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ABSTRACT

Nanoparticle reinforced composites are greatly desired by the aerospace community for a mul-
titude of applications for their tailorable quasi-isotropic mechanical properties such as the high
strength-to-weight ratio. With increasing demand of structural nanoparticulate composites, the op-
timization of their structural integrity and performance can be improved with a better understanding
of the load transfer mechanics. Extensive nanoparticulate composites research has focused on the
roles of particle shape, size, and volume fraction on the mechanical properties. Nanocomposites
are often experimentally characterized through the determination of the bulk composite material
properties. Load transfer research with a micro-mechanics perspective, distinguishing particle and
matrix behavior, has been explored significantly using analytical and finite element modeling. For
a more complete understanding of load transfer mechanics of particle composites, high spatial
resolution experiments measuring exclusively the particles strain response are valuable. In this
work, photoluminescent piezospectroscopy (PLPS) uses the frequency shift of the stress sensitive
R-lines to non-destructively establish the mechanics of 100 nm, 150 nm, and 350 nm Cr3+ doped
-alumina nanoparticles in an EPON 826 matrix under applied compressive stress. The R-lines’
stress sensitivity represented by the piezospectroscopic (PS) coefficient is used here to assess the
particles’ load transfer capability. The PS coefficients allow us to investigate the load transfer vari-

ation with three different nanoparticle sizes. As the particle size reduces from 350 to 100 nm, the
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PS coefficients show that the particles experience 59% more stress indicating that the load transfer
escalates with smaller particle sizes. This work also utilizes the R-line luminescent lifetime decay
and assesses its reliability for stress measurements of particles within the composites. The lifetime
decay measurements demonstrated significant inconsistencies due to the large variation in particle
dispersion. The findings unravel the effect of particle size, to support new load transfer models

that can be leveraged to tailor the design of structural nanocomposites.

v



To my dear loved ones, friends and family, that have supported me and my journey.



ACKNOWLEDGMENTS

I would like to acknowledge the many colleagues and collaborators that I’'ve had the pleasure
to work with in this project. I would like to thank my advisor Dr. Seetha Raghavan for her
persistent support and guidance as a researcher in the Raghavan Research Group. Special thanks
to Dr. Gou and the Boeing Corporation for their support in fabricating the specimens in this
study. Special thanks to Dr. Ghosh as well for his invaluable assistance necessary to complete this
work. Thanks to Amanda Stevenson and Dr.Freihofer, whose prior work has paved the way for my
research. I would also like to thank my fellow colleagues and friends Quentin Fouliard, Johnathan
Hernandez, Zac Stein, Remelisa Esteves, and Perla Latorre Suarez who have all been great sources
of inspiration and provided invaluable support in the course of my research. This work was funded

by the National Science Foundation under Grant No. IIP 1701983.

Vi



TABLE OF CONTENTS

LIST OF FIGURES . . ... e

LIST OF TABLES . . . e e e

CHAPTER 1 : INTRODUCTION . ... e
1.1 Particle Reinforced Composites in the Aerospace industry ...................

1.2 Effect of Reinforcements on Mechanical Properties ... ......................
1.2.1  Volume Fraction Effect .. ....... ... ... .. . . . . .

1.2.2  Particle Size Effect . ....... . . . .

1.3 MOUIVALION . . . oottt e et e e e e e e e

1.4 Study ObJeCtiVES . ..\ v ittt ettt e e

CHAPTER 2 : MECHANICS OF PARTICLE REINFORCED NANOCOMPOSITES

2.1 Load Transfer Mechanics Theories . . ... ... .ot .
2.1.1  Volume Fraction . ... .... ... s
2.1.2 Particle S1Z€ . . . .o

vii



2.2 Optical measurements for Composites . ............ouuuitirenennennenn .. 14
2.2.1 Theory of Piezospectroscopy using @—Alumina . .................... 14

2.2.2 Theory of Lifetime Decay........... ...t 18

CHAPTER 3. BULK ALUMINA COMPRESSION AND EXPERIMENTAL PARAME-

TER DEFINITION AND SETUP . ... e 22
3.1 Study ObJECHIVES . . .ottt et 22
3.2 Compression Calibrant Sample . ......... ... ... . . . 23
3.3 Bulk Alumina Experimental Setup ........... ... ... .. .. . . . . . 25
3.4 Bulk Alumina Compression Calibration Results......................... ... 28

3.4.1 Photoluminescent Peak Shift with Bulk Alumina Results .............. 28
3.4.2 Digital Image Correlation with Bulk Alumina Results ................ 29
3.4.3 Photoluminescent Lifetime Decay with Bulk Alumina Results . ......... 31
3.5 Fabrication of the 14V{% nanocomposites with Different Particle Sizes ......... 32

CHAPTER 4 . LOAD TRANSFER MECHANICS USING PHOTOLUMINESCENT SPEC-

TROSCOPY ..o 37
4.1 Study ODBJECHIVES . . .ottt e 37
4.2 Dispersion Mapping of Alumina Epoxy Nanocomposites .................... 38
4.3  PS Coefficients of 14% VF Nanocomposites with Varying Particle Size . ........ 40

viii



4.3.1 PS Coefficient for 100 nm 14% Volume Fraction Nanocomposites . . . . . . . 41
4.3.2 PS Coefficient for 150 nm 14% Volume Fraction Nanocomposites . . . . . . . 44
4.3.3 PS Coefficient for 350 nm 14% Volume Fraction Nanocomposites . . . . . .. 46
4.4 Effect of Particle Size on Load Transfer

4.4.1 Luminescent Lifetime Coefficients for 14%VF with Varying Particle Sizes 52

4.4.2 DIC Results for 14%VF for Varying Particle Sizes ................... 57
CHAPTER 5 CONCLUSION . ... e e 60
LIST OF REFERENCES . . . .. e 62

X



LIST OF FIGURES

Figure 2.1  Schematic of the piezospectroscopic theory explaining the spectral peakshifts

AUE L0 STTESS .« o v v v ot e e e e e e 15

Figure 2.2  Theory of lifetime decay relating the a) energy level to the luminescence decay

b) effects of temperature on lifetime c) change in lifetime due to compressive stress. .. . .. 19

Figure 3.1 Measurement equipment setup and schematic . ....................... 25

Figure 3.2  Rendered image of the alignment of the compression cuboid and depiction of the

scanned regions within the region of interest .. ......... ... . ... . .. .. . L. 26
Figure 3.3  Peakshift trend of an Uniaxially loaded and a non-uniaxially alumina calibrant 28
Figure 3.4  Initial DIC of non uniform stress and signs of bending . ................. 30

Figure 3.5 Luminescent lifetime decay measurements of polycrystalline alumina in com-
pression with an uneven stress distribution vs an even stress distribution as a result of experi-

mental SEtUP. . . . .. e 31

Figure 3.6  R-lines from 100, 150, and 350 nm particle size . ...................... 34



Figure 3.7

Rendered image of the compression cuboid and depiction of the scanned regions

within the region of interest (Green: PL mapping and point measurements) (Blue: Lifetime

POINt MEASUTEMENL) . . . .\ vt ettt e et e e e e e et e e e e e 35
Figure 4.1 RI intensity dispersion through the 14 VF% alumina epoxy samples ....... 39
Figure 4.2  Applied stress free peak shift map with R-line fits for the 100 nm particle size

149 V. 41
Figure 4.3  PL peak shift contours shown at discrete loads above for the 10 nm particle size

LAGoV . 42
Figure 4.4 R1 PS coefficient of 100 nm particle size and 14% VF across 3 different samples. 42
Figure 4.5 R2 PS coefficient of 100 nm particle size and 14% VF across 3 different samples. 43
Figure 4.6  Applied stress free peak shift map with R-line fits for the 150 nm particle size

149 V. 44
Figure 4.7 PL peak shift contours shown at discrete loads above for the 150 nm particle size

LAV . 45
Figure 4.8 R1 PS coefficient of 150 nm particle size and 14% VF across 3 different samples 45
Figure 4.9 R2 PS coefficient of 150 nm particle size and 14% VF across 3 different samples. 46

Figure 4.10 Applied stress free peak shift map with R-line fits for the 350 nm particle size

14% VF.

