers in the 6h UV
irradiated sample.

Figures 6.8 and 6.9 shows the modulus maps and adhesion maps of force spectroscopy

done on different carbon fibers in the sample that was exposed to 6 hours of UV irradiation.

It can be clearly seen that the boundary of the carbon fiber is distorted upon 6 hours of

exposure to UV radiation. This can be attributed to the photocatalytic degradation of the

carbon fiber, which was discussed previously.

The MATLAB code that was previously described was employed to analyze the mod-

ulus values of CFRP along radial lines from the fiber. Fig. 6.10 compares the average

modulus values at different radial distances from the fiber in CFRP to the modulus value of

epoxy significantly far away from the vicinity of the fiber, as a function of time exposed to

UV radiation. Due to the difficulty to ascertain the contour of the carbon fiber because of

severe distortion of the carbon fiber, the modulus map of interphase region after 24 hours

of UV irradiation was not included in the data analysis using the MATLAB code. It can

be noted from Fig. 6.10 that the modulus values at 20 nm and 40 nm away from the fiber

decreases rapidly when it is initially exposed to UV radiation, compared to the decrease in

modulus values at 100 nm and 600 nm. This can be attributed to the significant amount of

chain scission that occurs around the fiber due to the photocatalytic degradation of carbon

fiber. This causes the breaking of C–C bonds that leads to formation of Ȯ free radicals and
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new reaction sites near the fiber. After 1 hr of UV irradiation, it can be observed that the

modulus values at 20 nm, 40 nm, 100 nm and 600 nm rises due to the increase in cross-

linking reactions. Hence, after 6 hours of UV irradiation the modulus value of epoxy at 600

nm away from the fiber was about 162% higher than the modulus value of epoxy evaluated

approximately 8 mm away from the fiber. The modulus of epoxy at about 8 mm away from

the fiber decreased monotonically as a function of time exposed to UV radiation due to

photo-degradation of epoxy and its response was not influenced by the presence of carbon

fiber. Nonetheless, it can be observed that after 6 hours of UV irradiation epoxy at 20 nm

and 40 nm away from the fiber, showed an overall decrease of 44% and 30%, respectively.

It can be attributed to the weakening caused by photocatalytic degradation of the carbon

fiber. Whereas, the modulus value of epoxy at 100 nm and 600 nm after 6 hours of UV ir-

radiation indicated an increase of 68 % and 124 %, respectively. This clearly demonstrates

that the presence of carbon fiber as reinforcement significantly influences the response of

epoxy to UV irradiation.

Figure 6.10: Variation in the elastic modulus, E, of CFRP as a function of position of indent
from the fiber for different time periods of UV exposure compared to epoxy sample.

In this regard, AFM based force spectroscopy is also employed to study the effect of
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UV irradiation on the viscoelastic response of the near-fiber region.

6.3.4 Influence of UV irradiation on the viscoelastic response of the near–fiber region

The creep compliance of the sample in pristine condition was evaluated initially for a ref-

erence to study the impact of UV irradiation, as shown in fig. 6.11. It can be very clearly

observed that there is a significant change in the viscoelastic response of the material to

a constant load based on the position of the indent from the carbon fiber. The behavior

of the material closer to the fiber is more creep resistant compared to the response further

away from the fiber. This is quite consistent with the constant displacement data discussed

in chapter 5 as a function of radial distance to the fiber. It can be seen that there is very

less relaxation of the load near the fiber compared to the results obtained at 600 nm from

the fiber. This behavior by the near fiber region can be attributed to the interaction of the

polymer with the carbon fiber and the formation of the distinct layer of the interphase.

As discussed earlier, polymers such as epoxy generally exhibit significant time dependent

behavior. Hence, as expected the response of the material further away from the fiber is

considerably more creep compliant, taking the error bars into confidence.

