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Abstract

Coatings utilizing the piezospectroscopic (PS) effect of alpha alumina (α-Al2O3) could

enable on the fly stress sensing for structural health monitoring applications. While the

PS effect has been historically utilized in several applications, here by distributing the

photo-luminescent material in nanoparticle form within a matrix, a stress sensing coating

is created. Parallel to developing PS coatings for stress sensing, the multi-scale mechanics

associated with the observed PS response of nanocomposites and their coatings has been

applied to give material property measurements, providing an understanding of particle

reinforced composite behavior.

Understanding the nanoparticle-coating-substrate mechanics is essential to interpret-

ing the spectral shifts for stress sensing of structures. In the past, methods to experi-

mentally measure the mechanics of these embedded nano inclusions have been limited,

and much of the design of these composites depend on computational modeling and bulk

response from mechanical testing. The PS properties of Chromium doped Al2O3 allow

for embedded inclusion mechanics to be revisited with unique experimental setups that

probe the particles state of stress under applied load to the composite. These experi-

mental investigations of particle mechanics will be compared to the Eshelby theory and

its derivative theories in addition to the nanocomposite coating mechanics. This work

discovers that simple nanoparticle load transfer theories are adequate for predicting PS

properties in an intermediate volume fraction range.

With fundamentals of PS nanocomposites established, the approach was applied to

selected experiments to prove its validity. In general it was observed that the elastic
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modulus values calculated from the PS response were similar to that observed from

macroscale strain measurements such as a strain gage. When simple damage models

were applied to monitor the elastic modulus, it was observed that the rate of decay for

the elastic modulus was much higher for the PS measurements than for the strain gage.

A novel experiment including high resolution PS maps with secondary strain maps

from digital image correlation is reviewed on an open hole tension, composite coupon.

The two complementary measurements allow for a unique PS response for every location

around the hole with a spatial resolution of 400 microns. Progression of intermediate

damage mechanisms was observed before digital image correlation indicated them. Using

the PS nanocomposite model, elastic modulus values were calculated. Introducing an

elastic degradation model with some plastic deformation allows for estimation of material

properties during the progression of failure.

This work is part of a continuing effort to understand the mechanics of a stress sensing

PS coating. The mechanics were then applied to various experimental data that provided

elastic property calculations with high resolution. The significance is in the experimental

capture of stress transfer in particulate composites. These findings pave the way for the

development of high resolution stress-sensing coatings.
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CHAPTER 1
INTRODUCTION

This work was part of a continuing effort to develop piezospectroscopic (PS) coatings,

based on stress-sensitive photo-luminescent spectral peaks for structural health moni-

toring which is applicable to a wide range of industries. This effort also includes an

investigation of mechanics for composites with embedded PS nanoparticles and experi-

mental testing for validation. Some newly developed relationships in the present work

suggest the possibility to use the PS response as a method of determining material prop-

erties. This draws more attention to the development of smart composite coatings, which

could someday supply a non-invasive method of determining a damaged zone, so a repair

can be made accordingly.

The impact of this work is in its unique approach of combining PS and particulate

composite mechanics. The investigation begins with an effort to replicate experimental

PS coefficients of varying volume fraction alumina nanocomposites in Chapter 2. Once

verified, the coating mechanics were integrated into the nancomposite mechanics to de-

fine the multi-scale problem of nancomposite PS coatings in Chapter 3. Additionally,

the multi-scale mechanics are also shown to enable material property calculations with

some simplifying assumptions. The mechanics and material property calculations devel-

oped in Chapter 3 are then applied to experimental PS data for uni-axial tensile samples

in Chapter 4. Here it was shown that piezospectroscopy, with a secondary strain mea-

surement, is a superior method to characterize material properties of composites which

depend heavily on micro-mechanics.
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A novel experiment that takes advantage of the spatial capabilities of piezospec-

troscopy and a spatial strain measurement with digital image correlation enabled the

measurement of hyper-spectral PS response data in Chapter 5. Since it was demon-

strated that a PS response can be equivalent to a mechanical response in Chapter 3, the

principles of damage mechanics were applied independently to local PS responses. This

enabled local determination of damage across the sample’s surface. The imaged sample

was an open hole tension composite coupon with a piezospectroscopic coating, and the

results suggest that the coating was capable of sensing progression of subsurface damage.

This is a convincing result that substantiates PS coatings are a powerful non-invasive

damage sensor.

For this introductory chapter, a background is given which supports the motivation

for the development of PS coatings for both engineering of advanced multifunctional

composites and for in-service inspections. A comparison is made to some well estab-

lished techniques currently used in the industry. This is followed by a description of the

current state in the field of alumina epoxy composites and coatings which includes some

multi-functional uses. Next, is a background of piezospectroscopy, which includes many

previous laboratory applications. Finally, some damage mechanics is reviewed which can

be applied to a PS response.

1.1 Developing Piezospectroscopy

Piezospectrocopy is a technique to measure stress using the response of spectral emis-

sions in a material, and this technqiue has been around for decades. This has been

2



most commonly applied to pressure sensors for diamond anvil cells [79], and indicators

of residual stress build up in the oxide layer of thermal barrier coatings [87]. Despite this

fact, the method has not been widely adapted for commercial applications in structural

health monitoring since it has been limited to specific materials, such as chromium-

doped Alumina, with intrinsic photo-luminescent emissions of high optical intensity and

sensitivity to stress [41]. However, recent efforts that introduced photo-luminescent alu-

mina nanoparticles as a constituent into a matrix material have extended the capability

of the resulting nanocomposite [92]. This enables the tailoring of material properties

and PS sensitivity for specific applications, such as compatibility with various structures

and resistant to anticipated environmental conditions. Other material systems besides

alumina-based nanocomposites have emerged such as carbon nanontube [100] or a fluo-

rescent molecule [82] based nanocomposites.

The development of a piezospectroscopic (PS) coating for stress sensing of structures

could have potential for a new, high-spatial resolution non-destructive evaluation (NDE)

technique [30]. Most NDE techniques are dependent on the detection and determination

of a flaw size [42]. This measured flaw size would then be referenced to a developed stan-

dard to discover if the flaw is within acceptable tolerances, or large enough to require a

repair. The concept for the use of Piezospectroscopy in NDE would work in a similar

way. Here, instead of determining a physical flaw size, the technique would measure the

stress distributions around a flaw. This is demonstrated in Chapter 5 by recording stress

gradients associated with damage progressing around an open hole composite coupon.

Tolerances for piezospectroscopy applied as an NDE technique may consist of a combina-

tion of the spatial size and magnitude of the measured stress distribution. For example,
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a more intense stress gradient with respect to a developed standard may indicate a more

serious flaw and would require repair.

Potential uses of Piezospectroscopy are not only limited to NDE applications, but a

method to assist in the engineering of advanced composites for optimized performance.

It is a measure of micro-scale stress with multi-scale spatial resolution. This enables the

ability to detect various failure modes that may originate at the micro-scale and prop-

agate to the macro scale. This is demonstrated for alumina-epoxy nanocomposites in

Chapter 3 and also for plasma sprayed alumina coatings in Chapter 4. In both mate-

rials, it was observed that the PS response was much more sensitive then conventional

mechanical responses due to the micro-scale measurement that piezospectrscopy enables.

A portion of this work is dedicated to developing and understanding the mechanisms be-

hind both piezospectroscopy and advanced composites. To adapt piezospectroscopy into

a wide range of NDE and composite design applications, the mechanics and relationships

behind both piezospectroscopy and the mechanics of composites behavior must be well

understood.

1.2 Alumina nanocomposites

Nanocomposites in general have shown great promise for future applications in many

industries. The intrinsic size effect of these micro and nano fillers give way to enhanced

mechanical performance [105]. One of the many types of nano- or micro-inclusions that

has been used in developing nanocomposites is the rigid ceramic, alumina. As a bulk ma-

terial alumina has many interesting properties including excellent retention of strength
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at high temperatures [75]. Alumina is often introduced as coatings for tribological prop-

erties because of its extremely high hardness and thermal/electrical insulation abilities.

Recent papers have addressed alumina as a potential constituent in “chameleon” coat-

ings for aerospace applications [97] which are designed to change their surface chem-

istry and structure in order to quickly adapt to the conditions of a space environment.

These tribological coatings must be resilient for the 10-30 year lifetime in space and/or

launch/re-entry cycling.

Here, alumina nanocomposites are studied for their stress sensing ability, which is

uncommon among literature investigations that tend to focus on the various material

properties. The development of alumina composites as PS coatings in commercial appli-

cations may still require significant commitment to research, but this work also serves as

a voice to how piezospectroscopy could greatly aid in the development of alumina com-

posites for various applications. While this work does not focus on the manufacturing

or optimization perspective, its influence on mechanical performance is significant. A

brief background of alumina composites and coatings will be supplied which serves as a

guideline for future development of alumina composites and coatings.

With a focus on mechanical properties, alumina composites have been observed to

greatly increase wear resistance when made in compression molds [10], and more mod-

estly increase wear resistance when casted [48]. The wear resistance for alumina compos-

ites increased 600% when compared to unfilled samples [85]. Further increases in wear

resistance by 3000% were observed when the nanoparticles had irregular shapes [10].

Effects of surface treatment and smaller particles were also observed to increase wear

resistance [48, 88].
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Introduction of alumina nanoparticles have varying effects on fracture toughness [69].

In general, the addition of particles increases the fracture toughness but there are many

factors to consider when evaluating the performance. These factors include particle

size [69, 107, 14, 20], particle shape [59], surface treatment [59, 107, 20], and disper-

sion [107]. These factors are not only limited to alumina composites but also apply to

particulate composites in general.

Because these properties are so heavily dependent on micro-structural characteristics,

the application of piezospectroscopy could supply a greatly enhanced understanding of

the micro-mechanics. A stress measurement of the embedded particle can indicate when

the matrix begins to yield, when matrix-particle interface begins to breakdown, and even

how particle size and shape alter the stress transfer at these micro- and nano-scales.

Chapter 2 and 3 both introduce concepts in applying a combination of piezospectroscopy

and multi-scale mechanics to better characterize nanocomposites.

1.2.1 Alumina Coatings

Alumina coatings are usually for applications where excellent wear/corrosion resistance

or thermal/electrical insulations are needed, such as the “chameleon” coatings discussed

earlier [97]. There are several ways to develop high content alumina coatings including:

Microarc oxidation (MAO) [93], Chemical Vapor Deposition (CVD) [50], radio frequency

magnetron sputtering [52, 17], plasma spray [38], sol-gel dip coating [43, 80], and epoxy

thin films impregnated with nano-sized alumina [25]. If the application of a stress sensing

coating which utilizes piezospectroscopy is considered, the α phase alumina needs to
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have a significant presence since it exhibits the characteristic R-lines which are discussed

in the next section. The methods mentioned here have varying degrees of success for

obtaining high α-alumina content because the high temperatures required for some of

these processes can lead to phase changes in the alumina.

In this work, both a plasma-spray alumina coating and an epoxy nancomposite coating

were investigated in Chapters 4 and 5 respectively. The plasma spray, which initially

had a feedstock of 95% α phase reduced to 25% α phase after the deposition of the

coating. One way to guarantee a high content α-alumina coating is to start with it as a

precursor and have a low temperature process to fabricate the coating, such as that done

in Chapter 5 with a alumina-epoxy coating with 20% volume fraction alumina. This is

also practical for application to a wide range of structures because exposing them to high

temperatures may induce thermal damage. However, a high temperature process may be

appropriate for some structures with a high thermal stability.

1.3 Piezospectroscopy

Alumina has been one of the most widely used PS materials. The α phase of alumina

contains Cr3+ ions at very low concentrations which give a sharp photo-stimulated lumi-

nescence (PL) doublet peaks at 14402 and 14432 cm−1 known as the R-lines. The stress

dependence of the emitted R-lines was first used in a form of ruby as a pressure gage in

diamond anvil cells [79, 23, 74]. This enabled a secondary stress measurement which was

non-invasive for experiments which were conducted at ultrahigh pressures [47]. Because
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the non-invasive stress measurement was so successful, it was quickly adapted to other

laboratory applications [73, 98, 78, 18].

One industrial application that has adapted PS for stress and damage assessment is

for thermal barrier coatings (TBC) systems on turbine blades [46, 68]. In these systems,

the stress-sensing capability originates from the photo-luminescent peaks of the naturally

occurring oxide layer that develops with thermal cycling. This is used to measure the

residual stresses of this layer and is correlated with the life of the coating as it is exposed

to thermo-mechanical cycles [60].

Another application that closely aligns with the present work was using piezospec-

troscopy to study the load transfer mechanics in fiber composites. When sapphire [64, 67]

or polycrystalline alumina [40] fibers were embedded in composites, this enabled non-

invasive stress measurements of the fibers. Experiments involving pushout tests of fibers

with different coatings were successful in monitoring improved interface strength between

the matrix and fiber [66]. Also, small mechanical tests under a microscope [40] investi-

gated the evolving stress distributions around a broken fiber. Both of these studies showed

how piezospectroscopy can substantiate analytical and finite element models (FEM) in

studies of the mechanics of reinforcements while also adapting to other applications.

The general tensorial relationship for PS shifts for a PS material is below in Equa-

tion 1.1 [35].

∆ν = Πijσij (1.1)
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Equation 1.1 can be applied to both the R1 and R2 lines, as they have separate

sensitivities when they are loaded on the same crystallographic axis [90]. Thus, when

crystallographic orientations are known from specific sample manufacturing or from the

use of a polarizer [39], a complete state of hydrostatic and non-hydrostatic stress may be

determined [90].

In the case of a polycrystalline PS material, an averaging effect takes place over all

of the grains within the probed volume. Usually the grain size is much smaller than the

probed volume determined by laser dot size, and this creates a scalar relationship with

hydrostatic stress in Equation 1.2 [60, 40].

∆ν =
1

3
Πiiσjj (1.2)

In Equation 1.2 the trace of the PS tensor (Πii) for R1 and R2 are within experimental

uncertainty of each other and are equal to 7.6 cm−1

GPa
[35, 65, 40]. Equation 1.2 served as

a starting point for much of the work provided in Chapters 2 and 3. In polycrystalline

materials it is possible to obtain the non-hydrostatic component of stress from spectral

characteristics such as peak broadening and others [65, 90].

This work focuses on developing the mechanics necessary to understand the PS shifts

of nanocomposites with embedded PS inclusions. Recent work by Stevenson [92] and Er-

gin [24] both identified that with increasing volume fraction of PS particulate filler, the

sensitivity of the PS effect becomes higher. The increase of the PS effect for nanocom-

posites will be predicted using composite inclusion mechanics and compared with the

experimental works of Stevenson and Ergin.
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1.4 Damage Mechanics with Piezospectroscopy

Piezospectroscopy offers a non-invasive micro-scale stress measurement, and with a sec-

ondary mechanical measurement, they are combined to produce a PS response. PS

responses are synonymous to mechanical responses, with only one axis of the loading

surface being replaced by the PS measurement. In Chapter 3, it will be demonstrated

that the mechanics which apply to a mechanical loading surface need only be slightly

modified to account for the PS component. With this in mind, damage mechanics nor-

mally applied to mechanical loading surfaces can now be applied to local PS responses

for local material property characterization.