X1



Figure 4.11 PL peak shift contours shown at discrete loads above for the 350 nm particle size

T4V E. 47
Figure 4.12 PS coefficient of 350 nm particle size and 14% VF across 3 different samples 48
Figure 4.13 R2 PS coefficient of 350 nm particle size and 14% VF across 3 different samples. 48
Figure 4.14 Piezo-spectroscopic coefficient vs particle size ....................... 50

Figure 4.15 Tailoring of load transfer using particle size and volume fraction for alumina

nanocomposites. The volume fraction effect on the load transfer is from Freihofer. [1] .... 52

Figure 4.16 Stress free time resolved normalized luminescence of 100 nm, 150 nm, and 350

NM PArtICIE SIZES . . . oottt 53
Figure 4.17 Lifetime stress sensitivity of 350 nm particle size and 14 VF% .. ......... 53
Figure 4.18 Lifetime stress sensitivity of 150 nm particle size and 14 VF% .. ......... 54
Figure 4.19 Lifetime stress sensitivity of 350 nm particle size and 14 VF% ........... 54

Figure 4.20 &, and &, maps at 10 MPa load increments of the 100 nm second sample. Non-
uniaxial load becoming evident around the 100 MPa load step with the expansion of strain in

the middle. . . ... 57

Xii



LIST OF TABLES

Table 3.1 Bulk alumina PS coefficients for R1 and R2 from literature [2] .............

Table 3.2 Prior lifetime in response to stress coefficients of both single crystal and polycrys-

talline alumina found in literature [3] ... ... ... .. . .

Table 4.1 R1 and R2 PS coefficients and stress ratios, defined by equation 4.1, for particle

sizes 100. 150 and 350 nm. . ... ...
Table 4.2 R-square of each sample and the averages for each particle size . ............

Table 4.3 Lifetime stress sensitivity coefficients, (a4+0b=1) and the stress ratios using the hy-
drostatic lifetime decay coefficent of 0.322 and 0.19 ms/GPa for low and high concentrations,

respectively. [4, 5] .. oo

Table 4.4 Average elastic modulus of 14% VF with particle sizes of 100 nm, 150 nm, and

Xiii

32

50

51

56



CHAPTER 1
INTRODUCTION

This chapter introduces the importance of particle reinforced nanocomposites for structural ap-
plications in the aerospace industry. The development of particle composites and its advantages
is discussed. There is extensive research in the tailoring of particle composites concerning the
volume fraction and particle size. The theories and models used today to predict the composites
properties and explain the load transfer mechanics of the internal system is discussed. The reason-
ing for using photoluminescence piezospectroscopy to measure the load transfer and to assess the

effects of particle size is addressed.

1.1 Particle Reinforced Composites in the Aerospace industry

Polymer nanocomposites have been a popular choice of material in the aerospace industry for more
than 50 years as nanocomposites have brought great benefits with their high strength to weight ratio
and unique properties. As the aerospace industry pushes for more cost efficient aircrafts through
the development of new lightweight materials, particle nanocomposites have garnered increased
interest. The usage of nanoparticles with various matrix materials boost significant fracture tough-

ness and often elevates the mechanical, thermal, and electrical properties. These nanocomposites



often require relatively low dispersant and volume fraction to develop a homogenously distributed
composite with signficant improvement in properties such as fracture toughness. [6, 7] Particle
reinforced nanocomposites in the form of metal matrix composites are used in aircraft structures
such as the landing gears, wings, and the engines. [8] Current day aircrafts, such as the Boeing 787
Dreamliner, can be composed up to 50% of composites, improving its fuel efficiency by 10% to
12%. [9] The further development of nanocomposites could allow for more ambitious light weight
designs that could promote higher fuel efficiency. [10] To realize this potential, the design and
tailoring of structural nanoparticle composites must be optimized through the understanding of the

internal load transfer.

1.2 Effect of Reinforcements on Mechanical Properties

Substantial research has been conducted in the fine tuning and development of new composites.
The composites mechanical performance can be enhanced by tailoring the components, volume
fraction, shape, and size. Fiber composites are applied in a vast number of applications due to
their high aspect ratio and anisotropic properties, allowing for improved load transfer between the
matrix and reinforcements. [11] Short fibers are easier to handle, disperse, and are capable of
conforming to complex shapes while providing a boost in mechanical properties. [12] The high
surface area-to-volume ratio of nanoparticles allows for improved load transfer between the matrix
and reinforcements with minimal volume fraction and dispersants. [13] With the increased surface

area to volume ratio, a stronger interfacial bond can be created. The interphase is the concept



of a perturbed space around the particle that is defined by the interfacial bond. This concept is
particularly useful as it may explain the mechanisms of the effective mechanical properties. [14]
Nano-particles have also been used as secondary reinforcements in ternary composites, such as
hybrid carbon fiber reinforced polymer composites, boosting mechanical properties such as their
high strength and toughness. [15, 16, 17, 18, 19, 20, 21] The existence of the interphase and its
properties can be determined through experimental means such as thermal analysis or atomic force

spectroscopy. [22]

1.2.1 Volume Fraction Effect

The effect of the nanoparticles volume fraction has been extensively researched and often defined
through the composites mechanical properties. The rule of mixtures dictates that with the increase
of reinforcement volume fraction, mechanical properties such as the elastic modulus and strength
would significantly improve. [23, 7, 24, 23] The wear loss in composites decreases with the in-
creasing volume fraction and particle size. Diler notes that particle clustering can lead to increased
wear loss beyond a certain volume fraction. [25] The effects of larger volume fractions on the
composites properties can be attributed to the greater percolation. [26] The percolation increases
as the average interparticle distance becomes smaller with higher volume fractions. [27, 28] As a
result, the particles will have a larger influence on each other. [29, 30] Benefits such as the flexural

modulus and toughness are seen to increase as particles get closer. [31]



Stress measurements were conducted by Stevenson and Freihofer using photoluminescence
piezospectroscopy (PLPS) to study the load transfer of oc—alumina nanoparticles in an epoxy ma-
trix at 5%, 20%, 35%, 34%, and 38% VFE. When the Cr>* ion impurities in ¢—alumina are excited,
the particles emit a stress sensitive spectral doublet band known as the R-lines. [32] The piezospec-
troscopic (PS) coefficients, I, is the R-lines sensitivity to stress. The PS coefficients for the R1
and R2 peaks, were determined to be 7.59 and 7.62 cm ™! /GPa for polycrystalline alumina, respec-
tively. [33, 34] Using the PS coefficients obtained from the nanocomposites and the known bulk
values, Stevenson and Freihofer determined the stress ratio of the particles for the different volume
fractions. They found that with increasing volume fraction, the particles load transfer capability
becomes greater as a function of the stress ratio. [35, 1] Freihofer adopted the same nanocompos-
ite composition to develop a stress sensing coating for aerospace applications. [36, 37] Different
volume fractions were experimented to determine the effectiveness of the particles load transfer to

detect early failure in open hole tension composites. [38, 39, 40, 41]

1.2.2 Particle Size Effect

The smaller particle size has been linked to a number of improved properties and behaviors in ma-
terials. The increased surface area to volume ratio has been linked to stronger and more desireable
properties in composites. The benefits of larger surface area to volume ratio has been attributed
to Van der Waals forces. [42, 43, 44] The increased interfacial interactions enhances the adhesion

strength and load transfer. [45] Cho researched the effect of the inclusion size from microns to



nanometers using both glass and alumina nanoparticles. His work attributed the improvement in
the tensile strength, elastic modulus, and fracture toughness to the surface area to volume ratio.
The adhesion strength greatly improved with smaller particles. [7] Though there is an increase
in the elastic modulus, it is also consistent in literature that the particle size effect has a smaller
impact than volume fraction. [46] The particle size effect is found to be more pronounced with
larger volume fractions. [47] Gentieu found similar findings with the energy required to debond
the particle using finite fracture mechanics and cohesive models. [48] Pinto demonstrated that
small TiO, particle sizes of 17 and 50 nm at a low concentration yielded an improvement in the
fracture toughness. The increase of fracture toughness should hold true as long as the particles are

well dispersed. [49]

The effects of particle size in models are often represented with the application of the inter-
phase. The application of the interphase could explain the differences in models and experimentally
measured values. Jang’s research demonstrated this in explaining the increase in youngs modulus
found in his experiments with micro and nano sized silicon dioxide. [50]. The interphase can be
modeled to have the same properties as the matrix or vary along the length with different trends.
[51, 52] Chot’s research found that the interphase thickness should increase with the smaller par-
ticle sizes as the effective mechanical properties are dependent on its size. [53, 45, 54] With tools
such as molecular dynamics, Marcadon found that the improvements were less restrictive with the
interphase. While there is a substantial amount of research into the effects of particle size on the
composite mechanical properties, there is a lack of studies aimed towards the measurement of load

transfer distinguishing the particle and matrix contributions.



Some of the few experimental measurements regarding load transfer on a micro/nano scale that
exist typically uses high resolution techniques. One such technique is raman spectroscopy which
has been used to determine the load transfer for carbon nanotubes polymer composites. [55, 56, 57]
Diffraction measurements has been employed in the measurement of particle residual stresses and
load transfer. [58, 59, 60] The properties and size of the interphase of micro and nano sized
particles have been experimentally measured through means such as atomic force spectroscopy

and micro thermal analysis. [61, 62, 63, 22]

1.3 Motivation

To develop strong and tough nanocomposites, unique experimental measurements to quantify the
effects of size on load transfer within the nanoparticles are needed. The potential for this work
can be further extended to the validation of developing models and optimized design of new
composites. To expand the field of particle stress measurements and assist in this effort, life-
time decay stress measurements were also taken alongside photoluminescent piezospectroscopic

measurements.