Figure 6.12 shows the viscoelastic response of the sample exposed to 6 hours of UV

irradiation as a function of the distance to the fiber. There are few takeaways from the com-

parison of the two figures. One, the viscoelastic response of the material is still dependent

on the position of the indent with respect to the fiber. In other words, after 6 hours of UV

irradiation the viscoelastic behavior is distinct taking into consideration the error bars of

the creep compliance curves. This denotes that degradation of the carbon fiber as well as

the proximity of the material to the fiber are factors influencing the behavior of the mate-

rial. Additionally, it can be noted that at 20 nm from the fiber, at the end of 5 sec dwell

period the material has become creep compliant by approximately 30%. Whereas, at 600

nm from the fiber the material showed enhanced creep compliance of only 3% at the end

of the dwell time. This indicates that degradation of the carbon fiber discussed previously
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Figure 6.11: Variation in the creep compliance, Jc(t), of CFRP as a function of position of
indent from the fiber under pristine condition.

in this chapter has led to significant breaking of bonds in the interphase region.

Figure 6.12: Variation in the creep compliance, Jc(t), of CFRP as a function of position of
indent from the fiber after 6 hours of UV irradiation.

In this context, it is essential to examine the influence of the duration of exposure to UV

irradiation at different radial distance from the fiber. Fig. 6.13 shows the changes in creep

behavior as a function of time exposed to UV irradiation at 20 nm, 40 nm, 100 nm and 600
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(a) 20 nm (b) 40 nm

(c) 100 nm (d) 600 nm

Figure 6.13: Change in creep behavior as a function of time exposed to UV irradiation at
different radial distance from the carbon fiber.

nm away from the fiber.

Fig. 6.13a and 6.13b indicates that at 20 nm and 40 nm the material becomes creep

compliant by approximately 25% after 30 minutes of exposure to UV radiation. This can

be attributed to the chain scission reaction of epoxy, which was described previously and

also due to the deterioration of the carbon fiber. However, it can be observed that after 2

hours of UV exposure the material tends to be comparatively creep resistant. This trend is

similar to the variation observed in the elastic modulus. The creation of new reaction sites

by the initial incidence of UV radiation leads to further cross-linking, which can be the

reason for the reversal of behavior. This can be seen in the case of the changes in response

of the region at 100 nm from the fiber, as shown in the fig. 6.13c. However, the material
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tends to be creep resistant at the observation for 6 hr of UV irradiation instead of the 2 hr

UV irradiation seen in the case of 20 nm and 40 nm. These three distances lie within the

identified interphase region and hence it can be ascertained that the proximity to the carbon

fiber affects the viscoelastic response of the material subject to UV radiation along with the

time corresponding to the change in creep behavior.

In the case of 600 nm away from the fiber, shown in fig. 6.13d the creep compliance

curve for pristine condition matches very closely with response obtained about 8 mm from

the fiber. However, it can be noted that there is a significant drop in the increase of creep

behavior of the material due to exposure to UV compared to other indents done closer to

the fiber. Although the material undergoes chain scission reactions, from 2 hours of UV

exposure the material shows relatively creep resistant behavior possibly due to the oxidation

of the epoxy region. This is consistent with the trend seen in the case of indents done at

about 8 mm from the fiber, barring the time period when the reversal of behavior initiated.

This difference may be closely related to the influence of proximity to the reinforcement.

6.4 Conclusion

The use of force mapping technique to evaluate properties very close to the fiber was ex-

tended to study the effect of environmental factors on the interphase behavior. It was used

to evaluate the impact of UV irradiation on the elastic modulus value as a function of ex-

posed time and radial distance to the carbon fiber. It was observed that the response of

epoxy to UV irradiation is dictated by the proximity to the carbon fiber. An initial decrease

in modulus of interphase region was observed due to the photocatalytic degradation of the

carbon fiber. It leads to chain scission reactions that causes formation of free radicals and

new reaction sites. However, it was noted that upon further exposure to UV irradiation the

interphase modulus values increased on account of the enhanced cross–linking reactions.

Hence, it can be indicated that the presence of carbon fiber hinders the photo-degradation

of epoxy i.e. reinforcement of carbon fiber could improve the durability of the composite
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structure.