Damage is usually defined as the reduction in stiffness of a material through mechan-

ical loading [2], or also by a reduction in the effective stress carrying area [63]. The

latter results in an increase in stress on the remaining part of the material and is associ-

ated with a reduction in stiffness [12]. This reduction is stiffness is referred to as elastic

degradation. Using the mechanical response, the elastic degradation can be quantified

by using an unloading curve and calculating the resulting slope [2, 77]. In Chapter 4

unloading curves of the PS response were used to quantify the degradation of the elastic

modulus of the plasma-sprayed alumina coating.

If unloading curves were not integrated in the experimental procedure, then the un-

loading curves may be simulated to estimate the reduced mechanical properties. Meth-

ods of simulating these unloading curves vary in complexity, ranging from simple elastic

degradation models to the involved continuum damage mechanics with coupled plastic-

ity [12, 89, 36, 104]. A simple and convenient method to simulate an unloading curve is to
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assume no plastic deformation so all unloading curves return to the origin [12]. This was

the method chosen for simulating the unloading curves in a alumina-nanocomposite under

compression in Chapter 3. In reality, unloading is usually associated with some combi-

nation of elastic degradation and plastic deformation. In Chapter 5 this same method

to simulate the unloading curves was also used, but also a secondary method was also

used which combined some finite plastic deformation for comparison. The addition of

some plastic deformation into the simulated response is a more accurate representation

of material behavior [12].

Because piezospectroscopy is a micro-mechanical measurement, and damage mechan-

ics is based off the propagation, nucleation and growing of micro-defects [104], it provides

a more sensitive measure of damage. As observed in Chapters 3 and 4, the elastic degra-

dation as calculated with piezospectroscopy was much greater than that as observed from

the nominal mechanical measurements. Despite the initial elastic modulus calculations

for both techniques being similar, the differences in the rate of degradation is evident

of micro-mechanical damage directly probed via piezospectroscopy. This supports why

piezospectroscopy not only has great potential for NDE techniques, but also great promise

in engineering advanced nanocomposites.

11



CHAPTER 2
MECHANICS OF PIEZOSPECTROSCOPIC NANOCOMPOSITES

This chapter will focus on describing the PS response of nanocomposites with embedded

PS inclusions. Particle mechanics, which describe the stress of an embedded inclusion,

must be well understood to interpret the PS response. Starting with Eshelby’s original

formulations for dilute system of inclusions, a procedure will be shown which slightly

modifies Eshelby’s equations which was motivated by the work of Kim [53], but applied

in a more general sense for any equivalent composite property model. This enables more

accurate predictions of PS properties of nanocomposite, and expressions derived here will

be used in later chapters for material state measurements. Additionally, an effort to use

Finite Element models (FEM) to predict the PS properties is presented.

2.1 Experimental Background

Recent work has shown an enhancement of the PS coefficients when the spectrally active

material is introduced as nanoparticles into an epoxy system [92]. The PS coefficients

have been observed to increase with volume fraction of alumina nanoparticles. As a

result, the volume fraction could be optimized for a more sensitive stress measurement

with piezospectroscopy. The basis of this change in sensitivity is due to the differing rates

of load transfer into the inclusions that occurs with varying of their volume fraction.

In this work, analytical and numerical nanocomposite mechanics are compared to the

experimental PS coefficients experimentally determined in the works of Stevenson and

Ergin [92, 24]. These works both showed increases PS sensitivity with higher volume
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fractions. In terms of the theoretical calculations, this would correspond to an embedded

nanoparticle sustaining a higher mean stress per applied uniaxial compression to the com-

posite with higher volume fractions. These results motivated and supplied substantiating

values for the the theoretical modeling of nanocomposite mechanics in this chapter.
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Figure 2.1: (a) A schematic representing hyperspectral imaging of a PS nanocomposite

under compressive loading, (b) corresponding peak position downshifts with compressive

loading, and (c) the composite PS coefficient (Πc) relating a peak position shift with

applied stress.

Composite PS coefficients (Πc) values were recorded for different volume fractions

of alumina nanoparticles embedded in an epoxy matrix as shown in Table 2.1 [92, 24].

The experiments were conducted with epoxy nanocomposites with embedded alumina

nanoparticles (150 nm). The samples were manufactured as parallelepipeds, using ASTM

standard D695 [3] with dimensions of 1/8 x 1/8 x 1/2 inch.
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Table 2.1: Experimental PS coefficients (Πc) for R1 and R2 peaks [92, 24]

Volume Fraction % R1 PS Coefficient cm−1

GPa
R2 PS Coefficient cm−1

GPa

5 -3.16 -2.60

20 -3.34 -3.19

25 -3.65 -3.42

34 -4.10 -3.88

38 -5.63 -5.08

2.2 Piezospectroscopic Nanocomposite Mechanics

The spectral shifts of the photo-luminescent (PL) R-lines for polycrystalline alumina

∆νpoly have been correlated in literature to the hydrostatic stress 1

3
σii by the PS coefficient

Πii in Equation 2.1 [41]. For the stress sensitive peaks, Πii has a value of -7.59 and -7.62

cm−1

GPa
for R1 and R2 in polycrystalline alumina respectively [41]. The relationship can be

reduced down to the first invariant (σii) for a more general case.

∆νpoly =
1

3
Πiiσii (2.1)

Alternatively, A nanocomposite which sustains uni-axial applied stress (σa) will have

a PS coefficient (Πc), which is the linear relationship between the uni-axial stress and

the observed shift of the R-lines ∆νc as shown in Equation 2.2.

∆νc = Πcσa (2.2)
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Figure 2.2: The Piezospectroscopic relationships for different loading conditions of a PS

constituent.

Because this PS coefficient for the composite is higher than a polycrystalline material

under the same uniaxial stress, the embedded particle’s 1st invariant must be higher than

the 1st invariant of the bulk polycrystalline alumina. If that same uniaxial stress was

applied as pressure to the particle on all principal axes, then the observed PS coefficient

would be greater than all of the observed uniaxial PS coefficients for the nanocompos-

ites. It is noteworthy that all the (Πc) values fall between Πii and
Πii

3
. It is hypothesized

that these values may act as upper and lower limits for Πc because they represent ide-

alized configurations. A schematic that demonstrates the experimental and theoretical

nomenclature of the current discussion was included in Figure 2.2.

The PS coefficients increasing for higher volume fractions suggest that the applied

stress converts into hydrostatic stress to the particles at a higher rate for the higher
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volume fractions. To understand this phenomena, Equations 2.1 and 2.2 are equated

into equation 2.3. This expression reveals that the experimental PS coefficient is directly

proportional to the 1st invariant of the particle.

1

3
σii

σa

=
Πc

Πii

(2.3)

Equation 2.3 is an important expression that reveals a direct measure of the first

invariant of the particle with the experimental PS data, and can be used to correlate

theoretical models to experimentally measured particle stresses. This rate of hydrostatic

stress induced on the particle per uniaxial stress on the composite will henceforth be

termed the hydrostatic stress ratio. This value, on the left hand side of Equation 2.3,

is able to be quantified by both analytical and numerical methods for comparison to

experimentally observed nanocomposite PS coefficients.

2.3 Analytical formulation

The classical Eshelby model for dilute systems [26] was used to estimate the fraction

of stress the nanoparticle sustains with respect to the overall composite under applied

stress. The Eshelby model used here has several assumptions, and they are as follows: (1)

a single particle is embedded in an infinite matrix (infinitesimal volume fraction), (2) a

perfectly spherical nanoparticle, (3) perfect bonding occurs between the nanoparticle and

the matrix, and (4) both the nanoparticle and the matrix phase are isotropic. This basic
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model, despite its many assumptions, was shown in previous work to be closely correlated

to the experimental data obtained for the lowest volume fraction of 5% [32, 28].

The formulation [15] is based on a spherical particle (p), embedded within an isotropic

matrix (m). The stress inside the particle (σp) can be calculated from multiple strain

terms shown in equations 2.4, 2.5 and 2.6 where e, eo, and e∗ represent the strain

disturbed by the filler, the mechanical strain of the matrix from applied load, and the

equivalent eigenstrain of the inclusion problem, respectively. Additionally, C and S

represent the stiffness and Eshelby tensors, respectively [15].

e = Se∗ (2.4)

eo = (Cm)−1σm (2.5)

e∗ = −[(Cp − Cm)S + Cm]−1(Cp − Cm)(Cm)−1σm (2.6)

Finally, by using the above strain terms, the stress inside the filler can be computed

using from the applied stress to the matrix using Equation 2.7 [15]. Then, employing

Equation 2.8, this yields the first invariant of the particulate (σii
p).

σp = Cm(eo + e− e∗) (2.7)

σii
p =

trace(σp)

3
(2.8)

The formulation using the Eshelby model above can give the hydrostatic stress ratio

as defined in the previous section. This stress ratio is representative of an infinitesimal
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volume fraction because of the 1st assumption of Eshelby’s theoretical formulation. These

results can be combined with Equation 2.3 to relate the Eshelby stress calculation to what

is experimentally observed with PS.

Using the Eshelby dilute equations, the hydrostatic stress ratio can be applied in a

more general sense to be a function of material properties of the matrix and inclusion.

These expressions will be derived now for both the 1st stress and strain invariant, but

used later in Chapters 3. The first step is to combine the three different components of

strain into Equation 2.7 [15] which now relates the strain tensors between the particle

and matrix in Equation 2.9 and 2.10. The result in Equation 2.10 can be obtained by

applying Hooke’s law to Equation 2.7 and some minor rearrangement. Similarly, the

same procedure could be used to relate the stress tensors of the particle and composite.

Fǫm = ǫp (2.9)

F = (Cp)−1Cm[I − (S − I)[(Cp − Cm)S + Cm]−1(Cp − Cm)] (2.10)

This simplified relationship can be viewed in Voigt notation in Equation 2.3. These

scalar components that make up the 4th order tensor F , can be shown to relate the

first strain invariants between the particle and composite phases in Equation 2.12, which

are also conveniently made up of material properties of the two phases and shown in

Equation 2.13. A similar expression can be shown to relate the first stress invariants of

the two particles in Equation 2.14.
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(F1 + 2F2)ǫ
m
ii = ǫpii (2.12)

ǫpii
ǫmii

= (F1 + 2F2) =
−3Em(2νp − 1)(νm − 1)

(2νm − 1)(2Em + Ep − 4Emνp + Epνm)
(2.13)

σp
ii

σm
ii

=
−3Ep(νm − 1)

2Em + Ep − 4Emνp + Epνm
(2.14)

The strain based expression in Equation 2.13 will be useful in later chapters which

describe the PS response with strain based mechanical measurements. The stress based

expression in Equation 2.14 can be used in the current section to replicate the experi-

mental PS coefficients from the works of Ergin [24] and Stevenson [92]. It is noteworthy

that both expressions are functions of material properties of the host matrix and embed-

ded particle. With an inverse solution, this enables the calculation of material properties

from an observed PS response. These expressions will be very important later for material

property and damage analysis with Piezospectroscopy in Chapter 3.

19



Using the material properties of the inclusion phase of α-Al2O3 (Ep =300 GPa, νp

=0.2) and an isotropic matrix phase of EPON 862 (Em =2.41 GPa, νm = 0.4), the stress

ratio can be calculated and compared to the experimental data. Using Equation 2.3 and

observing Figure 2.3, the comparison shows that the Eshelby model accurately predicts

the smaller volume fraction’s stress ratio.
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Figure 2.3: The theoretical Eshelby [15, 26] model predicting the PS properties for a

composite and compared to experimental data from the works of Ergin [24] and Steven-

son [92].

However, this dilute Eshelby model only takes into account an infinitesimal volume

fraction because of the first assumption stated earlier. Eshelby modified his own dilute

assumption for a non-dilute case. This non-dilute Eshelby model was also investigated

where the eigenstrain in the particle is now a function of volume fraction f in equa-

tion 2.15 [15].
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e∗ = −[(Cm − Cp)(S − f(S − I)− Cm]−1](Cm − Cp)(Cm)−1σm (2.15)

From inspection of Figure 2.3, The non-dilute Eshelby diverges away from experimen-

tal data for higher volume fractions. It is observed that the predicted stress ratio of the

non-dilute Eshelby model approaches 1

3
. This is because a bulk polycrystalline alumina

under uniaxial stress would show a third of as much PS sensitivity compared to then

the pressure is applied in a hydrostatic fashion. This concept was previously illustrated

in Figure 2.2. Figure 2.3 shows that the experimental stress ratios continue to increase

with increasing volume fraction. This creates a motivation for adapting modified Eshelby

solutions to more accurately predict the PS properties of composites for higher volume

fractions.

2.4 Equivalent Composite Property Models Integrated with Dilute-Eshelby

There are many different models in literature for estimating equivalent composite prop-

erties for varying volume fractions [21, 101, 9, 106, 57, 84]. The goal of this section is to

illustrate the method of using equivalent composite property models combined with the

dilute Eshelby equations to better predict the PS properties for varying volume fraction.

This was motivated by the work of Kim [53], who developed his own iterative technique

to predict composite properties in a relatively simple way.

First, this section will review the concept illustrated by Kim [53]. Then, a new type

of method will be proposed that combines equivalent composite property model with the
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Dilute Eshelby equations. Several equivalent composite property models exist, but here

only the equivalent composite property model of Mori-Tanaka [72, 34] was selected to

demonstrate the technique.Kim’s Eshelby modification (2006)

Eshelby Equations Ec = Em 

νc = νm 

Ep, νp Em, νm 

Cc 
νc

 = 1/((A/B)+1) 

Ec = B(1- νc-2* νc2)/νc 

Calculates composite’s 

stiffness tensor 
  

A    B    B    0    0    0 

B    A    B    0    0    0 

B    B    A    0    0    0 

0    0    0     C    0    0 

0    0    0     0    C    0 

0    0    0     0    0    C 

Updates material 

properties, 

New volume fraction 

Isotropic stiffness tensor 

of effective composite Solve for isotropic composite  

properties from stiffness tensor 

First iteration 

inputs 

  

13𝜎𝑗𝑗𝜎𝑐  

𝜎𝑐 

Figure 2.4: This is the iterative loop developed originally by Kim et. al [53] to predict

the elastic properties of composites. Here, the iterative loop is used to calculate the PS

properties for varying volume fractions.

Kim et al. [53] created an iterative programming loop that adds infinitesimal volume

fractions and iterates new equivalent matrix properties for increasing volume fractions.

This technique is referred to as successive embedding. The framework of this technique

is described in Ref. [53], and illustrated in Figure 2.4. It is based on an assumption

that the Eshelby Equations can be used with the matrix properties replaced by equiva-

lent composite properties. Using successive embedding described in Ref. [53], equivalent
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composite properties are calculated for an incremental volume fraction, and then used as

the matrix properties in the Dilute Eshelby equations.

The series of Eshelby equations used to derive the hydrostatic stress ratio, shown in

Section 2.3, are iterated with equivalent composite properties of Elastic Modulus, Ec

and Poissons ratio, νc. During this process, the equivalent composite properties converge

towards the particles properties at a volume fraction of 100% alumina.
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Figure 2.5: The PS properties as predicted by the non-dilute Eshelby [26, 15] compared

to the results from Kim et. al [53] and experimental data from the works of Ergin [24]

and Stevenson [92].

Kim’s method [53], applied to determine the hydrostatic stress in the particles, was

plotted with the experimental data in Figure 2.14. The method was successful in predict-

ing PS properties for low and intermediate volume fractions ≤20% with good accuracy.