1.4 Study Objectives

To achieve the development of optimized structural particle nanocomposites, a set of objectives

must be met. Firstly, the design and procedure for uniaxial compression procedure must be en-



sured. [64] To confirm uniaxial load, the obtained PS coefficient and the lifetime stress sensitivity
using polycrystalline alumina must be validated with known published values. [34, 3] To establish
the stress ratios to quantify the load transfer of the particles, the PS coefficients of the nanocom-

posites must be measured under uniaxial load. [35, 1]



CHAPTER 2
MECHANICS OF PARTICLE REINFORCED NANOCOMPOSITES

In this chapter the load transfer mechanics/theory of nanoparticle reinforced composites is
discussed. Both effects of the particle size and volume fraction are reviewed. The second half
of this chapter presents the theory behind both the photoluminescent piezospectroscopy and the

lifetime decay used in this study.

2.1 Load Transfer Mechanics Theories

Several theories and models have been devised in the prediction and explanation of the composites
material properties such as the elastic modulus. The rule of mixtures is a commonly used equation
to predict the composites properties using the volume fractions and the material property of the

phases in question. [65, 66]

The load transfer theories and models used to predict the composite properties and internal
stresses are discussed. Eshelbys inclusion theory is used to express the load transfer from the

peakshift results in the research done by Stevenson and Freihofer. [35, 1]

Eshelbys inclusion theory was devised to determine the elastic field of the inclusion and the

matrix. [67, 68] To address the inhomogenity problem, Eshelby devised a number of assumptions.



Some of these are (1) The inclusion is in an infinitesimal matrix. (2) Perfect bonding between the
particle and matrix. (3) The particle is perfectly spherical. (4) Both are isotropic materials. With
these assumptions, the classical theory could be used to determine remote stresses in the matrix,
the elastic field of an inclusion, and all the stress and strain components at a point immediately
outside the inclusion. The elastic field of the particle is a result of multiple acting strains as shown
in equation 2.1.

o’ =C"(e" +e+¢Y) (2.1)

where o7 is the stress of the particle, C is the stiffness tensor of the particle, £° is the strain
disturbed by the filler, € is the mechanical strain from the matrix under applied load, and €* is the

equivalent eigenstrain of the inclusion problem.

Theories have been developed extensively for reinforcements with large aspect ratios such as
fibers. One prominent theory is the shear lag theory. The shear lag theory was developed by Cox
to describe the distribution of stresses for long fibrous materials in composite materials, assuming
that the load is carried primarily by the fiber parallel to it. [69] One of the significant aspects of
this model is that the load is transferred through the shear stress onto the fiber. The stress at the
ends of long fibers are expected to have non-uniform load at one end and low at the other end. As a
result of the non uniform load transfer, the ends are typically neglected. Some other limitations of
this theory are that it was designed for metal matrix composites and inaccurate for reinforcements
with small aspect ratio and low volume fractions. [59, 70] Some of these reinforcements include
short fibers and nanoparticles. The modified shear lag theory was developed by Nardone to adapt

fillers with small aspect ratios, assuming that the fiber ends could not be ignored. [71]



The Mori-Tanaka method, which is based on Eshelbys’ inclusion theory, is an effective mean
field theory to predict the material properties, assuming isotropic and homogenenous properties
in the matrix. [72] It considers the volume fraction, the aspect ratio of the particles, and the
properties of interest for the composite. [73] The method places a larger emphasis on multiple
randomly placed and oriented particle interactions, and a uniform stress distribution in the matrix.
[74] A similar effective mean field theory is the Halpin-Tsai method which is based on general-
ized self-consistent micromechanics. [75] The Halpin-Tsai method considers the same variables
as the Mori-Tanaka but originally was intended for inclusions with larger aspect ratios such as
unidirectional fibers. [73] Various studies have been attempted to expand the Halpin-Tsai method
for randomly oriented inclusions and nanoparticles. [76, 77, 78] As effective mean field theo-
ries, the Mori-Tanaka and Halpin-Tsai method are more appropriate for assessing the materials

performance rather then determining the particle stress itself.

2.1.1 Volume Fraction

It is commonly seen in most cases that with a greater amount of reinforcements there is a positive
effect on the composite properties. This relationship between the reinforcement and epoxy is often

predicted using the rule of mixtures as shown in equation 2.2. [65, 79, 66]

Ec=EfVi+EnVin (2.2)
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where E is the elastic modulus and V is the volume fraction. The subscripts ¢, f, and m represent
the composite, filler, and matrix components in the composite, respectively. This form presented
is the Voigt model and is often applied to any type of shape and the largest aspect of the reinforce-
ment. The Reuss model would be the inverse to determine the transverse properties as shown in

equation 2.3.

Ecr=(—+— 2.3
c (Ef + Em) (2.3)

The rule of mixtures is often used to predict the upper and lower bounds of the material prop-
erties with the Voigt and Reuss model, respectively. [79] For particle composites, the Voigt and
Reuss models have also been identified with the iso-strain and iso-stress states, respectively. The
iso-strain state is often associated with higher volume fractions as the higher number of particles
have a greater influence on the load transferred. The iso-stress state is used for lower volume frac-
tions as the matrix deformations are larger than the particles. [65] This method is limited in its
accuracy and train of thought as factors such as particle size, interfacial bond, and distribution are

known to have a large effect on composites performance. [80]

Percolation or the global geometrical connectivity in disordered systems also have a major role
in the composites performance. [26] Percolation becomes a more prominent mechanism when
the volume fraction surpasses the percolation threshold, or the critical volume fraction allowing
for global connectivity among the inclusions. [81] The percolation of composites would lead to a

significant boost in material properties with higher volume fractions compared to the linear rule of

11



mixtures. The sites or particles are connected through tunneling which can improve the transfer of

load, electricity, and heat in the composite. [82, 81, 83]

The tunnel-percolation theory is regarded as a function of the interparticle distance. [27, 28]
Higher volume fraction often is accompanied by the lower interparticle distances on average. [29]
The interparticle distance is known to significantly increase the localized stress concentration in the
matrix. [31] The increased clustering or agglomeration of particles will also elevate the localized

stress concentration. [30]

As two particles make direct contact, hertzian contact dictates that the contact of the two par-
ticles may generate localized stress. [84] If there are dislocations or compaction in the particle,
their surface defects that come into contact will turn into a interface dislocation allowing for the

particles to relax. [85]

The percolation of a composite with excessive volume fraction can limit the interfacial area and
exacerbate highly stressed regions. [86] This can reduce in the particle/matrix adhesion strength

causing early failure. [87]

2.1.2 Particle Size

As the particle size decreases to nanometers, the adhesion strength and load transfer is found to
have improved largely due the high specific surface area to volume ratio. [7] The larger specific
surface area of the inclusions allows for greater interfacial region interaction and adhesion. [42,

88, 43] This is a result of the Van der Waals forces that act on the particle.

12



Van der Waals forces is the attraction between atoms and molecules defined in equation 2.4.
As the nano-particulate reinforcements size continues to diminish, it is theorized that the Van der

Waals forces become more prominent. [43, 80]

AR|R,

fow(r) = TR+ R)67 (2.4)

where R| and R; are the radius of the particles, A is the Hamaker constant, r is the distance
between particles and f,,, is the Van der Waals force between particles. The Hamaker constant also
becomes larger with dwindling particle size. [89] The increase Van der Waals forces with smaller
particle enhances the attraction of particles and molecules resulting in worse dispersion and but
also in greater adhesion with the matrix molecules. [42] When the particles are deformed under

load, the total surface area of the particles will grow, leading to a greater Van der Waals force. [43]

Chen theorized that the interfacial adhesion strength as a function of the particle size can be

2AgE),
— /2P 2.5
Oo =4/ Te (2.5)

where 1 is the particle size, E), is the particle elastic modulus, g is the interface adhesion energy

characterized in equation 2.5. [44]

per unit area, A is the half area of the debonded interface, and G is a non-dimensional quantity. He
goes further to theorize that a critical particle size exists in which no interface debonding would
exist. [44] The improvement to the particle/matrix interfacial bonding allows for closer to perfect

bonding for fuller load transfer to the inclusion.