The viscoelastic response of the material was also examined as a function of time ex-

posed to UV irradiaiton. It was observed that the material initially becomes significantly

creep compliant. But after continued exposure to UV radiation, the response becomes

relatively creep resistant. Also, the variation in the creep compliance curves capture the

influence of deterioration of the carbon fiber on the response of the surrounding region.

Finally, the oxidation of bulk material possibly causes epoxy to be creep resistant upon

continued exposure to UV irradiation.
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CHAPTER 7

INFLUENCE OF THERMAL MISMATCH BETWEEN FIBER AND MATRIX

7.1 Introduction

The properties of the interphase region in composites are influenced by several processes

involving chemical, mechanical and thermal interaction between the matrix and the fiber.

This directly or indirectly contributes to the existence of an interphase that posses distinct

properties compared to the bulk material. Previous chapters captured the overall variation

in the interphase properties along with the impact of fiber constraint on the evaluation of

the properties in the near–fiber region. In this chapter, the focus is on the mismatch in the

coefficient of thermal expansion (CTE) of the matrix and the fiber, along with its impact

on the determination of the interphase behavior. Past studies have pointed out that the

cooling of the composite after post curing causes the presence of thermal residual stresses

in the matrix, fiber and as well as the interphase region [91, 92]. These residual stresses

may adversely or positively impact the overall behavior of the composite and the interfacial

adhesion between the fiber and the matrix. It has been previously demonstrated by Penn et

al. [93] that a smaller thermal mismatch causes reduced thermal stresses and a weaker

interphase in the case of aramid–epoxy composite.

The generation of residual stresses in the interphase can be attributed to other factors

such as shrinkage during curing, differences in the morphology of the matrix and non-

uniform solidification of the matrix [63, 91]. Nonetheless, in this study the influence of

thermal mismatch of the fiber and matrix are closely analyzed. In the case of carbon fiber

reinforced epoxy, the carbon fiber and the epoxy have CTE that are very different. The car-

bon fiber has a negative CTE in most cases and epoxy shows a positive CTE [61]. This dif-
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ference has an important effect on the properties of the interphase and its width. Some mi-

cromechanical models of fiber reinforced composites have indicated that the development

of residual stress are due to the processing techniques employed [94–96]. Hardiman et

al. [97] analyzed the impact of microscale thermal residual stresses on the properties of

fiber reinforced composites. Modeling of nanoindentation technique is employed to cap-

ture the presence of the stresses from thermal cool down. Results indicate the sensitivity

of the properties determined by nanoindentation technique to the existence of the residual

stresses. However, there is still a lack of understanding on the impact of this contrasting

behavior on the evaluation of the properties very close to the fiber at a nanoscale.

This study will utilize the AFM indentation based force spectroscopy to examine the

variation of elastic modulus along a radial line for a carbon fiber reinforced epoxy sample

that was not subject to post curing at 121°C. Additionally, finite element (FE) simulation

of AFM indentation is carried out on a substrate heated to 121°C and thereafter cooled

to room temperature. This approach is believed to provide good knowledge about the

influence of thermal stresses on the interphase properties at very small length scales and its

correspondence to the width of the interphase region.

7.2 Experimental analysis of effect of post curing

7.2.1 Material preparation

Circular samples of carbon fiber reinforced in epoxy were prepared by curing epoxy at

room temperature for 24 hours, as required. Unlike the material preparation described

in Chapter 3, the CFRP samples in the case were not subject to post curing at 121°C. As

previously indicated, surface roughness is an important factor that affects the data collected

during AFM indentation. Hence, thin circular strips of samples were cut and then subject to

metallographic polishing techniques. The RMS value of the resultant surface of the sample

was determined using AFM imaging to be 5.7 nm.

It is essential to examine the properties of the epoxy that is not subject to post curing
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(a) Adhesion map (b) Modulus map

Figure 7.1: Force spectroscopy of the interphase region of ‘not post–cured’ CFRP sample.

as it can be used for the generation of the modulus map. Therefore, 3 epoxy samples

of the said material preparation method were subject to compression tests as per ASTM

standards [67]. The average elastic modulus value was determined to be 1.03 ± 0.82 GPa,

which is significantly lower than a post cured epoxy sample.