Most of the composite coatings that have been studied are manufactured with ≤20%

volume fraction [30, 27]. At volume fraction of 38% alumina, the experimental results

23



show a dramatic increase in the hydrostatic stress ratio. This large increase for higher

volume fractions is investigated in the section 2.5 using Finite Element models.

To continue development of these load transfer models, an alternative and more gen-

eral method of modifying the Eshelby theory is proposed. The newly proposed method

of modifying Eshelby would be compatible with different prediction schemes as shown in

Fig. 2.8. A different equivalent composite property model could be treated as the new

inputs for the Dilute Eshelby equations.

Dilute Eshelby 

Equations 

Ep, νp Em, νm 

  

13𝜎𝑗𝑗𝜎𝑐  

Inputs 

f 

Stress Ratio Output 

Equivalent 

composite 

properties 

model 

Ec, νc 

𝜎𝑐 

Em, νm 

Ep, νp 

Ep, νp 

Ec, νc 

Equivalent 

composite 

properties 

model 

f 

Figure 2.6: A modified Esheby Scheme which has the potential to combine any material

properties prediction model for composites.

The equivalent composite properties model chosen to demonstrate the method il-

lustrated in Figure 2.8 was the Mori-Tanaka method [72, 34]. This model was chosen
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because it assumes that the composite is isotropic and contains randomly distributed

spherical inclusions. The equations which govern this model are given below. K and G

represent the bulk and shear moduli respectively of the matrix (m) and the particle (p),

with a particle volume fraction f .

Gc = Gm +
fGm(Gp −Gm)

Gm + β1(1− f)(Gp −Gm)
(2.16)

Kc = Km +
fKm(Kp −Km)

Km + β2(1− f)(Kp −Km)
(2.17)

where,

β1 =
2(4− 5νm)

15(1− νm)
and β2 = 3− 5β1 (2.18)

It is desired that the Elastic modulus and Poisson’s ratio are the two independent

properties which describe the isotropic properties of the composite because these are

normally what is measured in material testing. This is done so by Equation 2.19.

Ec =
9KcGc

3Kc +Gc
νc =

Ec

2Gc − 1
(2.19)

The experimental data collected by Ergin used strain gages to measure the elastic

modulus of the alumina nanocomposites [24]. This allows for an opportunity to compare

the equivalent composite property models of Kim and Mori-Tanaka to some experimental

values in Figure 2.7

25



0 0.1 0.2 0.3 

0 

2 

4 

6 

8 

10 

12 

E
la

st
ic

 M
o

d
u

lu
s 

(G
P

a)
 

Volume Fraction 

  

  

Mori-Tanaka 

Kim 

Experimental 

Figure 2.7: Experimental data from alumina epoxy nanocomposites from the works of

Ergin [24] compared to the estimated composite properties of Mori-Tanaka and Kim.

The predicted elastic modulus values under-predict the experimental modulus values

with similar magnitudes. Now, the Mori-Tanaka equivalent composite property model

will be blended with the Dilute Eshelby model using the process illustrated in Figure 2.8

and compared to Kim’s method.

From these results, it is observed that using different equivalent composite property

data gives varying degrees of success. There are different material property prediction

schemes which have been developed in literature [106, 57] but to review and implement

them all is outside the scope of the current work. From the current results, all analytical

models still under-predict the stress in the particles compared to what was experimen-
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tally observed for high volume fractions. The effect of micro-structural features present

at higher volume fractions could potentially contribute to this difference. Alternative

methods to analytically predicting the stress in the nanoparticles are possible through

Finite Element Models (FEM) [86, 13, 6]. By use of an FEM of the nanoparticle system,

insights may be gained as to what specific micro-structural feature leads to this dramatic

increase in the stress ratio for higher volume fractions.
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Figure 2.8: The equivalent composite properties model utilizing the Dilute Eshelby [15]

compared to Kim’s method [53], Non-Dilute Eshelby, and experimental data from Er-

gin [24] and Stevenson [92].
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2.5 Finite Element Analysis

In addition to the theoretical calculation, finite element simulations were performed to

investigate effects of increasing volume fraction in addition to multiple micro-structural

characteristics on the stress sensing properties of these nanocomposites.

As a preliminary proof of concept, a simplified two dimensional representative volume

element (RVE) was created to simulate an embedded nanoparticle. Varying volume

fraction of α-Al2O3 in an idealized RVE was the initial focus of the investigation to

changes in the mean stress sustained.

Idealized Particulate RVE 

Interface Crack Adding 

microstructure  

features 

Irregular shaped Interacting particles 

Figure 2.9: Modifying an idealized RVE by introducing a variety of different micro-struc-

tural features.
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With a baseline for the volume fraction effect for an idealized RVE established, micro-

structural features to simulate non-ideal conditions that stray away from Eshelby’s main

assumptions stated in Section 2.3 were investigated. Different micro-structural features

were embedded into the nanoparticle system such as (1) irregular shaped particles (2)

interacting particles (3) interface effects, and (4) microcracks to observe their effects on

the particles mean stress. There are many micro-structural characteristics of the embed-

ded inclusions. This work addresses these different types of micro-structural variables

and their effect on load transfer.

2.5.1 Problem Statement

The approach for the finite element model is illustrated in Figure 2.10 ABAQUS c©was

used to carry out the FEM simulations. There was a limitation on the number of elements

of the model to be under 1000 resulting in a relatively rough mesh. The parts were meshed

in this work with standard, linear, plain strain elements in a quadrilateral shape. An

RVE was created to simulate a nanocomposite composed of an isotropic inclusion phase

of α-Al2O3 (E = 300 GPa, ν = 0.2) and an isotropic matrix phase of EPON 862 c©(E =

2.41 GPa, ν = 0.4).

Boundary conditions fixed the vertical displacement (u2) on the bottom surface. Then

an applied pressure of only 1 kPa was applied to the top surface. The small applied

pressure is to keep the model in its entirety in the elastic regime. The remaining surfaces

were unconstrained.
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e.) Axisymmetric RVE 

Particle pressure 

distribution 

First invariant of particle 

 (σii) 

σaxial 

Particle material constant  

(polycrystalline alumina) 

Πii=-7.6cm-1/GPa (He 1995)  

  

  

  

c.) 

d.) 

Equation  

constraints 

Cohesive interface 

Top surface pressure σc 

Bottom surface  

Y-displacement fixed 

𝜎𝑖𝑖𝜎𝑐 = 𝛱𝑐𝛱𝑖𝑖 
Stress ratio 

Figure 2.10: (a) The RVE for an alumina nanocomposite. (b) Details are presented for

constructing the interface and constraints and (c) the loads and boundary conditions, as

well as (d) meshed assembly of the matrix and particle with the method of predicting

the composite’s PS properties. (e) The stress ratio obtained from a 5% alumina volume

fraction composite in an axisymmetric model simulated Eshelby stress ratio exactly.

The quadrilateral shape of the elements was required for introducing cracks into the

epoxy so it was used for all simulation to maintain consistency. For the crack simulation,

no propagation is considered because the applied stress is not reaching any critical level

to initiate crack growth.

Figure 2.10b shows the equation of constraints that were created for the left, right,

and top sides by picking a reference node (uref ) on each side and equating the remaining

i nodes on each surface (ui) to have equal displacement. The equation took form 0 =
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uref − ui forcing all of nodes assigned to a side to have equal displacement. This kept

the left and right sides straight and parallel, in addition to the top surface straight and

perpendicular to the sides. With the sides constrained, this satisfied the requirements

for the RVE to be representative of a larger scale composite.

The matrix-particle interface was defined with default cohesive interface properties

with the matrix and the particle phase as the master and slave surfaces respectively.

This interface condition had the smallest difference with the experimental data for the

plane strain models. Different interface values are presented in Table 2.5.1. It should be

noted that an axisymmetric model with the proper boundary conditions gives an identical

stress ratio as the dilute Eshelby model (0.426). While this may seem attractive to use

as a starting point for testing volume fraction effects, cracks and interacting particles

cannot be implemented into an axisymmetric model. Thus, a square RVE was created

which utilizes a plane strain assumption and allows the freedom to introduce various

micro-structural features into the RVE later.

Table 2.2: Model type and matrix-particle interface boundary conditions

Model Interface Sliding Stress Ratio

Axisymmetric rough small 0.507

Axisymmetric rough finite 0.495

Axisymmetric cohesive small 0.426

2-D rough small 0.487

2-D rough finite 0.482

2-D cohesive small 0.471
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Figure 2.11: (a) Stress Ratio results for varying volume fractions and different interface

boundary conditions. (b) A Variety of models predicting volume fraction effects.
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The volume fractions were simulated by equating the appropriate area ratios between

the matrix and inclusion shown in Figure 2.11. The average pressure for all the ele-

ments within the particle phase were averaged for the numerator on the left hand side

of Equation 3.3. This divided by the top pressure allowed for a direct comparison to the

experimental data.

The initial finite element results in Figure 2.11 showed a slightly decreasing mean

stress ratio with increasing volume fraction. This trend is almost parallel to the non-

dilute Eshelby model, suggesting it is a good baseline for the addition of micro-structural

features. The mean stress ratio values all remain in the range of the intermediate volume

fractions between 15-30%.

2.5.2 Irregular particle

Micro-structural features for a composite can be often random and irregular. For high

volume fraction composites, the agglomerates and aggregates become larger and increas-

ingly irregular. Therefore, introducing this type of randomness into an RVE is important

for realistic composite modeling.

Only limited initial data is present here in Figure 2.12 for the irregular particle data.

A given particle volume fraction of ∼23% was given a degree of irregularity. This particle

was then slightly rotated in random directions. The result was an increase in the stress

ratio as compared to idealized FEM model. This type of micro-structural modification
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to the RVE may be essential for modeling higher volume fractions where a large increase

in the stress ratio occurs.
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Figure 2.12: (a-b) A non circular particle generated using a Matlab algorithm which

given rotation and irregularity. (b) Results are plotted for an irregular ∼23% volume

fraction composite with varying degrees of rotation.

2.5.3 Interacting particles

Interacting nanoparticles are an important micro-structural feature to consider because

these composites are known to contain many agglomerations with a wide variety of sizes.
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Figure 2.13: (a) Different number and orientations of interacting particles with (b) the

corresponding stress ratio increase with respect to the idealized FEM model.

The method of introducing randomly orientated particles in this preliminary inves-

tigation was done by creating a circular area of smaller particle encompassing a larger

particle.

Initial calculations showed that the orientation of the interacting nanoparticles is

the major contributor to the magnitude of the mean stress ratio increase. Therefore,

averaging of several random orientations may be necessary to accurately describe this

interacting system at higher volume fractions.

2.5.4 Interface effects

A system which includes a discrete isotropic interface between the matrix and particles

phase has been studied with theoretical models by other researchers [70]. The challenge
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with this system is that it is very difficult to measure or quantify the material properties

of the isotropic interface layer [19]. Here, the interface properties used were EI = 30 GPa

and νI = 0.2.

The addition of this interface increased the mean stress ratio. Two different volume

fractions where investigated, and their stress ratio dependence on interface thickness was

similar. The stress ratio value increased with increasing interface thickness up to a certain

limit. A maximum is reached when the interface extends to the outer boundary of the

RVE. The isotropic interface could predict the phenomena at higher volume fractions.

Additional interface properties could be considered such as ’soft’ interface where the

EI is lower than the modulus of the matrix. Additional interface parameters could be

investigated including interface elasticity effects, Isotropic constants, among others.
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Figure 2.14: (a) The effects of an isotropic interface on the stress ratio and (b) the RVE

with simulated isotropic interfaces.
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2.5.5 Microcracks

Cracks are introduced using the XFEM interaction scheme, which all are internal to the

matrix phase of the RVE. The cracks influence on the stress ratio was seen to be heavily

dependent on the cracks location and geometry. The first groups of crack investigated

were of straight line geometry shown in Figure 2.15a and b.
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Figure 2.15: Straight cracks investigated in a (a) vertical and (b) horizontal configuration

were (c) plotted with respect to the experimental data and the idealized FEM model for

5% volume fraction alumina. (d-f) Curved microcracks were investigated in terms of a

few geometric parameters and (g) plotted with respect to the experimental data.

These cracks started at a point on the interface between the two phases located on

the top of the particle. A vertical crack lowered the stress ratio of the particle up to
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a certain crack length where the stress ratio converges to a stress ratio well above the

experimentally measured stress ratio. The horizontal crack had a more sensitive stress

ratio dependence that increased the stress ratio for very large and small crack lengths,

with a minimum possible of being interpolated with a stress ratio similar to the vertical

crack. However these simple straight edge cracks were not lowering the stress ratio down

to experimentally measured values, and for some instances were increasing the stress ratio.

Cracks with a starting location at a point on the side of the particle were investigated

but not presented here because their stress values were exceeding the un-cracked model,

and were more likely akin to matrix failure than our experimentally measured values.

Stress ratios for the straight cracks on the side exceeded 0.5.
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Figure 2.16: (a) Summary of the different microcrack configurations plotted with respect

to volume fraction. (b) A closer look at the microcrack model that yielded a low stress

ratio which correlates with lower volume fraction experimental data.
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While the two prior RVE configurations investigated here only increased the stress

ratio, the third included a microcrack, which could either decrease or increase the mean

stress ratio depending on its orientation.

Cracks that increase the stress ratio of the particle could be ones which develop during

the mechanical failure of the epoxy, resulting in more stress distributed to the inclusion as

the host matrix fails. Conversely, cracks which have particular geometry, tend to decrease

the stress ratio, who are more inclined to be developed as a manufacturing defect in the

micro-structure. These could arise from differences in the coefficient of thermal expansion

between the two phases, the way the two phases were mixed together, settling during

cure cycle, etc.

The orientation of a crack could yield its origin, such as being a product of mechanical

failure or from the settling and curing of the composite. A resulting decrease in the mean

stress ratio could potentially aid in describing the imperfect interface between the matrix

and particle phase, which could dominate particle mechanics for smaller volume fractions

of a nanocomposite.

The introduction of curved cracks into the RVE were shown to have large changes in

the stress ratio observed in Figure 2.16. Several different classifications of curved cracks

were created here to observe various effects on the crack geometry and stress ratio.

A few different instances of these geometries were tested to see which ones correlate

highest with the experimentally measured value. If the crack geometries are tuned, all

the configurations studied are able to exhibit the same stress ratios as the experimental

data.
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2.6 Conclusion

The Eshelby model is accurate in representing the piezospectroscopic (PS) properties

for low volume fractions, but modifications were needed to predict intermediate volume

fractions. An iterative technique developed by Kim that uses the framework of the

Eshelby model is able to predict the PS properties for intermediate volume fractions. This

prompted the development of a similar scheme that is able to apply a variety of equivalent

composite property models to the Dilute Eshelby equations. The Mori-Tanaka prediction

for composite properties was used as a demonstration here. The current analysis with the

combined equivalent composite property models with the Dilute Eshelby gives accurate

results for low and intermediate volume fractions (≤20%) which are most commonly used

for alumina nanocomposite coatings.