13



The increased adhesion strength or interfacial bond will dictate the space around the particle
creating the interphase. The interphase is commonly used in models to explain the differences in
the modeled and experimental values. [45] It is generally agreed that the interphase region grows
as the particle size gets smaller. [50] The property distribution of the interphase varies between
studies as either a function of the power law or linearly. [90, 91] The increased surface area to
volume ratio leads to a strong interfacial bond. The interphase properties and size is commonly
thought to be the product of the interfacial bond. [92] This concept is particularly useful as it may

explain the mechanisms of the effective mechanical properties. [14]

Another major influence to the load transfer of particles concerns the geometry itself. The
stress flow interacting with the discontinuity that is the particle and other voids, produces a stress
concentration. The decreased particle size results in a smaller curvature in the discontinuity. This
tighter curvature produces a sharper stress concentration with more intense strain energy bounds

of the inclusion leading to a higher elastic field. [93, 94, 95]

2.2 Optical measurements for Composites

2.2.1 Theory of Piezospectroscopy using oc—Alumina

Photoluminescent piezospectroscopy provides a non-destructive measurement of the stress of Cr>+
doped alumina through the frequency shift of the R-lines. [32] One of the key characteristics of

the R-line is the two stress sensitive peaks denoted as R1 and R2.

14



R1 , — Unstressed state
Stressed state

Intensity (AU)

44, | 4T, Energy
Ground state 2Epg=0 2Eps>0

Figure 2.1: Schematic of the piezospectroscopic theory explaining the spectral peakshifts due to

stress
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This is seen when the chromium ions are distorted by the surrounding crystal field resulting
in the split of the 2E energy level. [96] The valence electrons are excited to the 4T, shell using
a 532 nm laser. Energy emitted from the electron returning to ground state interacts with the
2A and E shells producing the R1 and R2 doublet as shown in figure 2.1. [33] This doublet
exhibits a lorentzian-gaussian blend characteristics. In its unstressed state, The R1 and R2 peaks
are located around 14402 cm™! and 14432 cm™!, respectively. With applied stress, the energy
level emitted by the chromium ions changes resulting in the frequency shift. The R2 peak also
exhibits a sensitivity to temperature and would broaden when under higher temperatures. The
piezospectroscopic phenomona of these peaks can be related to stress using a tensorial relationship

as shown in equation 2.6, as defined by Grabner. [32]

Av = H,‘jG,'j (2.6)
Where Av is the peakshift, IT is the piezospectroscopic coefficient, and o is the stress of the
material.

Clarke further developed the PS equation for polycrystalline materials by inferring that the
frequency shift would be the average of the crystallites over many and randomly oriented grains.
This form of uniaxial stress is the average of the stresses and PS coefficients is shown in equation

2.7 and its simplified form in equation 2.8.

1
Av = §(H11 +1I +1133) (011 + 022+ 033) (2.7)
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1
Av = §H,-,~c7,-,~ (28)

For biaxial conditions, it would be 2/3rds and for hydrostatic conditions all the components
would be considered. Photoluminescence piezospectroscopy continued to expand in its appli-
cations such as the assessment of the structural integrity of thermal barrier coatings (TBCs).
[33, 97, 98, 99, 100] Clarke had measured the stress state and assessed the damage of TBCs by
observing the R-lines from the thermally grown oxide, oc—alumina (polycrystalline ruby), and its

naturally occurring chromium ion impurities.

Through experimental means, He and Clarke determined the R1 and R2 PS coefficients of the

three crystallographic directions for ruby shown in equation 2.9 and 2.10. [34]

1
AV = 5(2.56011 +3.500%; + 1.53033) (2.9)

1
Av = §(2.66011 +2.8007> —|-2.16(733) (2.10)

The PS coefficient for poly crystalline alumina under hydrostatic stress for R1 is 7.59 cm ™! /GPa
and R2 is 7.62 cm™ ! /GPa. For uniaxial stress, the R1 and R2 PS coefficient is approximately 2.53

and 2.54 cm~ ' /GPa for polycrystalline alumina, respectively.

In recent applications, polycrystalline alumina has been applied in multi-functional nanopar-
ticulate form. [101, 102, 103, 39, 104, 105] Prior work with a—alumina epoxy nanocomposites,

has been used in experiments to study the load transfer mechanics of particle composites in studies
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such as volume fraction.[35, 106, 60] To define this load transfer, the following relationship for the

nanocomposites was established in equation 2.11

Avne = HNCGapplied (2.11)

where vy¢ and Iy are the frequency shift and PS coefficient specific to the nanocomposite and
Oupplied 18 the stress applied to the nanocomposite. To reflect the load transfer ability of the particle
itself in the nanocomposite. Freihofer and Stevenson related the bulk nature of the ceramic to the
nanoparticle. [1, 35] This relationship is defined in equation 2.12. The stress ratio is represented

in equation 2.13.

Avye = ncOupplica = ;i 0ji (2.12)

Oii Iyc (2.13)

Oupplied Pij;

2.2.2 Theory of Lifetime Decay

The time resolved analysis of the spectral bands have often been used to also determine stress and
temperature. [3, 4, 107, 108, 109, 110] The material specific radiative decay rate is often used to
characterize the emission. The lifetime decay can be influenced by the defects in the particles.

[111] The grain boundary and the dopant ions are typically classified as external defects. The
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Figure 2.2: Theory of lifetime decay relating the a) energy level to the luminescence decay b)

effects of temperature on lifetime c) change in lifetime due to compressive stress.

dopant concentration is a largely published factor in lifetime decay. [112, 113, 114] Anions and
interstitial are classified as intrinsic defects. [115] When an electron is excited, it travels from the
valence band to the conduction band. The photon emitted in a slow radiative decay as the electron
travels towards the ground state for a vacancy in the valence bands. Defects or impurities such as
the dopant atoms or vacancies can trap the electron reducing its mobility and thus its contributon
to the radiative recombination. This trapping is known as quenching. [116] Trapped electrons are

known to contribute in the non-radiative fast decay shown in figure 2.2. [111]

In Phosphor thermometry, the decay rate often decreases with higher temeprature as shown in
figure 2.2. [117, 107] One of the lesser used utilities of the lifetime decay is measuring stress.[96]
This is more commonly seen in mechanoluminescent materials such as SrAlLbO4 : E u*t. (118, 119].
The effects of pressure on ruby and aluminas lifetime decay has been thoroughly studied. [96] The

lifetime decay increases as stress is applied as shown in figure 2.2. [4, 96]
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The R1 luminescence lifetime decay of ruby under pressure was first studied by Sato-Sorensen
and Merkle. [120, 4] The luminescent decay for the R-lines is best described as a stretched expo-

nential as shown in equation 2.14. [96]

1(r) = 1(0)e~®/™)"" (2.14)

Where I is the intensity of the signal, t is the time, 7,, is the is the mean lifetime decay, and 7y is the

stretch exponent. [96]

The relationship between the lifetime decay rate and stress can be expressed in a linear trend

shown in equation 2.15.

T=a+bP (2.15)

Where a is the stress free lifetime decay or 7y, the stress free decay rate, b is the lifetime
variation with hydrostatic stress, and P is the stress applied to the material. Margueron and Clarke
calculated 7,, value to approximately 0.307 ms/GPa with a chromium concentration below 0.3 a/o
Cr. Table 3.2 is the experimentally determined lifetime with variation with under hydrostatic stress
for single crystal and polycrystalline alumina recorded in literature. It should be noted that for

uniaxial stress, the lifetime variation is expected to be one third as shown in equation 2.16.

T=a+-bP (2.16)
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Applying the same nanocomposite principles from frequency shifts to the lifetime stress sensi-
tivity, the expected relationship between the inclusions lifetime and the nanocomposite lifetime is

defined in equation 2.17.

AT =1 — 1 = b;jiP;i = bncPapplied (2.17)

The particle size can be expected to have an effect on the lifetime decay as a result of the
increased surface area. The exact effects on the lifetime measurement will depend on the defects
and grain boundary. [121] If the grain boundary and defects are inconsequential of the increased
surface area for smaller particles, the lifetime can be elongated. [122, 123] For alumina, increased
trap sites are more available as a consequence. The effect on @—alumina lifetime decay is noted
to be an increase in the fast exponential deviating from the normal stretch into a bi-exponential
decay. [116] As the light emitted travels through the matrix from the alumina nanoparticles, the
photons density of states is expected to reduce as a function of the effective composite refraction
index thus impacting the lifetime decay. [124] Matrix materials with lower refractive index would
allow for more light to be emitted from the system boosting lifetime decay. [124, 125] Local
agglomerated regions may have a higher local refractive index and can result in a decrease in the

radiative lifetime. [125]
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CHAPTER 3
BULK ALUMINA COMPRESSION AND EXPERIMENTAL

PARAMETER DEFINITION AND SETUP

In this chapter the details ensuing the preparation for the particle size studies using the alumina
epoxy composite compression samples are discussed. A bulk alumina compression calibrant sam-
ple was tested and the compression testing procedure was devised in great detail in order to ensure
the test setup would perform valid uniaxial load for the alumina epoxy samples that will follow in
chapter 4. The basis of the compression calibrant sample design and its expected peak shift and
lifetime trend are compared with known literature. [34, 96, 3] Issues that arose during the bulk
alumina compression experiment are shown through the experimental results. Following that, the
experimental equipment, setup, parameters and procedure were determined for the alumina epoxy

samples and discussed in detail.