7.2.2 Force spectroscopy of the near–fiber region

The methodology for AFM force spectroscopy used in chapter 3 was followed in this step

along with the calibration of the AFM tip. A 64 × 64 grid was used over a square region

of 980 nm to capture the behavior of the carbon fiber, the matrix and the interphase region.

Fig. 7.1a indicates that the adhesion of the tip on the carbon fiber surface is significantly

lower than the matrix region, which is epoxy in this case. This is utilized to distinguish the

boundary of the carbon fiber and the epoxy in the modulus map given in fig. 7.1b. Further-

more, the data was analyzed with the aid of the MATLAB code given in the appendix.

The compression modulus value of epoxy previously obtained from the compression

test was used as a reference to plot the modulus map. Fig. 7.2 shows the radial distribution

of the modulus values as a comparison between the sample that was ‘post–cured’ and ‘not

post–cured’. The data points are an average of values obtained from 6 radial lines from
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the carbon fiber. The gradient in the modulus values is considerably lower than for ‘not

post–cured’ sample. Specifically, it can be noted that the modulus map begin to increase

only close to 100 nm of radial distance from the fiber. This indicates that the width of the

interphase region is impacted by the post–curing process which marks an enhanced rate of

cross linking reactions.

Figure 7.2: Comparison of radial distribution of elastic modulus values of CFRP samples
subject to ‘post–cured’ and ‘not post–cured’ conditions.

Quantitative study of the variation in the modulus map reveals that there is an increase

of 171% in the modulus value at 20 nm away from the fiber for the post–cured samples.

However, there is only an increase of about 70% in the modulus value at 600 nm from the

fiber. This points to the fact that the presence of carbon fiber influences the post–curing

process of epoxy and is an important factor in the development of the interphase region. In

this regard, it is important to consider the striking difference in the CTE of the fiber and the

matrix which will lead to the presence of residual thermal stress as the material is cooled

down after post–curing. The impact of these thermal stresses on the determination of the

properties near the fiber can be analyzed using finite element method approach described

in chapter 4.
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7.3 Finite element modeling of the impact of residual thermal stresses

A complete 3D modeling of the near-fiber region was considered for the FEA analysis,

as shown in the fig. 7.3. A circular region of 2.5µm was assigned as the fiber and the

surrounding region was modeled to represent the matrix. Hence, the boundary condition

assigning one surface of the substrate as a rigid constraint was not used in these simulations.

The dimensions of the box region is 6800× 6200× 900 nm. These dimensions ensure that

the stresses generated from the indentation do not interact with the edge of the substrate.

Stresses along a line to the edge were examined in all the directions with a preliminary

indentation experiment and it was observed to be zero near the edges. Fiber was assigned

properties using engineering constants such as E1 = 238 GPa, E2/E3 = 28 GPa, ν12 = 0.28,

ν13 = 0.02, ν23 = 0.33, G12 = 24 GPa, G13 = 24 GPa, G23 = 7.2 GPa [97]. For the matrix,

the elasto–plastic model described in chapter 4 was used. The CTE for the fiber and matrix

were assigned as−1.7×10−6 and 58×10−6, respectively. Substrate was partitioned at the

points of indent with varying distance, ‘r’ from the periphery of the fiber. Additionally, the

partitions were employed to ensure smooth mesh near the region of indent. As noted in the

previous chapter, element lengths in the y–direction were kept longer than the other two

dimensions to minimize the elemental distortions.

Three steps were used in these simulation. The first step involved the uniform heating of

the substrate to 121°C, followed by the second step in which the substrate was cooled to the

room temperature of 21°C. Thereafter, indentations were performed at different distances

of 600, 400, 200, 100, 80, 60, 40 and 20 nm away from the fiber. All other parameters such

as interaction and collection of the output were done similar to FE modeling in the previous

chapters. Loading was done using assignment of the boundary condition at the reference

point (RP) of the indenter tip in the y–direction for different displacements as determined

from the experiments in chapter 3.
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Figure 7.3: 3D representation of the near–fiber region including the fiber and the interphase
region.