However, these combined analytical models do not accurately predict the properties

for high volume fractions (≥25%). The finite element models provided new directions to

investigate high volume fractions by introducing micro-structural characteristics into the

RVE. The introduction of isotropic interfaces, irregular and interacting particles improved

correlation with experimental data for higher volume fractions. Microcracks included in

the model were capable of creating correlation with experimental data for lower volume

fractions. Future models which seek to accurately represent the micro-structures of these

high volume fraction composites will likely require a combination of the investigated

micro-structural effects.
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CHAPTER 3
COATING AND DAMAGE MECHANICS FOR PIEZOSPECTROSCOPIC

MATERIALS

This chapter focuses on developing the necessary mechanics which describe both coat-

ing and damage mechanics for piezospectroscopic (PS) materials. First, the multi-scale

mechanics of PS coatings will be described followed by the fundamentals of piezopsec-

troscopy. Then, testing methods of different PS coatings will be presented and their

related mechanics will be derived. Combining the coating mechanics with PS mechanics

allows for the solution of material properties with an observed PS response. By solv-

ing for material properties using the PS response, damage mechanics can be applied.

To demonstrate and validate the technique, the mechanics will be applied to previous

experimental work on alumina epoxy nanocomposites. The success of this technique

shows great promise for piezospectroscopy being an additional method to characterize

mechanical properties. This motivated the extension of the technique to the experiments

conducted in Chapters 4 and 5 to quantify damage of coatings and underlying substrates.

3.1 The Mutli-Scale Problem of PS Nanocomposite Coatings

The goal of this section is to analytically relate the PS measurements to the strain or

stress experienced by the underlying substrate. A variety of different mechanics are

needed including piezospectroscopy, particle, and coating mechanics. A combination

of these mechanics are needed to correlate the secondary mechanical measurement to

the PS shift. Usually the secondary measurement is strain from a strain gage, fiber
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Bragg grating (FBG), or digital image correlation (DIC). In general, DIC is the preferred

secondary mechanical strain measurement because it can obtains high spatial resolution

measurements and can supply a complete 2-D strain tensor. DIC combined with the

high spatial resolution of piezospectroscopy, allows for an ideal calibration method of PS

coatings.
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Figure 3.1: A series of illustrations that show the connection between the multi-scale

problem for a PS nanocomposite coating.

3.2 Fundamentals of Piezospectroscopy

The spectrally active system in the α-Al2O3 micro-structure is a substitutional impurity

of Cr3+. The PS relationships are defined by the the PL emission frequency changing with

respect to local stress [41]. Generally PS properties are anisotropic when a single crystal

grain is considered. However, for a polycrystalline material, the grain sizes are usually

very small with respect to the probed volume. Therefore, an averaging of all the randomly

oriented grains averages the principal components of the PS tensor. Historically, all of the

PS relationships have been made with respect to stress out of convenience [95]. However,
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the PS relationship can equivalently be expressed in terms of strain for isotropic materials

using the bulk modulus (K), where 3Kǫii = σii. In this work, it is necessary to switch

between reporting with the stress and strain based PS coefficients depending on the

nature of the secondary mechanical measurement. Equation 3.1 defines the first order

tensorial relationship between the peak shift and the 1st invariant of stress/strain in

a α-Al2O3 polycrystal. The trace of the PS tensor (Πii) has a value of 7.59 and 7.61

cm−1/GPa for R1 and R2 respectively for α-Al2O3 [41]. It has been proposed that the

differences between R1 and R2 are due to measurement uncertainty and they both could

be equal to 7.6 cm−1/GPa [35, 65, 40].

∆ν =
1

3
Πiiσii = KpΠiiǫii (3.1)

Equation 3.1 will now be slightly rearranged to be consistent with terminology used

in the following sections. To express the linear relationship of the PS response, ratios

are required which describe the transfer of stress/strain from the particle to the coating

and to the substrate. This appears as Equations 3.2 and 3.3 for the stress and strain

respectively in the particle.

∆ν

σp
ii

=
1

3
Πii (3.2)

∆ν

ǫpii
= KpΠii (3.3)

It is noted that the PS shift can be related to either the particle stress/strain or coating

stress/strain depending if the coating is purely polycrystalline or a nanocomposite. Using
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the assumption that the coating is purely polycrystalline, σp
ii in the above equations can

be replaced by σc
ii.

3.3 Piezospectroscopic Coating Mechanics

This section will derive the necessary relationships between the recorded PS response

and the secondary mechanical measurement. First, the 1-D coating mechanics is derived

with a PS shift that are used for experiments in uni-axial tension. Then a derivation of

a bi-axial strain state to a PS shift is performed which is applied to a open hole tension

experiment in Chapter 5, and has the potential to be applied to a wide array of structures.

3.3.1 Coating Mechanics for 1-D systems

The mechanics for 1-D PS coating-substrate system is derived. In Chapter 4, uni-axial

test specimens manufactured to ensure 1 dimensional stress in the test section are de-

scribed. This enables some known a-priori mechanics to relate PS measurements. Fig-

ure 3.2 contains an 1-D experimental schematic with secondary mechanical measurements

of strain and nominal stress. This produces a PS response for both of the secondary me-

chanical measurements and each with their own linear relationship. The mechanics of

the stress and strain based PS responses are both derived here. For the strain-based

response, the relationship is defined in Equation 3.4.
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Figure 3.2: (a) Strain based and (b) stress based PS responses for different secondary

mechanical measurements from (c) a 1-D tensile test.

mǫ =
∆ν

σc

σc

σs

σs

ǫs
(3.4)

For the stress based PS response, the relationship is defined in Equation 3.5. It should

be noted that these above expressions are for a purely polycrystalline alumina coating.

If a nanocomposite coating were to be considered then an additional ratio would need to

be included as derived in Chapter 2.

mσ =
∆ν

σc

σc

σo

(3.5)

Next, the ratios that make up these relationship are derived here. Consider an element

of the test section in Figure 3.3 where we have a 1-D stress in the coating (σc), substrate

(σs). The two phases have thicknesses (t) and Elastic Moduli (E). The strain at the

interface of the two materials are equal as shown in Equation 3.7.
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Figure 3.3: An element to perform a force balance in relating the PS shifts to coating

mechanics.

ǫc = ǫs (3.6)

From Equation 3.7, the ratio components that make up the linear relationship for the

strain based PS response can be shown.

σs

ǫs
= Es ,

σc

σs

=
Ec

Es

(3.7)

To continue finding the ratio components for the stress based PS response in Equa-

tion 3.5 a force balance must be performed on the element in Figure 3.3. This gives

Equation 3.8 that relates the nominally applied stress (σo) to the stress in the two ma-

terials.

σo(tc + ts)dx = σctcdx+ σstsdx (3.8)
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From equating the interface strains, this can now be rearranged to produce an ex-

pression which relates the fraction of stress partitioned into the coating based on the

geometry and material properties of the element in Equation 3.9.

σc

σo

=
Ec(tc + ts)

Ests + Ectc
(3.9)

It is convenient to have the PS response defined as a function consisting of different

material properties. This allows for a solution of function of material properties if the PS

response is experimentally measured. In the case of the stress based PS relationship, the

nominal stress allows for a force balance of both material states, which gives an expression

containing the geometrical and material properties of the element. With the strain based

PS response, the relationship provided a direct material property measurement of the

coating. However, for the determination of the substrate properties through the PS

response for 1-D systems, it is required to use a stress based PS response.

3.3.2 Coating Mechanics for 2-Dimensional Systems

With the 1-dimensional coating mechanics developed, a more general derivation will be

performed for systems under biaxial loading. When a sample geometry produces a non-

uniform stress/strain gradient across the surface, such as for the open hole tension sample

in Chapter 5, then the spatial determination of a PS shift needs to be complemented with

a secondary mechanical measurement that is also spatial. Digital image correlation (DIC)

is a very well developed strain mapping measurement that provides an excellent means
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to calibrate the spatial variations of PS. In Chapter 5, DIC was demonstrated to be

successfully used in-tandem with spatial PS measurements on a symmetric coupon with

the two measurements taken on opposing faces. The mechanics of relating these two

measurements will be derived in this chapter.

The derivation is performed with the end goal to relate PS shift to biaxial strain

(ǫs1+ǫs2). Biaxial strain is chosen because it can be related to the first strain invariant with

a plane stress assumption. The response of a PS shift plotted with biaxial strain requires

similar conversions as in the previous section. The difference is using a strain based PS

coefficient, and a new coating mechanics term. The two step conversion process can be

shown in Equation 3.10 where there is an assumption that the coating is pure α-Al2O3.

Similar to the 1-D derivation earlier, if a PS nanocomposite coating is considered, an

additional term must be included as shown for the particulate mechanics in Equation 3.11.

The subscript ii denotes the first invariant.

∆ν = (
∆ν

ǫcii

ǫcii
ǫs1 + ǫs2

)(ǫs1 + ǫs2) (3.10)

∆ν = (
∆ν

ǫpii

ǫpii
ǫcii

ǫcii
ǫs1 + ǫs2

)(ǫs1 + ǫs2) (3.11)

Each term that makes up the relationship between PS shift and biaxial strain in

Equation 3.10 will be shown. The strain based PS coefficient is used to relate the PS

shift to the first invariant of the coating in Equation 3.12.

∆ν

ǫpii
= ΠiiKp (3.12)
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The second component of the relationship between PS shift and biaxial strain contains

the coating mechanics contribution. This term takes several steps to derive, starting

with the constraints of the 2-D element in Figure 3.4. These constraints are listed in

Equation 3.13 which equate the normal stresses and the interface strains.

ε2𝑐  

ℎ𝑠 
ε2𝑠  ε1𝑐  

ε1𝑠 

𝐸𝑐 , ν𝑐 

𝐸𝑠, ν𝑠 

Figure 3.4: An 2-D element to perform the interface relationships between the coating

and substrate in relating the PS shifts to coating mechanics.

σs
3 = σc

3 , ǫs2 = ǫc2 , ǫs1 = ǫc1 (3.13)

If the coating is assumed to be in a state of plane stress, then according to the first

constraint, the stress normal to the surface for both the coating and substrate must be

zero. Using the remaining two constraints, Hookes law for the two phases can be used

to determine a relationship between the biaxial stress of the coating and substrate in

Equation 3.14.
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σs
1 + σs

2 =
Es(1− νc)

Ec(1− νs)
(σc

1 + σc
2) (3.14)

For a material in plane stress, it can be shown there is a relationship between biaxial

strain and stress in Equation 3.15.

σi
1 + σi

2 =
Ei(1− νi − ν2

i

(1− ν2
i )(1− 2νi)

(ǫi1 + ǫi2) , for i = c, s (3.15)

By plugging in Equation 3.15 into 3.14 for both the coating and substrate, the rela-

tionship between the biaxial strain for the two phases can be shown in Equation 3.16.

ǫs1 + ǫs2 =
(1− νc − ν2

c )(1− νc)(1 + νc)(1− 2νc)

(1− νs − ν2
s )(1− νs)(1 + νs)(1− 2νs)

(ǫc1 + ǫc2) (3.16)

In order for the relationship to be compatible with the PS response in Equation 3.10,

the biaxial strain of the substrate must be related to the first strain invariant of the

coating. Due to the plane stress condition of the coating, the biaxial strain can be

dierctly related to the first strain invaraint in Equation 3.17.

ǫc1 + ǫc2 =
1− νc

(1− 2νc)
ǫcii (3.17)

Finally, by combining Equation 3.17 with 3.16, the coating mechanics contribution

to the PS response can be shown in Equation 3.18.

ǫcii
ǫs1 + ǫs2

=
(1− νs − ν2

s )(1− νs)(1 + νs)(1− 2νs)

(1− νc − ν2
c )(1− νc)2(1 + νc)

(3.18)
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Now the PS relationship is fully defined with a combination of PS and coating me-

chanics. The current assumption in Equation 3.10 is that the coating is purely α-Al2O3.

In order to include the particulate mechanics term if a nancomposite coating is used,

Equation 3.11 must be used with the expression derived in Chapter 2.

3.4 Mechanical Property Measurements with Piezospectroscopy

A major motivation of the current work is to quantify the mechanical properties of

a composite, coating, or underlying structure through the observed PS response. In

this section, the PS response will be analyzed to determine the nanocomposites elastic

modulus. The material properties of the particle are assumed to be constant under any

loading conditions because of their extremely high compressive strength properties [75].

The particles properties were taken to be Ep = 415.9 GPa and νp = 0.234 Therefore,

when a nanocomposite’s PS response changes it must be the result of changing mechanical

properties of the nanocomposite matrix.

A previous experiment conducted by Ergin [24] examined the higher to intermediate

volume fraction range where the large increases in PS sensitivity was expected to oc-

cur [92]. Strain gages were also deployed in this study to get a measure of the elastic

modulus. In Figure 3.5, the PS response and the mechanical response for three volume

fractions of alumina epoxy nanocomposites are shown.

The PS response will correspond to a combination of mechanical properties between

the particle/coating/substrate system, or in the case of a nanocomposite, just the parti-
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cle/composite system. As discussed in Section 2.4, the matrix material properties of the

Eshelby equations can be exchanged with equivalent composite properties for greater ac-

curacy. Therefore, Equation 2.13 can be rewritten as Equation 3.19 to enable composites

mechanical properties to be a function of the observed PS response.

ǫpii
ǫcii

=
−3Ec(2νp − 1)(νc − 1)

(2νc − 1)(2Ec + Ep − 4Ecνp + Epνc)
(3.19)
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Figure 3.5: Experimental PS response and Mechanical response for varying volume frac-

tion of alumina in epoxy nanocomposites from the work of Ergin [24].

The PS response in Figure 3.5 can be fully expressed when strain ratio of composite

to particle is combined with PS relationship to the particle in Equation 3.20.

∆ν =
∆ν

ǫpii

ǫpii
ǫcii

ǫcii (3.20)

The PS response is defined by the linear relationship between ∆ν and a secondary

mechanical measurement with a strain gage (ǫc1). This would be a linear fit to the PS
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response in Figure 3.5 for each volume fraction. The magnitude of this relationship is

dependent on the interpretation of the secondary mechanical measurement because it is

desired to relate the uni-axial strain gage measurement (ǫc1) to the composite’s first strain

invariant (ǫcii). This can be done depending on the assumptions for the nancomposite

under compression.

If uni-axial stress is assumed, then ǫcii can be found with the nanocomposite’s Poisson’s

ratio (νc). Since the value of νc needs to be estimated, this introduces more uncertainty

into the elastic modulus calculation. By observation of the results in Figure 3.6 this

created a hardening effect of the composites modulus more than doubling the magnitude

of modulus values determined by uniaxial strain because the Poisson’s effect effectively

decreases the first strain invariant. However, when uniaxial strain is assumed, the com-

posite’s Poisson’s ratio must be zero because νc =
ǫc
2

ǫc
1

and ǫc2 = 0. The reported modulus

values for both cases are shown in Figure 3.6.

From inspection of Figure 3.6, the uni-axial strain appears to correlate better to

both the strain gage determined modulus, as well as the modulus predicted with the

Mori-Tanaka analytical solution. Additionally, the uncertainty is observed to be much

larger due to the inclusion of νc into the modulus calculation with the PS response. This

leads to the conclusion that it is appropriate to assume uni-axial strain for a modulus

prediction with the PS response.
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Figure 3.6: (a) Composite modulus based from calculation of the PS response with uni-

axial stress/strain, the load cell/strain gage response, and the analytical Mori-Tanaka

solution [72]. (b) A schematic is shown to give a physical representation on the differ-

ences between the uni-axial stress and strain assumption used to calculate the composite

modulus with the PS response.