3.1 Study Objectives

To understand the load transfer mechanics of particle composites, the PS coefficient must be ex-
perimentally determined to quantitatively assess its load transfer capability. Before the alumina

epoxy samples can be studied, a compression procedure for uniaxial load must be established. A
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compression experiment was conducted to ensure uniaxial load through the validation of known PS
coefficient and lifetime stress sensitive coefficient of bulk polycrystalline with prior literature. This
validation ensures uniaxial load so that compression procedure can be used with confidence with
the alumina epoxy experiments. [35, 126, 33, 3] Alumina epoxy nanocomposite compression sam-
ples were manufactured to experimentally determine the PS coefficient of different configurations
and their relationships. Preliminary scans of the specimens were taken to optimize the collection

parameters. The results of the alumina epoxy will also refer to previous studies for validation.

3.2 Compression Calibrant Sample

Polycrystalline alumina was chosen as the compression calibrant due to the amount of literature
in which its PS coefficient has been defined as shown in table 3.1. Compression testing of high
strength ceramics poses several challenges. The first is the ability to achieve uniaxial loading.
Uniaxial load is essential in the compression testing of high strength ceramics. As ceramics have
a high stiffness and are 10 to 15 times stronger in compression than in tension, tensile stresses
stemming from non-uniaxial loads introduced by inaccuracies in the experimental setup will in-
duce early failure. [64] Misalignment of the specimen in relation to the platens can introduce
bending. Alignment tools were designed to ensure that the sample is concentric with the platens.
Secondly, ceramics are hard to machine and this can result in non-parallel surfaces causing edge
imperfections. When these imperfections are under load in the specimen/platen interface, bending

and stress concentrations will arise and result in early failure and misleading low strength readings.
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Thin copper sheets were used to fill in the gap in the interface to reduce the risks of stress con-
centrations and ensure even loading. Thirdly, the large difference in compliance or the mismatch
of the material properties between the sample and the loading platen can lead to edge effects. The
compliance factor for this experiment is considered for the elastic modulus, the hardness, friction,
and the contact surface differences between the sample and the platen. This is addressed using in-
termediate sapphire platens with a larger surface contact area than the sample. This also introduces
a medium for even distribution of stress. The shear stresses generated by the friction between the
sapphire platens and the alumina is reduced by the application of a lubricant. The effects of these
inaccuracies are shown and addressed in the experimentation of the compression sample through
the validation of the polycrystalline alumina PS coefficient. The compression calibrant sample was
made from a stock of alumina where a diamond saw was used to cut the material into a cuboid with

the dimensions of 3.125 mm x 3.125 mm x 12.7 mm. [34, 33, 2]

Table 3.1: Bulk alumina PS coefficients for R1 and R2 from literature [2]

R1 (cm~!/GPa) | R2 (cm™'/GPa) | Source
2.6 2.63 Schawlow, 1961
2.6 2.5 Kaplyanskii & Przhevuskii , 1962
24 23 Feher & Sturge, 1968
2.53 2.54 He & Clarke, 1995
2.46 2.5 Ma & Clarke, 1993
2.64 2.47 Raghavan & Imbrie, 2009
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3.3 Bulk Alumina Experimental Setup

Schematic of Measurement Equipment Setup

PMT
532 nm mirror PLPS

694.3 nm
bandpass

Sample

. .ch

532 nm mirror

Figure 3.1: Measurement equipment setup and schematic

For this study, several means of measurements were devised to assess the stress/strain response
of the polycrystalline alumina. Photoluminescent spectroscopic stress calibrations were deter-
mined through two methods of measurements, peak shift and lifetime decay. DIC was used to mea-
sure the bulk composite strain response and determine its mechanical properties. The schematic
and the equipment is shown in figure 3.1. The peak shifts of the R-lines were measured using a
photoluminescent portable spectroscopy system with a 532 nm continuous laser and a 694.3 nm

bandpass to acquire the R-lines. [127]

A point measurement using PL with a collection of 30 points were used to assess its stress
state for the PS coefficient determination. An exposure time and laser power of 30 ms and 2.5

mW were used. It should be noted that these particular PL collection parameters are specific to the
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Figure 3.2: Rendered image of the alignment of the compression cuboid and depiction of the

scanned regions within the region of interest

polycrystalline alumina experiment. At the start of each hold, a line scan is taken for on the spot
analysis of both of the edges and the middle of the sample as shown in figure 3.2. [34] The edges
are used to ensure uniaxial loading while the middle of the sample is used as the test section to

validate that the R-lines are shifting as intended with the known PS coefficient.

To measure the lifetime decay, a 140 mW UV pulsed laser with a 532 nm crystal was used to
excite the material. The signal was filtered through a 694.3 nm bandpass filter into a photo multi-
plier tube (PMT). [96, 3, 108] The signal was measured with a resistance of 10 kQ, a gain of 27
mA, and a resolution of 500 mW and 2 ms. The pulsed laser excitation spot size is approximately
I mm diameter as depicted in blue in figure 3.2. Using an oscilloscope connected to the PMT, 30

measurements were taken each hold, alternating with the P measurements.
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Digital Image Correlation was used as a secondary method to measure the strain of the material
to confirm its mechanical properties and uniform loading. [128] The DIC images were collected
at a rate of 1 frame per second while under load. The DIC camera is positioned facing the surface
opposite to the surface where the spectral measurements are situated. Due to the DIC camera
positioning directly behind the sample, precautions were taken to create a barrier to prevent the

lasers from damaging the DIC camera CCD.

Compression force was applied onto the alumina epoxy samples with an MTS Insight with a
10 kN load cell. Initial measurements were taken starting at an initial stress of 100 MPa. Stress in-
crements of approximately 50 MPa were implemented up to a max load of 900 MPa, at a crosshead
displacement of 2 mm/minute as per ASTM standard C1424. [129] A hold of 3 minutes was im-
posed to allow for measurements to be collected and on spot analysis. Testing was halted when
the material showed signs of plastic deformations or damage is discovered or when the on-spot

analysis showed a drastic change in frequency shift trend.

Multiple compression trials with the polycrystaline alumina were conducted while optimizing
uniaxial load for the experimental setup. 20 mm wide sapphire platens were used as an interme-
diary platen to address the effects of large compliance differences between the alumina and the
metal platen and to prevent damage the metal platen. The load distribution is also addressed with
the larger contact surface of the intermediate platen compared with the sample. A pair of align-
ment tools were designed to properly position the sample and sapphire platens into the middle of
the steel platen and achieve a uniaxial load train. The alignment tools were kept in place up until

there was sufficient load applied onto the sample preventing it from moving out of place. Copper
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sheets with a thickness in the order of 0.1 mm were placed in the specimen/sapphire platen inter-
face to fill gaps from any non parallelism and distribute the load. Lubricant was applied onto the

sample surface and the sapphire platen to reduce the friction and therefore shear stresses. [64]

3.4 Bulk Alumina Compression Calibration Results

3.4.1 Photoluminescent Peak Shift with Bulk Alumina Results

Non-uniaxial vs Uniaxial Compression Experiment
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E\\‘ ~~~~~ . I Uniaxial Exp Data

~ 0.2 \\\ ~~~~~~~~~ l """ Uniaxial setup: -2.56 cm™'/GPa
'c . I Non-uniaxial Exp Data
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Figure 3.3: Peakshift trend of an Uniaxially loaded and a non-uniaxially alumina calibrant

In the experimentation of the bulk alumina, specific objectives were set to achieve the known
PS coefficient with uniaxial loading and establish the experiment methodology and procedure.

The initial challenges in this stemmed from non-uniaxial load transfer leading to increased non-
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uniaxial loading. This was first evident in the determination of an incorrect PS coefficient of 3.82
cm~! /GPa as shown in figure 3.3. The PS coefficient indicates that non-uniaxial loading may
have affected the experiment. This could be due to factors such as the non parallel features on the

alumina surface in contact with the platen.