7.3.1 Radial distribution of elastic modulus

Figure 7.4 shows the variation in the elastic modulus of the region near the fiber determined

from the FE model considering the effect of residual thermal stress. The Eunconstrained value

is lower than the value determined previously in chapter 4. This can be attributed to the

presence of resultant tensile stresses that exist from the heating–cooling step prior to the

indentation. Also, it can be observed that in the presence of the residual thermal stress

there is a gradient in the modulus values determined from the simulations in the region of

about 80 nm from the fiber. There is a sharp increase in the modulus value evaluated at 20

nm from the fiber. This is due to the interaction of the stresses developed from the thermal

mismatch of the CTEs of the fiber and matrix with the compressive stress produced from

indentation. It also suggests that the impact of fiber constraint may also be dependent on

the extent of the presence of residual thermal stresses in the interphase region.

The interaction of the stress fields from the indentation with the boundary of the fiber is

shown in Fig. 7.5. Reflection of the stress fields produced from the indentation near the fiber

gives an apparent increase in the modulus value in the near–fiber region. Results confirm

that the presence of thermal stresses in the region near the fiber affects the determination

of its properties and likely the fiber constraint effect.
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Figure 7.4: Normalized data points and fitted curve of the modulus values along a radial
line from FE model considering effect of residual thermal stress.

Figure 7.5: Interaction of stress fields from the indentation with the fiber boundary and
thermal stresses from heating–cooling step.
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Finite element simulations indicate that the nature of the residual thermal stress impacts

the modulus value evaluated. Tensile stresses contribute to lowering of the modulus value

whereas existence of compressive stress increases the properties. Overall, it is determined

that the thermal mismatch between the fiber and the matrix affects the determination of the

properties in the near–fiber region.

7.4 Conclusion

AFM indentation based force spectroscopy is used to develop an understanding about the

effect of post curing on the formation of the interphase region. Carbon fiber reinforced

epoxy samples that were only subject to room temperature curing for 24 hours were ana-

lyzed in this study. Modulus map of the interphase region indicates that the unconstrained

modulus value is lower than post–cured samples by 70%. Also, it is seen that the effect of

post–curing is quite significant in the near–fiber region i.e. post curing leads to an increase

of 171% in the modulus value of the region about 20 nm away from the fiber. Additionally,

the width of the interphase region evaluated using the radial distribution of modulus value

is considerably smaller than the interphase width of a post–cured sample. It highlights the

fact that the residual thermal stresses generated from the post curing of the sample at 121°C

for 6 hours and subsequent rate of cooling can have a significant impact on the analysis of

the interphase region using the approach described in this study.

The influence of the thermal mismatch between the fiber and the matrix on the fiber

constraint effect is evaluated using FE simulations. A 3D model with a complete repre-

sentation of the fiber and the surrounding region is employed to capture the generation of

thermal stresses. A heating–cooling step in which the entire substrate is heated to 121°C

and thereafter cooled to room temperature of 21°C is utilized to simulate the formation

of residual thermal stresses on account of the thermal mismatch and cool down process.

An indentation step following the heating–cooling step is used to study the effect on the

modulus value at different radial distances from the carbon fiber. Results indicate that the
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presence of tensile stresses in the ‘unconstrained’ region leads to a decrease in the modulus

value. However, the thermal mismatch between the fiber and the matrix causes compres-

sive stress to exist in the near–fiber region and hence the modulus value evaluated in this

region are significantly higher. A notable finding of these results is the suggestion that the

presence of thermal stresses increases the region in which the effect of the fiber constraint

on the determination of modulus value.
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CHAPTER 8

CONCLUSIONS

8.1 Summary

The aim of this study was to perform a study of the interphase region in the fiber reinforced

polymer composites using a combination of experimental and numerical methods. Me-

chanical characterization of materials using indentation technique has been in use for quite

some time due to the availability of closed form solutions to analyze the load–displacement

data. However, performing indentation in the near–fiber region represents indentation in a

half space constrained by a rigid boundary. This leads to a effect called fiber constraint

or fiber bias which causes the stresses produced during the indentation to interact with the

the fiber which behaves as rigid boundary due to its elastic modulus being two orders of

magnitude higher than the surrounding matrix.