3.4.1 Damage Monitoring with the PS response

This section will investigate the changing PS relationship as increasing load is applied,

and how that reflects changes in material properties during loading. In the previous sec-

tion, the elastic modulus was calculated from a linear fit to the entire PS and mechanical

response in Figure 3.5. Now, the elastic modulus will be incrementally calculated for

every increasing load by simulating an unloading curve with zero plastic deformation.

As discussed in Chapter 1, this simulation of an unloading curve will give an estimation
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of the material state at that point. Therefore, the non-linear behavior in Figure 3.5 result

in an elastic degradation of the composites material properties.

Figure 3.7a illustrates the PS response for the 20% volume fraction alumina nanocom-

posite, and is used to explain the method of obtaining the degradation of the elastic

modulus from analysis of the PS response. If there is an assumption that there is no

plastic strain, then the unloading curves can be simulated to return to the origin for

every point and will be referred to as the PS state. Consider i data points on the PS

response, then the ith PS state (Πc
i) is proportional to the ith elastic state Ec

i . By taking

the linear relationship in Equation 3.20, it can be rearranged to solve for the ith elastic

state from the ith PS state in Equation 3.21.

Ec
i =

−EpΠc
i(2ν

c − 1)(νc + 1)

(2νp − 1)(2Πc
i − 4Πc

iν
c + 3KpΠii − 3KpΠiiνc)

(3.21)

The assumption that the particles are resilient to any changes in its material properties

still remains, which includes Πii since it is a property of the alumina particle. Also, the

Poisson’s ratio of the composite is zero for the case of uniaxial strain described in the

previous section. These assumptions enable the direct solution of an elastic modulus

for the composite with a measured PS state Πc
i using Equation 3.21. This procedure

illustrated in Figure 3.7 was repeated for the PS response for each volume fraction and

compared to the degradation observed in the load cell/strain gage data in Figure 3.8.

Because the elastic modulus was calculated with two methods which both contain the

strain gage data, the two moduli calculated will be referred to as the PS and load cell

modulus.
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Figure 3.7: (a) The initial and final PS states marked on the PS response to be a function

of the elastic states. (b) The elastic degradation computed from the PS states in (a) using

Equation 3.21.

The elastic degradation appears significant for the PS modulus by inspection of Fig-

ure 3.7, reducing by an average of 50% for all volume fractions. This degradation could

also be observed for the load cell modulus but its effect was not as significant. Plotted

separately in Figure 3.8, both the elastic degradation from PS and strain gage data were

compared for each volume fraction. Across all volume fractions, the elastic degradation

of the PS modulus was significantly more than the load cell modulus.

The PS and load cell moduli values for small strain match up very well especially

for 30% and 34% volume fraction. However, there are discrepancies between the rate

of degradation as observed by both method and will be discussed. A strain gage is a

macroscale strain measurement that represents an average of a relatively large area of the

composite. The load cell data is a nominal measurement which fails to capture micro-scale
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effects that the PS measurements may be picking up. For example, if initial debonding

of the particle-matrix interface were to occur, this may not be realized instantly by a

macroscopic measurement because it is being averaged over a large area an the small

debonding region would have an insignificant effect. However, with PS response being a

direct measurement of the particle strains on a smaller length scale this would be more

sensitive to these microscale effects.
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Figure 3.8: The degradation of the elastic modulus calculated form both the load

cell/strain gage and PS response data for each volume fraction. The mechanics was

applied to data obtained in previous work [24].

The increased elastic degradation as observed by the PS response could be a product

of the micro-mechanics of the composite. At zero load and the first load steps, the mod-

ulus values appear to match up relatively well between the mechanical and PS methods.

The method described here was an approximation of actual material behavior. In reality,

the unloading curves include a combination of plastic deformation and elastic degra-

dation [12]. Here, zero plastic strain was assumed which amplifies elastic degradation.
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However, the same assumption was applied to both methods of calculating degradation,

so the differences between the two methods are still a noteworthy observation. This dif-

ference is proposed to be a result of PS being sensitive to micro-mechanical changes in

the particle-matrix interface.

3.5 Conclusion

Results have shown that mechanical property measurements are possible with the PS

shift and a secondary strain measurement. Using a multiscale mechanics approach, the

different length scales of the particle-coating-substrate system can all be related by sim-

ple ratios of the stresses between these materials. These methods indicate a significant

improvement in the understanding of PS mechanics for nanocomposites and nanocompos-

ite coatings. With elastic modulus measurements validated to be accurate, it was shown

how damage mechanics can be applied to the PS response. Now, with this improved

understanding, the equations and methods described here can be applied to a wide range

of alumina composite experimental data with complementary PS measurements.
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CHAPTER 4
PIEZOSPECTROSCOPY OF PLASMA SPRAY COATINGS

This chapter investigates the stress sensing of a plasma sprayed alumina coating on

an aluminum substrate using piezospectroscopy. Plasma sprayed coatings have been

studied extensively in literature, so a brief review of their mechanics and how they are

experimentally measured will be given. Following a report of the observed PS response of

the plasma sprayed coating under cyclic loading, calculations for elastic modulus of the

coating will be applied from derivations in Chapter 3. These results will be compared

with elastic modulus measurements from conventional strain measurement techniques

and their implications will be discussed.

Plasma-spray coatings have a unique micro-structure composed of various types of

microcracks and weakly bonded interfaces which dictate their non-linear mechanical

properties. The intrinsic photo-luminescence (PL) characteristics of α-Al2O3 within

these coatings offer a diagnostic functionality, enabling these properties to be probed

experimentally at the micro-scale, under substrate loading. The piezospectroscopic (PS)

measurements from the coatings are capable of revealing micro-structural stress at high

spatial resolution. Here, for the first time, the evolution of stresses within air plasma

spray (APS) coatings under increasing substrate loads were captured using piezospec-

troscopy. With mechanical cycling of the substrate, the PS properties revealed anelastic

and inelastic behavior and a relaxation of residual tensile stress within the APS coatings.

With decreasing substrate thickness, the coating was observed to sustain more stress, as

the substrate’s influence on the mechanical behavior decreased. The findings provide an
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insight into the micro-structural response that can serve as the basis for model validation

and subsequently drive the design process for these coatings.

4.1 Introduction

Plasma-spray coatings have been commonly used in the fields of corrosion and wear

resistance and as thermal barrier coatings for thermal protection [16]. When included as a

constituent in these coatings, α-Al2O3 contributes strength at high temperatures, thermal

stability, and high hardness [75]. The performance of these coatings is heavily dependent

on the complex micro-structure that results from the thermal spraying process [38]. The

state of stress and evolution thereof is important because of its influence on the functional

properties of the coating [33].

Macro-scale stresses in plasma-sprayed coatings are characterized with a variety of

methods including strain gauges [37, 83, 22] and laser displacement sensors [22, 76] for

mechanical and thermal testing respectively. High-resolution micro-structural strain mea-

surements for these coatings are available with neutron scattering [1, 51], or synchrotron

X-ray diffraction (XRD) [51, 55], but piezospectroscopy is a technique that provides

micro-structural strain measurements with the benefit of accessibility. Measurements are

achieved with the integration of spectroscopy and loading systems for in-situ mechanical

testing [31].

This work aims to use the spectral peaks from α-Al2O3 in plasma-spray coatings to

probe the micro-structural stresses in the coating directly while the substrate is subjected
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to tensile loads. Effects due to the variation of substrate thickness as well as the effect of

cyclic loading on the coating stress are investigated. The benefits of the PS measurements

over the conventional strain measuring techniques listed above will be discussed.

4.2 Experimental

In this study, the pure feedstock contained 95% and 5% α and γ Al2O3 respectively.

Phase transformation occurred during processing and XRD results established that the

final content was 75% γ and 25% α phase. The 200-300 µm thick coating was applied

to aluminum 2024 dogbone-shaped specimens manufactured according to ASTM E8-04

standard [4] with 1/8, 1/5 and 1/4 inch substrate thicknesses.

The tensile cyclic loading conditions shown in Fig. 4.1c were scaled with respect to

the yield stress of aluminum and stress amplitudes progressively increased to 15, 30, and

60% yield. The 1/5 inch substrate was precycled twice to 60% yield before the cyclic

conditions in Figure 4.1c were applied to investigate the effects of additional loading and

unloading. The steps in the loading cycle represent the force control hold for 5 minutes,

allowing the probe to collect the spectral maps highlighted in Figure 4.1b. A fiber Bragg

grating (FBG) sensor, shown in Figure 4.1b, was attached directly to the plasma coating

to verify good adhesion between the coating and the substrate.

The hyperspectral data was obtained using an unique experimental setup [31] con-

sisting of an integrated spectrometer, XYZ-stage, and a mechanical load frame shown

in Fig. 4.1a. The maps were collected in a 12x6 snake scan pattern over a 3x1.5 mm
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area outlined in Fig. 4.1b. These peak shift maps (Fig. 4.1d) were recorded for every

mechanical force controlled hold (Fig. 4.1e). The spectral map edges were truncated to

remove any effect of variable coating thickness on the right edge or the presence of the

adhesive from the FBG on the left edge. The PS peak shift data were obtained from

deconvolution of the R-lines [81] as an average of 56 data points with reference to their

local zero load peak position.
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Figure 4.1: The coupled load frame and spectrometer probe setup (a), view of the gauge

section (b), the tensile load cycle (c), peak shift distribution map before the third cycle

begins (d), and a highlighted section of the load cycle with corresponding peak shift

distribution maps (e). [29]
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4.3 Results

The average difference between stress measured by the FBG sensor and the stress applied

was approximately 6% throughout all mechanical cycles. This small difference between

the applied mechanical stress and the stress measured by the FBG fiber is depicted

in Fig. 4.2a and validates that the coating remained adhered to the substrate for the

duration of the test.

The micro-structure of the APS coating must be considered when one interprets

Fig. 4.2b. The extremely rapid cooling of molten splats from the APS process creates a

layered splat micro-structure with complex geometry [58]. This creates partial bonding

between the lamellar structure and when combined with the brittle nature of the pure

Al2O3 coating, it produces inelastic [83, 22] and anelastic [61] mechanical behavior.

Anelastic behavior is defined as non-linear, reversible deformation while inelastic be-

havior is represented by irreversible deformation. Both of these intrinsic mechanical

characteristics to APS coatings were seen to be carried into the PS properties. The in-

elastic behavior was more evident in PS data (Fig. 4.2b) as compared to the FBG data

(Fig. 4.2a) highlighting the ability to probe the micro-mechanics more directly with the

piezospectroscopic measurements. Upon releasing the mechanical load, the PS measure-

ments indicate the coating was releasing strain energy because of the relative downshift

in peak position when returning to zero load. This could be a sign of relaxation of the

coating’s tensile “quenching stress” from rapid cooling of the molten ceramic during the

APS process [51, 56, 55]. This relaxation is likely to occur from the breaking of weak

bonds from the extremely brittle nature of Al2O3, sliding of splat interfaces during me-
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chanical loading, or opening and closing of microcracks. The complex micro-structure is

shown in scanning electron microscopy (SEM) images shown in Figure 4.3.
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Figure 4.2: FBG sensor stress on the coating surface (a) and the PL peak shift for R1

(b) for all three substrate thicknesses. The error bars represent one standard deviation

of the peak shift in the mapped area. [29]

Non-recoverable deformation occurred for all three substrates. However, the sample

that was pre-cycled twice to 60% yield showed recoverable deformation in Fig. 4.4c when

the inelastic behavior became anelastic with continued mechanical cycling. The two

other substrate thicknesses of 1/8 and 1/4 inch have similar inelastic behavior with some

recoverable response until new stress amplitudes were reached. With increasing stress

amplitudes, the PS non-linearity increases.

PS properties are normally defined by just a first order PS coefficient. Preferably R2

is used for stress measurements because it behaves linearly with stress [87]. However,

for the APS coating studied here R1 and R2 were both non-linear. For the lower stress

amplitude cycles there was a first order relationship, but for larger amplitude cycles a

higher order relationship was observed.
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Figure 4.3: SEM images of the APS Al2O3 coating on the 1/5 inch substrate with a cross

sectional (a) and top surface (b) view. [29]

Normally, higher order PS coefficients only arise in the presence of extremely large

stresses [23]. However, the APS coating’s micro-structural features provide a variety

of stress concentrations in the form of horizontal and vertical microcracks [56]. Non-

linearities in macroscale measurements for APS coatings have been attributed to a com-

bination of unique geometrical/micro-structural features [22] as seen in Fig. 4.3. Even for

the brittle Al2O3, there is expected to be some finite amount of plastic deformation oc-

curring during crack propagation [8], and could contribute to this non-linear mechanical

behavior which has been called “pseudoplastic” [76].
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Figure 4.4: The cyclic response of the peak shift with respect to substrate stress for the

1/8 inch (a), 1/4 inch (b), and the precycled 1/5 inch substrate (c). The first order PS

coefficients for each substrate thickness as a function of cycle number (d). The error bars

represent one standard deviation of the peak shift in the mapped area. [29]

Figure 4.4d shows the first order PS coefficient decreasing with subsequent cycles and

increasing stress amplitudes. Additionally, the PS coefficients are significantly different

for loading and unloading. Consistently, the PS coefficients are larger for unloading.

A stiffening behavior during unloading attributed to microcrack interfaces sticking to

each other upon load reversal has been modeled in literature [61]. Also, it has been

established that Young’s modulus increases under compression for APS coatings because

of the reduced density of microcracks from crack closures [56]. The variation in PS

coefficient serve as a representation of this micro-structural behavior. A schematic for

some of this behavior was illustrated in Figure 4.5.

Competing effects that control the PS coefficient were observed. Upon release of the

mechanical load, the coating relaxes and gradually approaches a compressive state leading

to an increased stiffness for APS coatings [61, 56]. This increases the PS coefficient as
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observed between the differences for loading and unloading in Fig. 4.4d. However, the

brittle nature of the Al2O3 micro-structure makes it susceptible to various forms of micro-

structural damage upon mechanical loading [56], which would decrease the PS coefficient.

Overall, the additional damage with increasing stress amplitude appears to be overcoming

the stiffening effect from a more compressive state. However, a constant stress amplitude

fatigue study may be necessary to understand the convergence in the PS coefficient with

multiple cycles. The possibility of convergence is supported by the PS response of the

1/5 inch substrate in Fig. 4.4c. This substrate thickness, preloaded twice to 60% yield,

had a convergent PS coefficient for loading and unloading in the last cycle.

Unloaded  

APS coating 

Loading, 

Bonds break, 

and cracks 

propagate 

Damaged splat 

region, reduced 

stiffness 

α-Al2O3  APS 

coating 

Aluminum 

substrate 

Figure 4.5: A schematic of the coating-substrate system and some insights into the

micro-mechanical damage mechanisms suggested by the behavior of the PS response. [30]

Substrate thickness had substantial effects on the PS coefficient observed in Fig. 4.4d,

where thinner substrates resulted in higher PS coefficients. An increasing ratio of coating
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to substrate thickness causes the plasma spray coating to sustain more stress as the

substrates influence on the mechanical response diminishes.

4.4 Elastic Modulus of the Damaged Coating

Results suggest that the anelastic and inelastic PS response of the plasma spray coating

were the result of damage to the coating itself. The experiment was designed so that the

properties of the substrate do not change because the applied loads were kept well below

the yield stress of aluminum. With these assumptions, the PS and FBG response for the

unloading curves can be compared to observe the reduced elastic modulus. Using the

PS response of the unloading curves applied to Equation 3.4 derived in Chapter 3 the

change in PS coefficient can be converted into a change in elastic modulus. The results

of calculating the elastic modulus from the two methods are shown in Figure 4.6.