After the improvements to the compression experiment the peak shift data of the alumina cali-
brant yielded a PS coefficient that compared more favorably with that of published literature. The
obtained PS coefficient, 2.56 cm ™! /GPa from the improved experimental setup falls within bounds

of the PS coefficients 2.4 - 2.64 cm ™! /GPa from prior literature. [34, 34, 126]

3.4.2 Digital Image Correlation with Bulk Alumina Results

Uneven loading in the sample was identified using DIC measurement of the surface opposite from
the laser probe. The DIC analysis, using NCORR, in figure 3.4, confirms a non-uniaxial state in the
specimen. [130] This is shown throughout various load steps in figure 3.4. The e, demonstrates
uniform strain up to 150 MPa. There is an increased magnitude of ey, starting at 100 MPa indicat-
ing that the sample is bending. These patterns and behaviours were used as a basis for determining

non-uniaxial loading for the composite samples.
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Load steps 3rd 4th 5th 6th 7th 8th
average MTS Stress 27.73 53.66 78.06 100.76 128.76 153.26
o (MgPa) DIC Center | 27.07303 22.35338 48.03344 72.39808 81.63669 79.23598
4 DIC overall | 31.74785 41.1811 70.22583 86.6702 71.28623 80.72263

sxx
Strain
Eyy

Figure 3.4: Initial DIC of non uniform stress and signs of bending
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3.4.3 Photoluminescent Lifetime Decay with Bulk Alumina Results

Polycrystalline Alumina Lifetime Stress Response
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Figure 3.5: Luminescent lifetime decay measurements of polycrystalline alumina in compression

with an uneven stress distribution vs an even stress distribution as a result of experimental setup.

The lifetime measurements shows a clear distinction between the uniaxially and non-uniaxially
loaded alumina in its sensitivity to stress, b shown in table 3.2. For a uniaxial compression on
a—alumina, the obtained b is expected to fall in the bounds of 0.063 - 0.102 ms/GPa based on
prior literature in table 3.2. [3, 4, 5] The initial experiment has shown that the lifetime decay has
shortened as seen in the negative slope. This is opposite from what is expected from literature as
shown in figure 3.5. This shorter lifetime is thought to be the result of the larger excitation spot
area that resulted in the non-uniaxial regions to be measured. The improved experimentation has

yielded a lifetime stress sensitivity coefficient, 0.089 ms/GPa. which is well within the expected
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Table 3.2: Prior lifetime in response to stress coefficients of both single crystal and polycrystalline

alumina found in literature [3]

a (ms) b (ms/GPa) | Crystal Structure Cr3* Concentration Source
3+0.3 0.19 £0.07 Single Crystal | High Concentration Merkle (1981)
2.6 £0.1 | 0.22 +£0.01 Single Crystal 0.8%-1% Sato-Sorensen (1986)
3.3+£0.5 | 0.245 £0.07 | Single Crystal 0.5% Eggert (1989)
3.04 £0.1 | 0.312 £0.02 | Single Crystal 0.1% Urocevic (1989)
3.5+0.2 | 0.322 £0.03 | Single Crystal low Jovanic (1990)
3.35 0.29 Single Crystal 0.3% Margueron (2007)
2.27 0.307 Polycrystalline 0.3% Margueron (2007)

bounds of prior literature. With the support of the more favorable » and IT values, the improved

experimental compression procedure was deemed appropriate for the nanocomposite samples.

3.5 Fabrication of the 14Vf% nanocomposites with Different Particle Sizes

A total of 18 nanocomposite samples consisting of 100 nm, 150 nm and 350 nm particle sizes
with 14% volume fraction were manufactured. 6 specimens were manufactured for each particle
size. The 150 nm particle size was extensively studied in previous studies on the effects of vol-
ume fraction. [35] Alumina nanoparticles were procured from the same manufacturer, Advanced

materials. The purity is about 99.99% for 100 nm and 98.85% for the larger particle sizes. The
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epoxy resin and curing agent is epon 862 and Epikure W procured from Hexion. The manufactur-
ing of the nanocomposite samples are based on prior work and literature. [131, 132, 133, 134, 35]
Acetone was used to disperse the nanoparticles by using a sonicator for 30 minutes. The alumina
nanoparticles were filtered out and dried out in the air after sonication. A thinky mixer was used
to homogeneously disperse the resin, curing agent, and the nanoparticles with the desired volume
fraction and particle size. The product is placed into a sonicator for 20 minutes to remove any air
bubbles and for further homogenization. A low pressure desiccator-vaccum system was used for
about 45 minutes or until no air bubbles were visible. Partall Hi-Temp Wax was used as a mold
release for the mix and mold. A two step curing process of 6 hours at 54°C and 16 hours at 93°C.
The specimens were cut using a diamond saw from the mold to the identical dimensions of the
polycrystalline alumina compression specimen. Micron sized particles were also intended to be

studied as well but issues with sedimentation for these sizes yielded poor quality specimens.

With the proven uniaxial compression procedure for the nanocomposites, the nanocomposites
collection parameters must be optimized before the load transfer experiments. The specimens R-
lines were measured to assess the signal quality of each particle size and determine the optimal
collection parameters in figure 3.6. The intensity of the R-lines improves with larger particle sizes.
It should be noted that the 350 nm shows the distinctly higher intensity than the smaller particles.
The 100 nm and 150 nm particle size specimens indicate similar intensities. These R-lines were
collected with a laser power of 30 mW. An exposure time of 30 ms with an average of 8 exposures

per frame was used to obtain an optimal signal quality across all the samples.
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Figure 3.6: R-lines from 100, 150, and 350 nm particle size
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The spatial variation of the nanoparticles requires the measurement of a wider area to determine
the composite stress response. The alumina epoxy samples is scanned using an XYZ stage over an
area of 0.5 mm x 1 mm with a spatial resolution of 0.1 mm in a snake scan pattern for a total of
50 points per hold as shown in figure 3.7. Compression force is applied onto the 14VF% alumina
epoxy samples with an MTS Insight with a 5 kN load cell. With the rule of mixtures, the expected
strength of the composites is approximately 0.11 GPa. Initial spectral measurements were taken
starting at the zero load state. The samples were preloaded up to 0.01 GPa. The hold for spectral
measurements started at 0.05 GPa. Stress increments of 5 MPa were implemented up to a max
stress of 0.11 GPa. A crosshead displacement of 2 mm/minute as per ASTM standard E695. [135]
A hold of 3 minutes was imposed to allow for measurements to be collected. The experiment
and measurements halted when the on-spot analysis showed a drastic change in the PS coefficent

indicating potential signs of plastic deformation.

Lifetime measurement parameters were also optimized for the nanocomposites. The lumines-
cence of the R-lines indicated parameters with lower time resolution and sensitivity were needed.
The laser power is consistent. The PMT measurements was improved with a resistance and gain of

50 k€ and 37 mA, respectively. A resolution of 500 mW and 2 ms were used in the oscilloscope.
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CHAPTER 4
LOAD TRANSFER MECHANICS USING PHOTOLUMINESCENT

SPECTROSCOPY

In this chapter the effects of particle size on the load transfer mechanics was measured using
photoluminescent piezospectroscopy. The nanocomposite manufacturing process and the particle
dispersion was discussed and assessed. Experimental parameters were devised for higher sensitiv-
ity to measure the stresses more accurately. The PS coefficients of the R-lines was integral in the
study of particle sizes. DIC was used to determine if the samples were under uniaxial load and
their mechanical properties. Lifetime decay of the same R-lines was used to provide an additional

measurement of particle stresses.

4.1 Study Objectives

The dispersion of the nanoparticles are assessed for uniform dispersion to determine the specimens
best suited for compression testing. The measured R1 and R2 PS coefficients were used to quantify
the increased load transfer with smaller particle sizes. The PS coefficients were characterized the

load transfer through the stress ratio. The effect of particle size on the elastic modulus and yield
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stress was determined using DIC. The lifetime decay measurements are assessed in its reliability

to measure the particle stresses through the comparison of stress ratios from the peak shift results.

4.2 Dispersion Mapping of Alumina Epoxy Nanocomposites

The fabricated alumina epoxy nanocomposites particle dispersion needed to be assessed. Ag-
glomerations or voids of particles can affect the stress distribution of the composite. [136] The
R1 intensity was scanned from the entire surface to determine if the particle dispersion and sig-
nal quality is sufficient for experimentation. Particle agglomerations are expected to have greater
luminescent intensity. Regions where particles are thinly spread out are expected to have lower
intensities. The distribution of intensities is represented in a histogram plot as seen in figure 4.1.
The histogram characteristics can be used to quantify and assess the characteristics and quality of

the alumina nanoparticles dispersion. [137, 138, 139]

In figure 4.1, high and narrow peaks indicate that most of the particles have similar intensity
across the region of interest. Wider and shorter peaks indicate that the particle distribution varies
greatly. The position of the highest peak show that most of the sample region of interest has
good quality signal for the R-lines with high intensity and SNR. Peaks further right and left of the
highest peak may also help indicate the presence of agglomerations or thin regions, respectively.
From figure 4.1, the 150 nm series shows the best dispersion of particles within a tight range
of intensities compared to some of the other particle sizes, but some agglomerations are present

within the structure of the sample. The 100 nm series shows that the dispersion quality among the
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Figure 4.1: R1 intensity dispersion through the 14 VF% alumina epoxy samples
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samples differs more than other two sets. These samples are expected to have the low signal quality
and greater agglomeration than the 150 nm series. The 350 nm particle series has the best signal
quality. However, the wider peaks also means that the dispersion of particles may vary more than
the 100 and 150 nm. This is different from the expected trend as greater particle sizes should allow
for greater dispersion than the smaller particle sizes. This can be attributed to the sedimentation of
the 350 nm. The sedimentation for the 350 nm is not as severe compared the micron sized particles

as discussed in the fabrication section but still has a significant effect on the particle distribution.