Earlier studies have acknowledged the influence of fiber constraint on the indentation

output but didn’t contribute to quantifying the impact or decoupling its influence from the

true changes in the interphase properties. The only closed form solution that was recently

developed based on experimental results was limited by the use of Berkovich nanoindenter

tip and circularity of the matrix pockets in which the fiber constraint is analyzed. Employ-

ing Berkovich nanoindenter tip to study small interphases such as in carbon fiber reinforced

epoxy is limited because of the span of the indentation from small depths being greater than

the width of the interphase. Additionally, the effect of fiber constraint has been limited to

elasto–plastic behavior till date.

To overcome the problem of analyzing the variations in properties of the interphase

region taking into account the effect of fiber constraint, a hybrid approach comprising of
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AFM based indentation and FEA simulations can be used to quantify the changes in proper-

ties of the interphase region as a function of radial distance to the fiber. It was ascertained

that the use of AFM tip will provide the high spatial resolution required to explore the

properties of the region very close to the fiber, in the nano–scale. The preliminary step was

determined to be the finite element (FE) modeling of Berkovich nanoindentation based

on the work done by Hardiman et al. [1]. The major changes required in the modeling

of the interphase region including the need for a complete 3D representation of the near–

fiber region was identified. This implies that assumption of axisymmetry condition for the

modeling of interphase region used in some of the previous studies must be omitted as it

represents a circular matrix pocket surrounded by a rigid constraint, which is untrue of the

interphase region.

In this study, load controlled force spectroscopy using an AFM indenter was employed

to evaluate the properties of approximately 1µm region consisting of the carbon fiber and

the surrounding epoxy. Adhesion map obtained from the force spectroscopy was used to

identify the contour of the fiber and a MATLAB code was developed to extract the modulus

values along radial lines from the fiber based on the modulus map data. To investigate the

effect of fiber constraint on evaluation of the properties close to the fiber, a 3D FE model

of the AFM indentation of the interphase region was created. For obtaining a realistic

representation of the interphase region, the specimen was modeled as a 3D block with a

rigid curved surface at one end of radius 2.5 µm, representing the carbon fiber. In this

regard, the 3D FE model of the AFM indenter was used to find the area function of the

indenter.

Analysis of the elastic modulus map of the near–fiber region indicated that there is a

gradient in the average elastic modulus values along a radial line to the boundary of the

carbon fiber. Using the variation in the modulus value along the radial line, the width of the

interphase region was approximated to be 250 nm. Two FE models using an elasto–plastic

material definition was employed to study the determination of interphase properties using
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AFM indentation. The first model assumed axisymmetry condition and the second model

considered a complete 3D representation of the interphase region. Results indicate that

assumption of axisymmetry condition leads to a considerable overestimation of the impact

of the fiber constraint. From the realistic model, it was noted that the apparent increase in

the modulus value due to fiber constraint is limited to a region of 40 nm of radial distance

from the fiber. As only a small region is under the influence of fiber constraint and its impact

is also significantly lower than the gradient in the near-fiber modulus values, use of inverse

analysis technique was determined to be not necessary. Overall, it was demonstrated that

the interphase region exhibits distinct behavior in comparison to the bulk matrix.

The influence of fiber constraint on the viscoelastic properties of the interphase region

were considered for the first time. A constant displacement based approach was used to

obtain the relaxation curves as a function of radial distance to the fiber. Results indicated

that there was significant reduction in the relaxation of the material at 20 nm away from the

fiber compared to the response of the region at 600 nm from the fiber. This indicates that

viscoelastic response of the interphase region is distinct from the bulk material. Further-

more, with aid of two elements of generalized Maxwell model in FE simulations, it was

demonstrated that the impact of fiber constraint on the determination of relaxation curves

of the interphase region is also limited to a region of 20 nm radial distance from the car-

bon fiber. It is for the first time, the impact of fiber constraint on the viscoelastic response

observed using indentation technique was computed.