The degradation of the elastic modulus is clearly observed with the PS response, but

not observed with the mechanical response of nominal stress and FBG strain.

This further emphasizes the PS response is a more reliable method to characterize the

mechanical properties of these coatings. Difference between the mechanically determined

modulus and the PS modulus are proposed to originate from two main sources. (1) The

FBG represents a macroscopic strain measurement that is on the order of the length of

the grating ∼1 cm. (2) The epoxy used to adhere the FBG to the coating surface likely

infused into the coating’s micro-structure and improved the toughness of the coating by

sustaining load, and reducing the stress transfered into the alumina constituent.
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Figure 4.6: (a) A schematic illustrating the two sources of the elastic modulus mea-

surements and (b) a comparison between the elastic modulus calculated from the two

methods.

With results from the mechanical tests, additional information about the micro-

structure was desired. A high resolution PL map was taken for with 40 µm spatial

resolution after the mechanical cycling in Figure 4.7a. SEM images were also taken of

the coatings for further characterization in Figure 4.7b. The variation in peak position

across the surface was investigated in Figure 4.7b.

The micro-structure of the APS coating was very complicated as observed from SEM

images in Figure 4.7b. The extremely rapid cooling of molten splats from the APS process

creates partial bonding between the lamellar splat structure [58]. When combined with

the brittle nature of pure Al2O3, and applied mechanical loading, a variety of peak shift

gradients are likely the result of microcrack propagation. Other peak position gradients
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could be caused by phase distributions of Al2O3. Because the rate at which the splats

cool determine its phase [102], peak position gradients are expected in locations such as at

the coating’s edge where the splats are presumed to cool faster. The high resolution peak

position image of the coating’s surface help substantiate that the incremental downshift

for new stress amplitudes are the result of splat bonds breaking.

A relatively lower peak position was observed on the left side of the coating which was

a region between the FBG and the edge of the coating. This demonstrates the invasive

nature of the epoxy which adhered the FBG to the coating.
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Figure 4.7: (a) Peak position photoluminescence map and (b) SEM images of the APS

coating surface.

It is proposed that because the area under the FBG was hardened by the epoxy

infusion into the splat micro-structure, the region adjacent to the FBG suffered enhanced

damage. This may also combine with a weaker alumina micro-structure closer to the edge

of the coating which cooled faster [102].
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4.5 Conclusion

The coating’s micro-mechanics were observed via piezosectroscopy with mechanical cy-

cling of the substrate, demonstrating the capability for observing the Al2O3 micro-

structural behavior. The addition of reinforcing materials into the APS feedstock, such

as Aluminum particles [103] or Carbon nanotubes [7], has been shown to increase fracture

toughness, prolong fatigue life and decrease the non-linear behavior [56]. PS could be

used to assess, through micro-structural studies, the mechanical improvement from these

reinforcements more effectively then conventional mechanical measurements.

In conclusion, the plasma-spray Al2O3 coating showed distinct PS properties indica-

tive of the complex micro-structural changes under substrate load. The ability to observe

the micro-mechanics of coating deformation under mechanical cycling of the substrate

with micron level spatial resolution substantiates that PS measurements are advantageous

for engineering these coatings. Here, it was shown how piezospectroscopic data serve as

micro-mechanical measurements that can supplement the design of plasma spray coat-

ings. Future work will target higher spatial resolutions, cyclic fatigue tests, and SEM

studies correlating microcrack density with the convergence or variation of the PS coef-

ficient.
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CHAPTER 5
PIEZOSPECTROSCOPY OF COATED OPEN HOLE TENSION

SAMPLES

This chapter focuses on a unique experiment to demonstrate the ability of a PS stress

sensing coating. Here, the stress-sensing behavior of an alumina-epoxy nanoparticle

coating applied to a composite substrate in an open hole tension (OHT) configuration, is

shown under tensile loads. The evolution of stress-sensitive PS shift maps were validated

with a biaxial strain field which was concurrently measured through digital image corre-

lation (DIC). It is proposed that the many failure mechanisms were observed with the

PS coating including matrix micro cracking, initial fiber failure, and progression of fiber

failure. Using the mechanics described in Chapter 3, the elastic modulus of the com-

posite was calculated spatially during loading, and by applying the principles of damage

mechanics, the elastic degradation during mechanical loading was observed. This chapter

demonstrates the effectiveness of utilizing piezospectroscopy with high spatial resolution

capabilities and applied nanocomposite mechanics. Applications for piezospectroscopy

range from non-invasive structural integrity monitoring in the aerospace and civil fields

to advanced mechanical characterization in emerging materials research.

5.1 Experimental Setup

To develop the most effective PS nanocoatings, the host matrix for the Al2O3 nanopar-

ticles should have some degree of transparency, the Al2O3 nanoparticles should be well

dispersed, and the coating should have excellent adhesion to the substrate. The PS
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nanocoating investigated in this work was manufactured by Elantas PDG, Inc. by mix-

ing 150 nm α-Al2O3 nanoparticles (Inframat Corp.) with 99.8% purity in epoxy to

achieve a 20% volume fraction of particles. The coating was applied to an OHT com-

posite substrate consisting of laminated IM7-8552 unidirectional tape manufactured and

tested in accordance with ASTM standards [5].
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Figure 5.1: High spatial resolution intensity map quantifies coating dispersion.

Nanoparticle dispersion is of high concern as the nanoparticles have a tendency to

agglomerate, thus affecting the load transfer mechanics [49, 32, 28]. To inspect the quality

of the dispersion, a high resolution PL intensity map was taken similar to previous

work [91], with a spatial resolution of 70 microns as shown in Figure 5.1. This map

revealed adequate dispersion with the average size of agglomerations in the micron range.

The sample was loaded at a rate of 0.05 in/min and held at discrete force increments as

shown in Figure 5.2a using displacement control during holds. This maintained constant

substrate strain and avoided creep during the higher loads, but this prompted stress
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relaxation as observed in Figure 5.2a. During each hold, PS and DIC measurements

were collected on the front and back side of the substrate, respectively.
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Figure 5.2: (a) The load history plot indicating the displacement control holds. (b) Front

side PS and (c) backside DIC data were collected on opposing faces. PS shift and biaxial

strain (ǫx+ ǫy) maps are shown for 96% failure load. The hood around the optical probe

was implemented to reduce the noise resulting from room lights.

PS data were collected with a prototype portable spectrometer system designed to

have field capability with a 1200 groove/mm grating and a CCD (Princeton Instruments).

Excitation was achieved using a low power, 1.5 mW laser of 532 nm wavelength with an

exposure time of 100 ms per collection. A back scattering configuration was used with

a long working distance objective mounted on an optical probe. The PL spectra on a

60x60 grid during a snake scan, implemented using a synchronized translation stage with

a measurement area of 25.4 square mm, corresponds to a spatial resolution of 0.4 mm.
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With these settings each map is collected within about 8 minutes. The DIC measurements

were relatively instantaneous compared to piezospectroscopy. Its images were collected

at the start of every hold for comparison with piezospectroscopy.

The PS shift and DIC biaxial strain maps were shown in Figure 5.2b and c. Here

it was indicated there was good qualitative agreement between the two techniques. The

most significant difference between the two measurement techniques occurs in the region

adjacent to the open hole.

In these areas, the DIC was indicating an extremely high tensile strain for this mate-

rial, which was filtered out and presented as the whited out areas in Figure 5.2c. In this

region where the DIC algorithm breaks down, PS was recording large PS shift gradients

these locations. One noteworthy finding is that the PS shifts in this area are negative

which is normally an indicator of compressive stress, but here may be indicating a stress

relaxation behind a progressing crack tip. This phenomenon, as well as other features in

the PS data, will be explored and discussed in the following section.

5.2 Results

The results of this experiment are extensive because of the massive amount of data and

the significant amount of interpretation it requires. This section will begin with an in

depth qualitative comparison between the two methods by inspection of PS shift and DIC

biaxial strain maps. Next, correlations between the observed characteristics in the PS

response to the mechanical behavior of these composites. At that point it will become
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clear that a PS coating is capable of may be indicating the progression of subsurface

failure modes within the composite.

5.2.1 Qualitative Inspection

This section begins with a qualitative inspection and comparison of the PS shift and

DIC biaxial strain maps. This will be followed by several proposals of what the PS data

is indicating by its unique evolution throughout the tensile test. This will serve as an

initial inspection of the data before a more detailed and robust analysis is preformed on

the unique data set collected in this experiment. Figure 5.3 shows the PS and DIC maps

collected for all the mechanical loads. It can be observed that the two measurement

methods are similar, but have distinct differences which will be discussed.

At the start of the test, it can be observed that the DIC shows a gradual increase in

the intensity of the strain distribution around the open hole, while the PS results show

a rapid increase at the first load then approaches a steady state for the next few loads.

The next interesting artifact of Figure 5.3 is the negative peak position gradient that

emerges adjacent to the open hole at 76% failure load. It is known a-priori that this

region should be experiencing large tensile strains, and this is also what is indicated by

DIC. A very similar initial failure region seen in the 0◦ ply was observed in a simulation

of a quasi-isotropic open hole tension specimen [11]. At 76% failure load, the composite

coupon has likely sustained damage and this negative peak position gradient close to the

open hole may be an indicator of initial fiber failure.
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At 88% failure load, a relative negative PS shift was observed across most of the

sample surface with respect to the PS shift at 82% failure load. This would be equivalent

to a maximum nominal stress value that has been reached on an engineering stress/strain

curve. This location is an important turning point in the mechanical test that may

indicate the onset of critical damage. Literature has described a redistribution of stress

occurring once subsurface damage has developed [71].

Next, at 92% failure load, two events were observed. (1) A large propagation of the

negative PS shift gradient adjacent to the open hole. (2) The DIC algorithm calculates

unreasonably high strain and was filtered out with white pixels. There are likely major

structural changes occurring within the substrate that cause both of these events.
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Figure 5.3: The evolution of PS shift and biaxial strain maps for half of the open hole

tension sample with percent failure loads listed.

The remainder of the test exhibits a continued propagation of the negative PS shift

gradient, and an increase in size for the region where the DIC algorithm becomes un-
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reliable. From inspection of the test as a whole, the PS shift maps do not show many

gradients across the surface until the last few maps. Before then, only a small gradient

close to the hole was observed starting at 76% failure load. These gradients are proposed

to be induced by initial cracking of the composite, represented as local reductions in the

substrates stiffness. The coincidence, of the DIC algorithm break down with the large

propagation of the PS shift gradient, support that this is an indication of damage.

5.2.2 Inspection of the Damaged Zone

In the previous section, it was observed that a critical region exists just adjacent to the

open hole where both the DIC algorithm breaks down and large PS shift gradients exist.

A detailed examination and discussion of the PS shift maps in this critical region was

highlighted in Figure 5.4. The highlighted regions were plotted with increasing loads to

qualitatively observe the PS shift gradients in this region with more detail.
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Figure 5.4: PS shift maps for a region close to the open hole which was highly damaged

during loading. The percentage of failure load is indicated to the right of each map.
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PS measurements at 0%, 58%, 77%, 92% and 96% of failure load were selected for

further analysis shown in Figure 5.5a. For each map, the PS shifts were averaged in the

vertical direction as a function of distance from the open hole. The averages are shown in

Figure 5.5b. The PS shifts at 58% failure load show the expected upshift with increasing

tensile load. The error bars for the 58% failure load are the standard deviation over the

vertical distance and are representative of all loads.
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Figure 5.5: (a) Selected PS shift maps of highlighted region for further analysis. (b) The

PS shifts of selected highlighted regions plotted with respect to distance from open hole.

(c) PS gradient distance from pixel count and across the highlighted region.

At 77% of failure load, the PS shifts are still positive; however they are lower in

magnitude in comparison to 58% of failure load. At 77% failure load there is also the

introduction of relative downshift near the hole edge. The red line in Figure 5.5b shows

the PS shift is approximately 0.05 cm−1 at the edge of the hole and then steadily increases
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to a constant value of 0.1 cm−1 at 2 mm distance from the hole. This continues from 77%

to 92% with an increasing PS shift gradient magnitude. As the composite approaches

failure, the PS shift gradient is so large that the PS shifts become negative (below the zero

load reference). Usually negative PS shifts would indicate compressive stresses on the

particles, but the sample is in tension. The cause of the negative PS shifts is suspected

to be a loss in local substrate constraints to the coating.

Figure 5.5c is a quantification of the size of the region that is most affected by the

PS shift gradient. At each load, the number of pixels which are affected by the PS

shift gradient are counted starting at the hole and ending where the PS shift gradient

reduces and the PS shifts reach a steady state. Figure 5.5 shows that the growth of

the PS gradient is steadily increasing with applied load and could be an indicator of the

damaged area size.

5.2.3 Correlation to Progressive Composite Failure

This section will focus on the comparison of the observed PS response to what is expected

of a composite sample when loaded until failure. When investigating the evolution of

the PS patterns throughout the tensile test in Figure 5.3, a variety of phenomena were

observed. To assist in the discussion, the results of the loading test were broken into 4

different regimes, chosen to be similar to other works describing the progressive failure

of composites [44]. Additionally, a local PS response was chosen which was at a distance

away from the open hole and plotted in Figure 5.6c to be analogous to a mechanical

stress/strain response of a composite.
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Figure 5.6: (a) The PS shift map and (b) DIC biaxial strain map for 92% failure load.

(c) The PS response for the marked region in (a) and (b). These figures were created

with a post processing procedure described in the Appendix.

In brevity, the four regions as shown in Figure 5.6c correspond to (1) linear contin-

uous upshifts without the observation of damage, (2) change in slope of the PS shifts,

(3) initiation of asymmetric PS shifts transverse to the open hole, and (4) widespread

propagation of negative PS shifts emanating from the open hole.

Figure 5.6c shows that as the tensile load is increasing, the PS shifts are positive until

a maximum PS shift is reached, at which point further application of tensile load provides

a softening of the PS shift. This phenomenon, referred to as PS drop, is intended to be

analogous to load drops during failure initiation in mechanical testing [44], but in terms

of a PS shift rather than load. Since piezospectroscopy provides a spatial measurment,

local initiation of failure mechanisms could be observed.

The mechanical response of a typical fiber composite has 4 regions as it reaches failure

as described by Hufner [44]: (1) linear elastic behavior (2) onset of matrix micro cracking
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(3) onset of fiber failure and (4) progression of fiber failure. These four regions may

correlate to the observed PS response mentioned earlier. The PS drop, associated with

the start of the third region at 77% failure load, could be an indicator of initial fiber

failure. Further work is required to confirm this hypothesis and any other conclusions of

how to relate the four regions of composite failure progression to the four regions of PS

behavior seen in Figure 5.6c.

From comparing the observed PS response in Figure 5.6c to the typical mechanical

behavior of a composite explained by Hufner [44], the similarities are evident. The PS

response may be directly proportional to the mechanical behavior of a local region on

the composite. If this is the case, piezospectroscopy may be the key to experimentally

probing the local progression of failure in these composites where significant efforts have

been made to simulate them [11]

5.3 Applied Damage Mechanics

Previously it has been shown through the PS shift maps and the PS response, damage

mechanisms are being observed. This now provides the basis for the next part of the

analysis which is applying damage mechanics to the PS responses across the sample. A

detailed analysis will be performed which attempts to combine the multi-scale mechanics

with simple damage mechanics developed in Chapter 3 to the data collected from the

open hole tension experiment.
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5.3.1 Elastic Degradation and Plastic Deformation

The goal is to use the PS response to estimate the degradation of material properties.