4.3 PS Coefficients of 14% VF Nanocomposites with Varying Particle Size

In this section, the stress state of the nanocomposites with 100, 150 and 350 nm particle sizes are
discussed using PL spectroscopy with both peak shift and lifetime decay. DIC is used to measure
the strain of the composite sample to determine the materials elastic modulus and the yield strength
if reached. The 14% VF nanocomposites were all compressively loaded until the peak shift analysis
showed signs of plastic deformation. The data in this discussion is only presented up to the end
of the elastic region. The R-lines are observed to have a continuous peak shift until 80 to 95 MPa
for all particle sizes. Each particle size set was tested with 3 different samples to determine an

averaged piezospectroscopic coefficient.
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Figure 4.2: Applied stress free peak shift map with R-line fits for the 100 nm particle size 14% VF.

4.3.1 PS Coefficient for 100 nm 14% Volume Fraction Nanocomposites

The R1 and R2 peaks from the map scans from the 100 nm set are shown to fit properly in figure
4.2. The same fitting parameters were applied for all loads measured. Figure 4.3 contains the peak

shift maps of the 100 nm particle size with applied uniaxial compression.

The R1 and R2 peak shift response to the applied compressive stress for 100 nm with 3 sam-
ples each are shown in figures 4.4 and 4.5. The R1 and R2 PS coefficients of each sample are
shown in figures 4.4 and 4.5. The R1 and R2 PS coefficient obtained are 4.11 cm~! /GPa and 1.54
cm~! /GPa, respectively. The error bars shown in these figures are based on the standard deviation

of the peak shifts for each individual loads. The peak shift maps collected are shown in figure 4.3.
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Figure 4.3: PL peak shift contours shown at discrete loads above for the 10 nm particle size 14%VF.
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It should be noted that for the 100 nm series the 2nd specimen shifted changing the region of
interest when loaded. Points closest to the new region of interest were chosen as the zero load
state. The three 100 nm samples are in good agreement with each other for the range of peak shifts
measured. The R2 PS coefficients for the 100 nm particle size is lower compared to prior work

with alumina nanocomposites. [35] This is likely due to the low SNR of the R2 peak for 100 nm

series.
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Figure 4.6: Applied stress free peak shift map with R-line fits for the 150 nm particle size 14% VF.

4.3.2 PS Coefficient for 150 nm 14% Volume Fraction Nanocomposites

The various residual peak shifts in the zero load map are shown to properly fit using the Pseudo-
Voigt fit in figure 4.6. Throughout the experiment, a consistent peak shift concentration is observed

in the top half of the region of interest in figure 4.7.

For the 150 nm series, the results for the 3 samples are in good agreement of each other for
the range of peak shifts measured as shown in figure 4.8. This was especially true for later load
steps past 700 N. The average R1 PS coefficient measured is approximately 3.18 cm~! /GPa. In
comparison to Stevensons results with 150 nm particle size, this PS coefficient at 14% VF falls

within the bounds of 3.16 and 3.65 cm™! /GPa, at 5% and 25% VF respectively. [35] The average
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Figure 4.9: R2 PS coefficient of 150 nm particle size and 14% VF across 3 different samples.

R2 PS coefficient over the three specimens is 2.41 cm~! /GPa which is higher than the 100 nm

particle size.

4.3.3 PS Coefficient for 350 nm 14% Volume Fraction Nanocomposites

The various residual peak shifts in the zero load map are shown to properly fit using the Pseudo-

Voigt fit in figure 4.6. Through out the experiment, a consistent peak shift concentration is observed

in the top half of the region of interest in figure 4.7.

The sample quality of the 350 nm indicate a gradient of residual peak shifts, in figure 4.10. The

350 nm series R1 data perhaps has the highest variation in peak shifts over different compressive
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loads as exhibited in figure 4.11. The R1 and R2 PS coefficient results indicate that the trends in
each sample peakshifts are still in good agreement with each other. One reason for this could be
attributed to the high SNR from this series strengthening the reliability and precision of the signal
compared to the 100 and 150 nm. Another contributor may also be the better dispersion, promoting
stress uniformity with the particles as seen in figure 4.1. From figures 4.12 and 4.13, the average
PS coefficient for R1 and R2 are found to be 2.61 and 2.57 cm~! /GPa, respectively. The R1 PS

coefficient is lower than the 100 and 150 nm, while the R2 PS coefficient has a higher value.

4.4 Effect of Particle Size on Load Transfer

There is an increase of the R1 PS coefficient as the particle size decreases. The escalation of
the PS coefficient indicates that greater peak shifts measured for the same applied load onto the
nanocomposite. The PS coefficient has been used to represent the load transfer mechanics through
a stress ratio. [1] Through this representation shown in equation 4.1, the higher PS coefficient
indicates a greater load transfer applied to the particle. [1, 35]

o11 Iyc @.1)

Oapplied T Ty

Where Ilyc is the nanocomposite PS coefficient obtained through experimentation, Iy is the
hydrostatic PS coefficient for polycrystalline alumina. o is the stress of the particle and oy plieq
is the applied stress onto the composite. The relationship between the particle size and the PS

coefficient has been made clear in figure 4.14, showing that as the particle size decreases the R1
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PS coefficient increases. This relationship is further extended into its load transfer capabilities

through the determination of the stress ratio shown in table 4.1.
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Figure 4.14: Piezo-spectroscopic coefficient vs particle size

Table 4.1: R1 and R2 PS coefficients and stress ratios, defined by equation 4.1, for particle sizes

100. 150 and 350 nm.

R1 PS Coefficient | R2 PS Coefficient | R1 Stress Ratio, | R2 Stress Ratio,
Particle Size
(cm~!/GPa) (cm~!/GPa) HH—";C HH—’\fIC
100 nm 4.11 £0.27 1.54 £0.15 0.54 0.19
150 nm 3.18 £0.33 241 £0.11 0.42 0.32
350 nm 2.61 £0.26 2.57 £0.37 0.34 0.33

The R2 PS coefficient shows to be decreasing with smaller particle sizes. This is opposite from
the R1 PS coefficient trend in respects to particle size. The R-line fits were deemed acceptable

across all samples and loads with a R-square value of less than 0.05 shown in table 4.2.
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Table 4.2: R-square of each sample and the averages for each particle size

Sample 100 nm 150 nm 350 nm
1 0.0399 +0.0019 | 0.0314 £0.0011 | 0.0386 +0.0003
2 0.0367 £0.0025 | 0.0332 £0.0021 | 0.0383 +0.0003
3 0.0397 £0.0028 | 0.0315 £0.0010 | 0.0343 +0.0002
Average | 0.0387 +0.0024 | 0.0320 £0.0014 | 0.0371 £0.0003

The fitting procedure was consistent for all data. The 100 nm R2 PS coefficient is lower than
anticipated. This is possibly due to the low SNR. The effects of signal quality are likely to have
affected the R2 PS coefficient measured for the 100 nm particle size. The R2 peak measurements

can be improved to reflect the effects of particle size by improving the collection parameters.

The higher stress ratio for R1 indicates an increase in the load transfer in smaller particles. This
can be explained by understanding the load transfer theory with the help of published literature.
These higher stress ratio in the smaller particle can stem from a various factors in the composite
system. Some of these variables can be assessed with Eshelbys inclusion theory. [67, 68] The
classical theory dictates the total stress of the particles would be the sum strain disturbed by the
filler, the mechanical strain from the applied load, and the equivalent eigenstrain. [67, 68] The first
and largest contributor of additional stress originates from the specific surface area to volume ratio.
[95, 140, 45] The second factor is the elevated stress concentrations due to decreased curvature.
[93, 94, 95] The third aspect would be the increased percolation due to the decreased interparticle
distances associated with smaller particle sizes. [141, 31, 72, 142, 27, 28] The exponential trend

towards smaller particle size may indicate that 14% VF is past the percolation threshold for the 100
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nm. The effects of percolation for the 350 nm is not likely to be prominent. A similar conclusion

could be made for the 150 nm as the trend of Freihofer’s PS coefficients has not indicated any signs

percolation until 38% VF sample. [1]

1
Hii § Hu
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volume particle
fraction AV size of
of Al,03 Al,04

Figure 4.15: Tailoring of load transfer using particle size and volume fraction for alumina

nanocomposites. The volume fraction effect on the load transfer is from Freihofer. [1]

The empirical evidence of load transfer increasing with decreasing particle size was deduced
through the determination of the PS coefficient. With this, the design of alumina epoxy nanocom-

posites can be further tailored for maximium load transfer using both particle size and volume

fraction as is portrayed in figure 4.15.