AFM indentation based force spectroscopy was also used to examine the effect of en-

vironmental factors such as UV irradiation on the interphase properties. Variations in the

elastic modulus were studied as a function of radial distance to the fiber and the exposed

time to UV irradiation. Results showed that the response of the material was dependent

on the proximity to the carbon fiber. For epoxy at 8 mm away from the fiber, chain scis-

sions due to UV exposure led to significant decrease in the elastic modulus. However, for

the near–fiber region the modulus initially decreased due to the chain scission and photo–
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catalytic degradation of the carbon fiber but subsequently increased due to the increased

cross–linking reaction at the newly formed reaction sites. In other words, it can be noted

that the presence of carbon fiber hinders the photo-degradation process of epoxy leading

to enhanced durability of the composite structure. Evaluation of the viscoelastic response

as a function of exposed time showed that the material considerably creep compliant ini-

tially, but upon continued exposure to UV irradiation it becomes creep resistant. Unlike

the changes in modulus values of the material at 8 mm away from the fiber, epoxy showed

significant creep resistance after 6 h of exposure to UV irradiation. This can be possibly

attributed to the oxidation of the bulk material or changes in material response upon heating

to temperature close to the glass transition temperature.

Another important factor that can influence the variation in the interphase behavior is

the thermal mismatch between the coefficient of thermal expansion (CTE) of the carbon

fiber and epoxy. A CFRP sample that was only subject to room temperature curing for 24

hours was analyzed using AFM based force spectroscopy and the changes in the elastic

modulus were determined. It was observed that the post curing of the sample has signifi-

cant positive impact on the elastic modulus of the surrounding matrix region and the width

of the interphase region. The influence of residual thermal stress from a heating–cooling

step on the elastic modulus values of the near–fiber region were determined using FE simu-

lations. It was noted that the presence of thermal stresses considerably increases the region

in which the effect of the fiber constraint impact the evaluation of elastic modulus values.

The presence of residual tensile stresses from the thermal cycle lowered the modulus value

of the region about 600 nm away from the fiber. However, the compressive stress due to

the thermal mismatch between the carbon fiber and epoxy contributed to an increase in the

modulus value of regions very close to the fiber.
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8.2 Major conclusions

Based on the work done in this study, the following points regarding the behavior and

characterization of the interphase region can be concluded.

• Properties of interphase region are distinct as determined using the integrated ap-

proach based on AFM indentation.

• Interphase thickness in CFRP was observed to be 250nm considering the effect of

fiber constraint.

• Axi-symmetry assumption in the modeling of the interphase region leads to over-

estimation of the effect of fiber constraint and is an incorrect representation of the

interphase region.

• Viscoelastic response of the interphase region depends on the proximity to the carbon

fiber reinforcement.

• Variations in behavior of interphase region due to UV irradiation is affected by

photo-catalytic degradation of carbon fiber, generation of free radicals and subse-

quent cross-linking reactions.

• Thermal mismatch between carbon fiber and matrix caused by the difference in the

coefficient of thermal expansion impacts the interphase thickness and extend of in-

fluence of fiber constraint effect.

8.3 Recommendations

The combination of AFM indentation and FE modeling has been shown as a powerful tool

to characterize regions of very small length scales and determine the influences of vari-

ous parameters on the properties of the region. This approach improves the understanding

about the effect of indentations carried out in a non-uniform half space. By providing an
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extended analysis of the interphase region in carbon fiber reinforced epoxy, knowledge

about the importance of presence of carbon fiber in terms of the durability of the composite

was established. Further studies involving sub–surface structure and chemical interactions

at nano–scale will be beneficial to examine the complete mechanism of formation of the

interphase region and effects of different factors on the properties of this important region.