The PS state must first be determined before a material property calculation, outlined

in Chapter 3, can be applied. The PS state will be defined as the slope of the simulated

unloading curve (in the absence of experimental unloading data) in the PS response. In

this work, the PS state was determined using two different methods: (1) purely elastic

degradation, and (2) elastic degradation with plastic deformation.

0 1 2 3 4 

-0.02 

0 

0.02 

0.04 

0.06 

0.08 

0.1 

0.12 

0 1 2 3 4 

-0.02 

0 

0.02 

0.04 

0.06 

0.08 

0.1 

0.12 

a.) b.) 

P
S

 s
h

if
t 

(c
m

-1
) 

P
S

 s
h

if
t 

(c
m

-1
) 

DIC biaxial strain (mm/m) DIC biaxial strain (mm/m) 

Figure 5.7: (a) The simulation of the unloading curves for a PS response using purely

elastic degradation and (b) elastic degradation with plastic deformation until the max

PS shift.

Purely elastic degradation simulates a PS state which returns to the origin as shown

in Figure 5.7a. This would be equivalent to zero plastic deformation. This is an approx-

imation of actual material behavior, but it is a simple one that allows for preliminary

analysis [12]. The second model simulates some plastic deformation until the maximum
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PS shift is reached. The initial PS state was applied to all loads until the maximum PS

shift. Further loading past the maximum PS shift then kicks in elastic degradation, as

shown in Figure 5.7b. This trigger of the maximum PS shift was intended to be a simple

indicator of the onset of critical damage occurring.

The two different models were applied to each PS response across the sample’s surface.

Then, maps of the PS state can be created for every loading point. The two methods

are compared in Figure 5.8 for selected loads. Both methods are identical for 20% failure

load. A general observation is that the PS state is lower to the left and right of the hole

when compared to above and below the hole.

A closer look unveils that a negative PS state is present in areas directly above and

below the open hole. These areas are in a compressive strain state as measured by DIC,

but record a tensile PS shift. The result is a negative PS state, which is indicated by

white pixels. At the higher loads, a large portion of the sample’s surface also has a

negative PS state, due to the negative PS shifts and tensile DIC strains.

The elastic degradation (ED) model shows a rapidly degrading PS state, while the

elastic degradation model with plastic deformation (EDP) remains relatively unchanged

in comparison up to 82% failure load. With close observation, the EDP model does have

degradation in the region just adjacent to the open hole where the PS shift gradients

appear at 76% failure load as described in the previous sections.

At 82% failure load, the PS shift has generally reached its maximum for most of

the sample’s surface. Therefore, at the next load increment of 88% most of the elastic

degradation has been triggered for the EDP model. Further application of load further
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reduces the PS state across the samples surface. Some patterns are observed in the maps

for the higher failure loads. Areas of white pixels are regions of negative PS states as

discussed earlier and they appear to make patterns of ±45◦ from the open hole. These

patterns are very similar to the matrix cracking patterns observed from an x-ray image

of an open hole composite [71]. This is more readily distinguishable in the EDP model

than in the ED model.

The region directly above the open hole that originally recorded negative PS states

now record a positive PS state. This is because the PS shifts are not negative and the

DIC strain has remained negative. The result is a positive PS state that may indicate

this region as been unloaded due to growing crack fronts emitting from the open hole

and no longer bear load.

Because the PS state is directly proportional to the mechanical properties of the

particle-coating-substrate system as described in Chapter 3, the observation of a degrad-

ing PS state would be similar to a degrading elastic state. The ED model would indicate

a rapidly degrading state, while the EDP model shows more resilient PS state due to the

added trigger which initiates the elastic degradation. The composite substrate’s material

properties likely have not degraded as much as the ED model indicates. Rather, the rapid

decline of the PS state in the ED model is likely from the highly inelastic mechanical

behavior of particulate composites [94, 54]. Therefore the EDP model would be more

practical to calculate the material properties and will be used in the next section.
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Figure 5.8: (a-d) Selected loads for the elastic degradation model and (e-h) the elastic

degradation model with plastic deformation. Percent failure loads are indicated for each

pair of maps and all maps share the same color scale.

5.3.2 Material Property Calculations

Now that the method of how to simulate the unloading of a PS state has been chosen, the

goal is to convert these PS state maps into material property maps based on the mechanics

discussed in Chapter 3. The relationship between the PS shift and biaxial strain is the

PS state which was a function of several parameters including the material properties of

the particle, coating, and substrate. From here, several assumptions are needed to obtain
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a unique solution of the substrates elastic modulus. Figure 5.9 summarizes some of the

assumptions for the material property calculations performed in this work.

The first and major assumption is that there is no coating and effectively the sub-

strate itself is treated as a nanocomposite. This is a valid assumption because the coating

itself has a very small modulus in comparison to the substrate, and is also much thinner,

making it mechanically insignificant. This allows for a reduction in the number of vari-

ables. By doing so, the coating’s material properties were replaced with the substrates

material properties, similar to the procedure with the equivalent composite properties

replacing the matrix properties in Chapter 2. The coating mechanics are then satisfied

by converting the first invariant of the first strain invariant into a biaxial strain using a

plane stress condition using Equation 3.17.

Assumption: 

Resilient particles 

 Π𝑐 = 𝑓(𝐸𝑠, ν𝑠) 

Π𝑐 = 𝑓(𝐸𝑐 , ν𝑐 , 𝐸𝑠, ν𝑠, 𝐸𝑝, ν𝑝, Π𝑖𝑖) 
PS state (Π𝑐) 

Π𝑐 = 𝑓(𝐸𝑠, ν𝑠 , 𝐸𝑝, ν𝑝, Π𝑖𝑖) 
Assumptions: 

No coating, particles 

embedded in substrate  

Assumption: 

Substrates poisson’s ratio is 
constant 

 Π𝑐 = 𝑓(𝐸𝑠) 

 

Substrate elastic modulus map at 

20% failure load (GPa)  

 

b.) c.) 

  

  

  

0 5 10 15 20 25 30 35 40 0 50 100 150 

PS state map at 20 % 

failure load 
𝑐𝑚−1𝑚 𝑚  

a.) 

Figure 5.9: (a) The PS state map for 20% failure load. (b) The list of assumptions which

allow for the creation of (c) an elastic modulus map of the substrate.
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It was also assumed that the particles have resilient material properties and are not

damaged throughout loading. This is a valid assumption because the α-alumina particles

are very rigid with an elastic modulus of 416 GPa and a Poisson ratio of 0.234 [75]. This

further reduces the number of variables to only the substrate’s isotropic properties. An

additional assumption is made which is that the substrates Poissons ratio remains con-

stant throughout loading with a value of 0.32 for this IM7-8552 unidirectional tape [11].

This is a reasonable assumption for low loads, but it has been observed that the Pois-

sons ratio of fiber composites change once matrix cracking and fiber-matrix interface

debonding initiates [15]. This assumption can be improved since it has been reported in

literature that scalar damage models can be inaccurate because of the change in Poisson’s

ratio [36].

Using the procedure and assumptions described here, an elastic modulus map was

created and presented in Figure 5.9 for 20% failure load. The modulus maps for all the

load increments are plotted in Figure 5.10. By inspection of the calculated moduli values

for low loads in Figure 5.10, regions far away from the open hole agree with the modulus

of the composite coupon without the presence of an open hole (38.6 GPa). Considering

the open hole should reduce the modulus of the composite coupon, the material state

values calculated for the first load point, at a distance away from the open hole, matched

up well.

The relative degradation of the calculated modulus produces patterns that are similar

to the observed damage in previous works in literature [11, 71]. The similar patterns are

the initial onset of a failure region just adjacent to the open hole at 76% failure load, and

the intrinsic X-pattern outward from the open hole at the higher failure loads. Despite

88



the many assumptions used in this study, the calculated modulus at low loads resembled

the expected values, validating the procedure of estimating material state with PS as a

success.
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Figure 5.10: The substrate’s elastic modulus maps for all the failure load increments.

5.4 Modeling the PS response

Across the sample’s surface the PS responses were all very different depending on their

location with respect to the open hole. The many different types of responses are at-
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tributed to the varying degrees of non proportional and non uniform loading across the

surface. This section is devoted to attempting to model the wide array of different PS

responses with a set of functions. First, a selected few PS responses were chosen for ob-

servation as shown in Figure 5.11(a-d). The PS responses was presented in two segments

as the yield and the damage segment. The yield segment begins at zero load until the

PS shift increases to a maximum. The damage segment initiates at the max PS shift and

ends at the final load.

These two segments will be represented with yield and damage functions respectively.

These functions will then be evaluated and improvements will be discussed. The functions

enable a representation of the PS response, which then allows for a determination of

the secant PS state. This is significant because most plasticity and continuum damage

theories involve the secant modulus, which should be proportional to a secant PS state ??.

Finally, a secant PS state map will be created and discussed.

5.4.1 Yield and Damage Functions

The behavior of particulate composites is very inelastic [94, 54], and the addition of

nanoparticulates with significant volume fractions further increases the ductility and non-

linearity [69]. The data collected for the PS responses here was very sparse in the low

loads and therefore appears to initiate yielding immediately. Therefore, the Ramberg-

Osgood yield function was used because it works well without a defined yield point [62],

and is shown in Equation 5.1.
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Figure 5.11: (a-d) are the PS responses for selected regions as indicated on the (e) PS

shift map and (f) DIC biaxial strain map for 96% failure load.
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ǫ =
σ

E
+ α

σy

E

(

σ

σy

)m

(5.1)

The formula in Equation 5.1, is normally used for a strain-stress plot, but was modified

here for a strain-PS shift plot in Equation 5.2 because it was desired to plot DIC strain

with PS shift. This reformulation of the Ramberg-Osgood formula is appropriate because

the PS shift is directly proportional to stress or strain. In this instance when PS shift

replaced stress, the elastic modulus (E) was converted into a composite PS coefficient

(Πc) which consists of the multipliers discussed in Chapter 3. This formula modeled the

PS response from zero load until the maximum PS shift was reached.

∆ν = Πcǫ+ αǫyΠc

(

ǫ

ǫy

)m

(5.2)

The remaining damage segment was fitted with a linear line connecting the maximum

PS shift fitted by Equation 5.2, and the last data point of load history. This is a rough

approximation which fails to take into account intermediate behavior in the damage

segment, but the slope of this line reveals important information concerning the post

maximum PS shift response which will be discussed in the next section. The current

method of modeling the PS response in two segments was appropriate for the current

analysis. The fits of these functions to the PS response is shown in Figure 5.12, and are

the same PS responses which were shown in Figure 5.11.

Equation 5.2 was fitted to the PS response with a non-linear least squares algorithm.

The variables used to fit Equation 5.2 to the PS response included the parameters α, m,

ǫy, and Πc. As this yield function was fit to every spatial point around the open hole,
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this enabled the creation of maps which plotted the variables of the function. Displayed

in Figure 5.13 are the variable maps and their respected histograms to observe their

distribution.
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Figure 5.12: (a-d) are the PS responses for selected regions as indicated in Figure 5.11.

The variable with the clearest pattern with respect to the open hole is the yield strain

in Figure 5.13b and this also exhibited a very normal distribution. The pattern coincides

with regions which experienced large tensile strains to the left and right of the open

hole. Additionally, regions above and below the hole had negative yield strain values,

as they are actually under compression. This region also was distinguishable for the

composite PS coefficient and for the exponential constant. It exhibited a small negative

PS coefficient, with very slow decay.
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Figure 5.13: The variable maps and respected histograms for the (a) composite’s PS

coefficient, (b) yield strain, (c) linear dimensionless constant, and (d) the exponential

dimensionless constant.

5.4.2 The Secant PS State

With the PS response modeled, a focus will be directed towards the secant PS state.

The secant state is usually a major contributing factor in determine the degradation and

plastic deformation in many theories [94, 54, 12]. This section will focus on the damage

segment of the PS response. That is mainly, the slope of the damage function fitted in

the previous segment and observed in the post max PS shift in Figure 5.12.
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Figure 5.14: The secant PS state of the damage function. The damage function was a

linear fit as discussed in the previous section, and can be represented with a single map.

Despite the simplicity of the damage function used here, significant patterns are ob-

served in the secant map of the damage function in Figure 5.14. A distribution of negative

and positive secant values are observed in symmetry about the open hole which indicate

softening and hardening respectively [62]. It appears that positive secant values tend

to be close to the open hole which would indicate a hardening during failure. Alter-

natively, the negative secant values away from the open hole would indicate softening

during failure.

The positive and negative values can also be interpreted as unloading and continued

loading respectively. Outward cracks from the open hole are known to develop in these

composites samples [71]. The regions between the open hole and the crack are effectively
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unloaded, and the regions outside of the crack are still load bearing. Because this secant

map was created in the post max PS shift segment of the PS response, the regions

indicating a positive secant modulus are effective reductions of stress carrying area of the

sample [12] due to crack formation.

5.5 Conclusion

The PS and DIC measurements had excellent qualitative agreement. The observation of

large PS shift gradients in regions known a-priori to exhibit significant cracking makes

piezospectroscopy an attractive method for monitoring damage. Correlations with the

general PS response and PS shift gradients across the surface were very similar to liter-

ature which describes the general mechanical response [44] and subsurface and surface

damage [11, 71].

This work combined the spatial measurement of stress (piezospectroscopy) with a

spatial measurement of strain (DIC) for the first time. This allows for damage mechanics

to be applied to every spatial location independently enabling calculation of local ma-

terial property and estimation of elastic degradation using the mechanics as described

in Chapter 3. Despite the many assumptions, elastic modulus calculations were fairly

accurate with respect to the undamaged composite properties. With simple yield and

damage functions, the PS response was modeled, and the secant PS state revealed the

size of the area which lost stress-carrying capacity due to crack propagation.
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CHAPTER 6
CONCLUSION

This work was part of an effort to expand the uses of piezospectroscopy to a wide variety of

engineering applications. The development of this technology has required a re-visitation

of fundamental PS, particle, and coating mechanics, which establish the relationships

necessary to calculate material properties from the PS response. Then through the

application of the derived mechanics, the ability to measure stress, damage, and material

properties with PS nanocomposites and coatings were validated.

This work brought significant contributions to the emerging field of piezospectroscopic

nanocomposites and coatings. Here, the fundamentals for interpreting the spectral R-line

shifts in terms of embedded inclusion stresses were related to effective composite stresses.

It was shown, that multi-scale mechanics that relate the PS shifts to composite stresses

enabled the determination of mechanical properties of the composite. The comparisons

of these calculated mechanical properties were very similar to the observed mechanical

properties from the load cell data. With the material property relationships to the

PS response established, damage mechanics were applied to observe the degradation of

the elastic modulus. By comparison of the load cell and PS calculated moduli, for a

simple elastic degradation model, it was observed that the degradation was much more

pronounced with the PS data.

With the mechanics demonstrated on epoxy nanocomposites, the integration of coat-

ing mechanics to the multi-scale problem was applied to experimental data for plasma

sprayed alumina coatings. Cyclic tensile experiments enabled the measurement of the de-

grading elastic modulus for both the load cell and PS data. Similar to the nanocomposite
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data, the elastic modulus of the plasma spray sample was shown to degrade rapidly for

the PS modulus when compared to the load cell measured modulus.