4.4.1 Luminescent Lifetime Coefficients for 14% VF with Varying Particle Sizes

In this section we will review the effects of stress in a composite system on the luminescent life-

time decay. A large variation in the lifetime decay measurements under stress was yielded in the
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Figure 4.16: Stress free time resolved normalized luminescence of 100 nm, 150 nm, and 350 nm

particle sizes
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Figure 4.17: Lifetime stress sensitivity of 350 nm particle size and 14 VF%
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Figure 4.19: Lifetime stress sensitivity of 350 nm particle size and 14 VF%
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different particle sizes. The three signals are compared in figure 4.16. The lifetime sensivitity to
stress 1s plotted in figures 4.17, 4.18, and 4.19. During the course of the experimentation the 350
nm series was observed to have the most intense signal of the three sizes and a longer lifetime
decay of 3.527. This was expected since it also had the largest SNR from the R-lines. 100 nm and

150 nm were observed to have similar luminescence and lifetime decay of 2.306 and 2.352 ms.

With the lower Cr>* concentration, the 100 nm was expected to have higher lifetime decay but
this did not hold true in these experiments. [143] This could first be explained with the effect of
the dopant concentrations are overshadowed by the increased trap density associated with smaller
particles and greater grain boundary. [122, 123, 115] The expected stretch exponential would
deviate more into a bi-exponential with a fast and slow decay. [116] Secondly, the matrix may
be affecting the lifetime decay as a result of the refractive index or an additional trapping effect.
[144, 124, 125] Lastly, the localized agglomerations can result in a higher trap density and reduced
mobility of the charge carriers and a change in the effective refractive index. [145, 146, 124] This
difference could also be attributed to the variation in the particle dispersion in the surface that was
optically measured and their size. It should be noted that since the lifetime was a stationary point
measurement, it was unable to account for the spatial variation in the particle dispersion and the

dislocation of the surface due to the applied stress.

The lifetime vs stress trends for each of the particle sizes are shown in figures 4.17, 4.18, and
4.19. From this figure, the lifetime decay coefficients at the zero load state vary to a large degree
for the 100 nm series. It can be seen that b for various particle sizes often times exceeds the

stress sensitive lifetime coefficient. This is seen with the 100 nm and the 150 nm series with b
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Table 4.3: Lifetime stress sensitivity coefficients, (a+ob=7) and the stress ratios using the hy-
drostatic lifetime decay coefficent of 0.322 and 0.19 ms/GPa for low and high concentrations,

respectively. [4, 5]

Particle Size | Cr>* concentration a b (ms/GPa) | Stress Ratio, bb—N”C
100 nm Low 2.352ms | 0.80 +£3.1 2.48
150 nm High 2.306 ms | 3.15 £3.7 14.32
350 nm High 3.527 ms | 0.51 £0.12 2.31

values several times larger than the bulk alumina under hydrostatic stress. The combination of a
single point measurement and a varying dispersion of particles scanned may suggest that the load
capacity tested was insufficient to assess the lifetime decay/stress relationship accurately. However
with the 350 nm series, its values are much closer to the bulk alumina compression experiment.
It could also be argued that the sensitivity or resolution of the measurements was not sufficient to
accurately measuring the low intensity signal. This alone would propose that the 350 nm and the

smaller particle sizes tested may not be comparable with the current scope of collection parameters.

If we were to apply the same stress ratio understanding from the frequency shift results, it
would be expected that the lifetime coefficient varies with stress. The expected b for the nanocom-
posite, would ideally fall in between the values of 0.7 ms/GPa and 3.1 ms/GPa the uniaxial stress
and hydrostatic stress coefficients, respectively. This is not the case for most of the samples as
their decay rate may differ more significantly. The effects of stress on lifetime with nanoparticles

in bisphenol A based matrix has not been studied extensively together. With the complex influ-
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ences on charge carriers and traps and the possible effects of the matrix, this method needs to be
extensively studied with this set of particles sizes and the composite structure before reliable stress

measurements can be gathered.

4.4.2 DIC Results for 14% VF for Varying Particle Sizes
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Figure 4.20: &, and €,y maps at 10 MPa load increments of the 100 nm second sample. Non-u-
niaxial load becoming evident around the 100 MPa load step with the expansion of strain in the

middle.
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While the nano-scale load transfer mechanics of the particles has been addressed with the peak
shift analysis, their effects on the fundamental material properties of the composite as a whole
must be understood as well. digital image correlation is used to measure the elastic modulus and
its yield strength. NCorr was used to do the post experiment DIC analysis of the back surface of
the sample. [130] Here the &, was used to assess if and when the material exhibited any patterns of
buckling or bending during the course of the experiment as shown in figure 4.20. After confirming
that no such pattern exhibited itself, the &, would be averaged from the test section to assess the

materials mechanical properties.

Table 4.4: Average elastic modulus of 14% VF with particle sizes of 100 nm, 150 nm, and 350 nm.

Particle Size | Volume fraction | Youngs Modulus

100 nm 14% 35.66 +9.76GPa
150 nm 14% 4971 £12.16GPa
350 nm 14% 36.79 +£12.03GPa

The mean strains of each sample are measured and the average elastic moduli shown in table
4.4. Here it can be observed that the 150 nm series has the higher elastic modulus of all the
particle sizes. It can be noted that the elastic modulus has not been significantly influenced by the
differences in particle size. Using the rule of mixtures and the range of known elastic modulus
for a—alumina, the effective elastic modulus of these composites is expected be in the range of
30 to 60 GPa. The 100 nm and 350 nm particle sizes identify more closely to the lower limits

of the predicted range. This trend is not unexpected as previous literature has shown that particle
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size does not tend to have a large effect on the material properties of the overall composite at low

enough volume fractions. [47, 46, 7]
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CHAPTER 5
CONCLUSION

From this work, load transfer of the nanocomposite was studied in respect to particle size. Pho-
toluminescent piezospectroscopy was used to measure the change in load transfer. The different
trials in perfecting the uniaxial compression procedure demonstrated the effects of non-uniaxial
load on the alumina calibrant. Non-uniaxial loading introduced bending to the sample resulting in
incorrect PS and lifetime decay stress coefficients. Uniaxial load was applied with improvements
toward the experimental setup inaccuracies. With uniaxial load, the polycrystalline peakshifts and
lifetime decay stress sensitivity yielded the expected values from published literature. The R1 in-
tensity scans showed that the 350 nm series have better dispersion qualities than the smaller particle
sizes. The 100 nm particle size at 14%VF were measured to have a R1 and R2 PS coefficient of
4.11 and 1.45 cm~! /GPa, respectively. For the 150 nm particle size at 14% VF, the PS coefficients
for R1 and R2 were 3.18 and 2.41 cm~!/GPa. The average PS coefficients with the 350 nm at
14%VF for R1 and R2 are found to be 3.18 and 2.41 cm ™! /GPa, respectively. The R1 stress ratio
derived from the nanocomposite and polycrystalline PS coefficients for the 100, 150 and 350 nm

were 4.11, 3.18, and 2.61, respectively.

The R2 100 nm particle size PS coefficient was lower than expected and this is likely due to

low SNR with high noise in the R2 region. The R2 peak measurements can be improved with
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optimized collection parameters. The R1 stress ratios indicate that the load transfer increased with
smaller particle sizes. The increased surface area to volume ratio, elevated stress concentrations
due to decreased curvature, and increased percolation are identified to be the additional sources of
increased stress in the particle. The R1 PS coefficients obtained in this study and in prior work
can be used to design particle nanocomposites optimized for structural applications. The lifetime
measurements stress free values showed that with the smaller particle sizes the stress free lifetime
decay was shorter. This may be due to more prominent traps associated with smaller particles, the
matrix, or the spatial variation of the particles. The lifetime stress sensitvity coefficients obtained
could be due the lack of sensitivity and resolution in the collection parameters or the inability
to account for the spatial variation unlike the peak shift results. Additional influences could be
possible but further work is needed to expand the utility of lifetime measurements toward stress
measurements with composite systems. The DIC measurements showed no effect of particle size
in the elastic modulus with values of approximately 35, 49, and 36 GPa. These values are within

the expected range from the rule of mixtures and known elastic modulus values.
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