In this regard, the following are recommended to be valuable additions in the characteri-

zation of the interphase region of fiber reinforced polymer composites and the use of the

technique harnessed in this study.

• Examine the impact of stochastic distribution of carbon fiber on the effect of fiber

constraint.

• Model the interphase region using concentric circular regions with gradient in elastic

modulus - to help FEA mimic experimental results.

• Demonstrate the use of the developed technique to examine individual domains in

mixed matrix membranes.

• Development of an AFM integrated tool to investigate chemical changes occurring

in nano-scale regions.
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APPENDIX

clear; 

clc; 

filename = 'uv6hr_1.xlsx'; 

sheet = 'Sheet1';  

sheet1 = 'Sheet2'; 

sheet2 = 'Sheet3'; 

sheet3 = 'Sheet4'; 

sheet4 = 'Sheet5'; 

data = xlsread(filename,sheet,'A1:AV48'); 

cx = xlsread(filename,sheet1,'A1:A55'); 

cy = xlsread(filename,sheet1,'B1:B55'); 

matx=data(:,:);      % Reading data from matrix 

x = cx(:);% point on circle 

y = cy(:); 

[xc,yc,R,a] = circfit(x,y); % Finding center and radius 

i=0; j=48; 

x2 =1; x1=0; y2=30; y1=0; 

count =1; 

m=1; n=1; p=1; q=1; v=1; 

t=1; u=1; 

e=1; f=1; 

%xlswrite(filename,matx(x2,y2),sheet2,'A1'); % Printing P1 

for i=0:360          % for finding relevant points on the circle 

    thet = deg2rad(i); 

    x = xc + (R* cos(thet)); 

    y = yc + (R* sin(thet)); 

    x1=round(x); 

    y1=round(y); 

    %if count == 1 % count is for avoiding multiple print of same data 

    if(x1 >= 1 && x1 <= 48) && (y1 >=1 && y1 <= 48) 

        pcircle(m,n)=matx(x1,y1); 

        n=n+1; 

        xcirc(v)=x1; 

        ycirc(v)=y1; 

        v=v+1; 

        %count = count + 1; 

        s = (yc-y1)/(xc-x1); 

        d = y1-(s*x1); 

        for j=x1:48 

            for k=y1:48 

                yr=(s*j)-d; 

                yt=round(yr); 

                if yt == k 

                    nline(p,q)=matx(j,k); 

                    coordx(t,u)=j; 

                    t=t+1; 

                    coordy(e,f)=k; 

                    e=e+1; 

                    p=p+1; 

                end 

                k=k+1; 

            end 

            j=j+1;  

        end 

        q=q+1; 

        u=u+1; 

        f=f+1; 

        t=1;e=1; 

      end 

    

end 

i=i+1; 

xlswrite(filename,coordx,sheet3,'A1'); 

xlswrite(filename,coordy,sheet4,'A1'); 

xlswrite(filename,xcirc,sheet1,'G1'); 

xlswrite(filename,ycirc,sheet1,'G2'); 

xlswrite(filename,pcircle,sheet2,'B1'); % Print all the points found on circle 

xlswrite(filename,nline,sheet2,'B2'); 
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function   [xc,yc,R,a] = circfit(x,y) 

% 

%   [xc yx R] = circfit(x,y) 

% 

%   fits a circle  in x,y plane in a more accurate 

%  procedure than circfit2 but using more memory 

%  x,y are column vector where (x(i),y(i)) is a measured point 

%  result is center point (yc,xc) and radius R 

%  an optional output is the vector of coefficient a 

% describing the circle's equation 

%   x^2+y^2+a(1)*x+a(2)*y+a(3)=0 

%  By:  Izhak bucher 25/oct /1991,  

    x=x(:); y=y(:); 

   a=[x y ones(size(x))]\[-(x.^2+y.^2)]; 

   xc = -.5*a(1); 

   yc = -.5*a(2); 

   R  =  sqrt((a(1)^2+a(2)^2)/4-a(3)); 
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