Because it is known that the mechanical behavior of these epoxy nanocomposites and

alumina plasma spray coatings are very inelastic, the similarities in the quickly degrading

PS measured modulus in comparison to the conventionally measured modulus with a load

cell, suggest that the PS measurements are very sensitive to micro-structural changes in

the material. Additionally, it is proposed that the PS measured modulus is a more

accurate representation of micro-mechanical behavior. Piezospectroscopy, because of its

accessibility and ability to probe micro-scale stresses, would be superior to any other

conventional method to characterize micro-mechanical behavior of materials containing

α alumina or other materials with PS properties.

For an epoxy nanocomposite coating, very profound results were reported for a novel

experiment which combined the spatial capabilities of piezospectroscopy with a spatial

calibration of digital image correlation. This experiment was performed on a open hole

tension composite coupon, with a load history which focused on the failure regime in

detail. The results showed excellent qualitative agreement between the DIC and PS

measurements. Additionally, the PS shift maps showed strong PS shift gradients in areas

known a-priori to have intense damage. The observed PS shift gradients agreed well with

literature that investigated the failure mechanisms numerically and experimentally for

such composites with an open hole. This includes the observation of initial fiber failure,

redistribution of stress due to subsurface damage, and large cracks propagating outward

from the open hole.
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With spatial measurements of DIC and piezospectroscopy, local PS responses were

independently analyzed to obtain local material property values. With a damage model

applied which combined elastic degradation with some plastic deformation, the degrading

material properties were observed across the samples surface. Additionally, a secant PS

state map was calculated for the damage segment of local PS responses to indicate two

distinct regions across the open hole sample. One region close to the open hole, exhibited

a relaxation behavior due to the loss of load carrying capacity. The remaining regions

experienced a softening due to the increased damage associated with the load bearing

portion of the sample.

This work has demonstrated that piezospectroscopy is not only an excellent tool to

measure stress, but also to calculate material properties. Through the development of

some simple mechanics, and the application thereof to experimental mechanical tests,

piezospectroscopy has shown promise to being adapted to a wide array of engineering

applications. It has been shown to be an excellent measure of micro-mechanics for the

epoxy nanocomposites and plasma sprayed alumina coatings. An even greater feat, is

that piezospectroscopy has been shown to be an excellent sensor for subsurface damage

propagation in a carbon fiber composites. Many intrinsic patterns of damage for these

composites were observed as PS shift gradients across the surface of the sample.

It has been shown that many future engineering applications are possible with piezospec-

troscopy for both laboratory and in-service settings. There is great promise for this

technique to be used in laboratories for characterizing and developing enhanced micro-

mechanics for alumina composites and has also exhibited great potential for in-service

non-destructive evaluation (NDE) of structures by the application of a PS nanocomposite
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coating. Certainly, the laboratory applications will need to be developed before piezospec-

troscopy is utilized as a future in-service NDE technique. Future areas of development

include high quality PS coatings containing evenly dispersed α-Al2O3 nanoparticles, in-

tegration of a full field PL imaging system with a high powered excitation source while

maintaining field mobility, and continued calibration testing for various coating-substrate

systems. The extension of this technology will require multi-disciplinary inputs ranging

from nanocomposite manufacturing, novel experimental methods, and the application of

multi-scale damage mechanics. This work has been successful in combining multi-scale

mechanics with experimental observations of PS nanocomposite coatings to indicate the

possibility to detect subsurface damage with such coatings. The implications are wide

reaching for many engineering disciplines for both in-service damage inspection and lab-

oratory characterization of damage mechanisms in advanced nanocomposites.
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APPENDIX A
CURVE FITTING

This chapter is devoted to the unique data analysis required to conduct this research.

As Piezospectroscopy becomes more and more developed the volume of data becomes

larger and the robustness of data analysis must be improved to handle the different

array of data sets as well as the speed to reduce computational time. Previously, curve

fitting was done with a genetic algorithm (GA) which proved to be very reliable for a

wide array of data sets. However, the GA was very slow, requiring roughly two minutes

for the analysis of a single spectra on a personal computer. With the advancement of

measurement techniques, PS maps typically have on the order of one thousand spectra.

Additionally, mechanical tests usually compare multiple PS maps on the order of 10,

which would put the estimated time for data processing of all the spectra for all loads

at just under 14 days. There became a need to improve the speed of analysis. This

was done with a built in non linear least squares function in matlab which reduced the

analysis time of a single spectra to roughly 100ms. An improvement of nearly 3 orders

of magnitude.

First, the curve fitting of two pseudo-Voigt functions for experimental R1 and R2

will be reviewed. This involves the creation of a subfunction that handles the baseline

removal in addition to the several initial guesses needed for this function. The pseudo-

Voigt function will be defined and described. Then the architecture of the curve fitting

algorithm will be discussed. Then briefly, the subfunctions will be defined as they are,

and the potential for methods of improving the algorithm will be discussed.
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A.1 The pseudo-Voigt function

The pseudo-Voigt function originated from the Voigt profile [45, 96] which was intro-

duced by Wertheim et al. [99]. The Voigt function is a summation of Gaussian (G) and

Lorentzian (L) line-shapes. The pseudo-Voigt assumes equal line-widths of both Gaus-

sian and Lorentzian contributions. The weights of these two functions are determined

by the Gauss Ratio [96]. This is a standard function used among spectral curve fitting

analysis and is mathematically shown in Equation A.1.

Φ(ν) = 2A [ΦG(ν) + ΦL(ν)] (A.1)

Here, ΦG and ΦL represent the G and L functions. They both produce the spectral

intensities Φ as a function of the wavenumber ν. A represents the integrated intensity

under the spectral function. The G and L function are shown in Equation A.2 and A.3.

ΦG(ν) =
GR

W

√

ln 2

π
exp

(

−4 ln 2

(

ν − C

W

)2
)

(A.2)

ΦL(ν) =
LR

πW
[

1 + 4(ν−C
W

)2
] (A.3)

The pseudo-Voigt function has a total of 4 independent variables which can produce

intensities Φ from spectral wavenumbers ν. These 4 variables are shared between both the

Gaussian and Lorentzian components. They are as follows: ν is the emission wavenumber,

C is the peak position of the spectral line, W is the FWHM of the spectral line, A is the

Area under the spectral line, and GR is the Gauss ratio. The Gauss ratio varies form
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zero to one, where zero is purely L, and one is purely Gaussian. The Gauss Ratio is also

can be represented by the Lorenz Ratio where GR = 1− LR.

The pseudo-Voigt function has now been defined, but the R-line doublet consists

of two convoluted pseudo-Voigt functions. The doublet function Φdoublet consist of two

overlapping pseudo-Voigts of R1 and R2 shown in Equation A.4. This equation is the

function used to fit the experimental R-line doublet and consists of 8 variables, where

the R1 and R2 each have a unique set of the variables discussed previously.

Φdoublet(ν) = ΦR1(ν) + ΦR2(ν) (A.4)

A.2 Curve fitting Algorithm Architecture

The goal of the curve fitting algorithm is to input the experimental data for the R-line

doublet, and output the pseudo-Voigt characteristics. In later chapters, these pseudo-

Voigt characteristics, mainly peak position, will be used to determine the state of stress.

It is very important to define the method by which we determine these peak positions,

because the accuracy of our stress measurements depend on it. In Figure A.1, the block

diagram for the curve fitting procedure is shown, and subfunctions are enhanced. A

description of each subfunction will be given and its placement in sequence of block

diagrams will be discussed.

The subfunction indexing is used to locate the major features of the R-line doublet,

by locating the major features of the R-line doublet, accurate initial guesses can be
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obtained, in addition to approximate upper and lower bounds for the experimental data

to be fitted. To illustrate the critical points to find in the R-line doublet, Figure A.2

represents the output indexing, which are the locations of the critical points. Indexing

requires the experimental data to be smoothed because the derivatives are taken to find

some critical locations. However, the pseudo-Voigt functions will still be fit to the raw

experimental data in a later step.

Indexing
Baseline 
Removal

Final Initial 
Guesses

Pseudo‐
Voigt 

doublet fit

Experimental 
Data

Curve fitting 
Algorithm

Output 
Parameters

Figure A.1: A block diagram for the current curve fitting procedure, the curve fitting

algorithm is decomposed into the 4 main subsections.

This function starts by identifying the maximum intensity of the spectra which would

be the R1 index. From here, the region of the R-line doublet that is primary interest

is the wavenumbers that are greater than R1. This is defined as the ”upperwave”. The

current method only relies on the upperwave to determine the critical locations. It should

be noted that the indexing for the upperwave is different from the indexing of the lower

wave by the subtraction of the R1 index on the raw waveform.

Once the upperwave has been sectioned, the next step is finding the trough index.

The trough is found by taking the derivative of the upper wave and finding the first zero
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crossing. The trough index is a critical point because it supplies an approximation for

a wavenumber value which will serve as a new lower index of the upperwave. This new

lower bound serves to enables the use of the find maximum intensity function to the R2

index.
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Figure A.2: The ”upperwave” of the R-line doublet which contains the critical points to

define in order to initialize the fitting process.

Now that the trough index (t), the R1 index (R1), and the R2 index (R2) have

been found these indexes will now be used to define the upper and lower bounds for the

baseline removal in addition to the sectioning for the pseudo-Voigt fitting. These indexes

are defined with respect to the array of raw data. The upper (u) and lower bounds (l)

were defined in the current algorithm to be Equations A.5 and A.6.

u = R2 + 4.5(R2− t) (A.5)
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l = R1− 4.5(t−R1) (A.6)

The constant of 4.5 was chosen based on observation of fits to the experimental data.

The current method of determining the upper and lower bounds is a function of the

separation of the two R-lines. There may be a procedure to optimize the upper and

lower indexes based on some iterative process. Originally, the derivative was used to

determine the upper and lower bounds by searching for the location where the derivative

crossed zero. However, this was not a robust method for the large volume of different data

sets studied here. Typically the derivative did not each zero, likely due to either broad

R-lines with significant L tails or neighboring low intensity peaks such as the vibronic

bands.

The baseline subfunction requires the inputs of the upper and lower bounds from

the indexing function. The baseline is a linear that reduces the two endpoints to zero

intensity and was shown in Figure A.3. Additionally, the baseline removal also handles

smoothed experimental data to determine the baseline removal intensity, but is applied

to the raw experimental data. This allows for robust method for data with relatively

large background noise.

The baseline needed to be removed quickly to finalize the initial guesses. The full

width half max, and integrated intensity are better computed with the baseline removed.

The initial guesses for the peak position of R1 and R2 were already found in the indexing

subfunction. The initial guess for the GR can be universally applied to all spectra as .5,

both for R1 and R2.
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Figure A.3: The baseline removal process shown which utilized the determination of the

lower and upper bounds in indexing.

All initial guesses contain an upper and lower bound which were all found by trial and

error by inspection of the accuracy of the initial guesses and range from typical bounds

are + / − 50%. Improvements in the accuracy of the initial guess were not observed to

have an effect on the final solution. This was verified by inserting the final solution as

new initial guesses. The result was the same answer found previously with the original

initial guesses.

Future work for improving the performance of the algorithm is to investigate the ef-

fects of the determination of the upper and lower endpoints of baseline removal and data

sectioning. This has been observed to greatly effect error in the fit. Future determina-

tion of the endpoints may involve an initial baseline removal, followed by refinement of

endpoints with additional variables of the FWHM initial guess. This would take into

account broadening of the peaks, where currently, only the peak separation is taken into

account.
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APPENDIX B
IMAGE PROCESSING

The image processing and alignment of PS and DIC data will be addressed. This involves

a subfunction which defines a local signal to noise ratio (SNR) which determines whether

the data has sufficient signal to perform a curve fit. Following this, additional techniques

are required to spatially correlate the PS maps between load which account for the

displacement of a reference point. The open hole is a convenient reference point that

is shared by the DIC and PS data. The technique defining the local coordinate system

for each load, and transforming it into a global coordinate system for the mechanical

test will be discussed. Additionally, this reference point was also used for the secondary

strain mapping of DIC. Future work will be discussed in refining and improving the data

analysis techniques.

B.1 Signal to Noise Ratio

When imaging an open hole tension sample with PS, points imaged inside the hole will

give weak or no PL intensity. Because some points graze the edge of the hole during

the snake scan, there can be a variation of intensity leading up to the open hole. This

lower signal increases uncertainty in peak position determination and is omitted from the

analysis.

In order to quantify this loss of intensity to qualify the data as being part of the hole,

a sub function was created to compare the intensity of the R line to the background noise.

This signal to noise ratio (SNR) subfunction was demonstrated in Figure B.1a-c for areas
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very close to the hole. These three points show the extremes which the algorithm searches

for and qualifies as being suitable for curve fitting. It was observed that a steady state

in SNR is reached once the laser dot is one the sample. Some spectra which are on the

edge of the hole, the laser dot may only contain a fraction of the sample, producing a

low signal. The steady state was determined to be SNR=65, in which only Figure B.1a

would qualify for curve fitting and considered to be on the sample.
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Figure B.1: (a-c) The signal to noise ratio outputs for 3 locations next to the open hole.

(d) An intensity map of the sample with an inset showing the three locations of interest.

(e) A logic map created by spectra which passed the SNR threshold.

With the SNR ratio defined for every measured point, now a PS logic map was created

to easily identify the hole. Logic map contains a value of one for spectra with adequate

SNR values ≥65, and zeros for SNR ≤65. The threshold for the SNR subfunction was
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user defined by inspection of quality of data and reliability of PS shift measurements.

Optimizing the signal, and verifying the the uncertainty of PS shift with a given signal

is an area of future work.

initial

final

center

Logic boundary for hole centering

Initial hole 

boundary

Figure B.2: (a) A schematic demonstrating the movement of the hole with respect to

the detector’s field of view. (b) A logic map converted into an array of boundary points

which define the hole. The points are then used to fit a circle and track the movement

of the hole.

B.2 Open Hole Tension PS-DIC map Alignment

By having the hole defined with the logic map is displayed in Figure B.1, the process of

aligning the holes begins. The alignment process is necessary because PS is a spatially

dependent measurement, and displacement of the sample was significant during loading.

The equipment which captured the spectra were in a fixed field of view, so as the sample
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was loaded and displaced, the hole drifted as shown in the schematic in Figure B.2a. Using

the Logic map, a series of boundary values can be defined as the hole itself. Fitting a

circle to these boundary values give a center of the hole which will act as the local

reference to the coordinate system to this load. By monitoring the center of the circles

with increasing load, the drift of the hole was quantified and displayed in Figure B.2b.

Now, the PS maps were interpolated to all be in the sample reference frame, which

accounted for the movement of the hole. It is noted that the hole not only drifts, but

also grows in size and changes shape under increasing load as observed in Figure B.3.

Due to the inaccuracy of the region closest to the open hole, this region was filtered out

of the final plot. The map before and after the hole removal was shown in Figure B.3.

This same process for identifying the center of the hole, and interpolating to a new

global reference frame was repeated for the digital image correlation data. Both sets of

PS and DIC data are now centered to the hole, and a point by point correlation can be

made.
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Figure B.3: (a) An illustration demonstrating the change in size and shape of the hole

under increasing loads. (b) A PS map before and after the regions close to the open hole

were removed.
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