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ABSTRACT

Carbon fiber composites have become popular in aerospace structures and applica-
tions due to their light weight, high strength, and high performance. Recently, scientists
have begun investigating hybrid composites that include fibers and particulate fillers,
since they allow for advanced tailoring of mechanical properties, such as improved fatigue
life. This project investigated a hybrid carbon fiber reinforced polymer (HCFRP) that
includes carbon fiber and additional alumina nanoparticle fillers, which act as embedded
nano stress-sensors. Utilizing the piezospectroscopic effect, the photo-luminescent spec-
tral signal of the embedded nanoparticles has been monitored as it changes with stress,
enabling non-contact stress detection of the material. The HCRFPs stress-sensitive prop-
erties have been investigated in-situ using a laser source and a tensile mechanical testing
system. Hybrid composites with varying mass contents of alumina nanoparticles have
been studied in order to determine the effect of particle content on the overall stress
sensing properties of the material. Additionally, high resolution photo-luminescent maps
were conducted of the surfaces of each sample in order to determine the particulate dis-
persion of samples with varying alumina content. The dispersion maps also served as
a method of quantifying particulate sedimentation, and can aid in the improvement of
the manufacturing process. The results showed that the emitted photo-luminescent spec-
trum can indeed be captured from the embedded alumina nanoparticles, and exhibits a

systematic trend in photo-luminescent peak shift with respect to stress. The stress maps
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showed a linear increase in peak shift up to a certain critical stress, and matched closely
with the DIC strain results. Therefore, the non-contact stress sensing results shown in
this work have strong implications for the future of structural health monitoring and

nondestructive evaluation (NDE) of aerospace structures.
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CHAPTER 1
INTRODUCTION

The future of aerospace structures is highly dependent on the advancement of reliable and
high performing materials [69]. One group of high performing materials include carbon
fiber composites, which have become widely used in aerospace applications due to their
high strength to weight ratios [63]. Specifically, hybrid carbon fiber reinforced polymer
(HCFRP) composites are a growing area of interest for aerospace researchers, since they

provide advanced tailoring and improved mechanical properties [46, 71].

A certain hybrid composite can be engineered to not only provide improved mechani-
cal properties, but also provide multi-functionality through inherent sensing capabilities.
This composite is a hybrid carbon fiber alumina nano-composite, which can provide im-
provements in mechanical properties [40, 48, 2], as well as non-contact stress sensing
capabilities through the alumina nanoparticles’ inherent photo-luminescent piezospec-

troscopic properties [58, 65, 21].

In order to study the stress sensing abilities of the alumina HCFRP, four varying
HCFRP panels were manufactured with alumina nanoparticles at 5, 10, 15, and 20
weight percent content, through a technique known as resin infusion under flexible tool-
ing (RIFT). Rectangular testing coupons were then fixed with aluminum end tabs, and
loaded in tension. At pre-determined static tensile holds, photo-luminescent maps were
conducted on the front surface in order to study the piezospectroscopic stress sensing

ability of the material, and digital image correlation (DIC) images were simultaneously



captured on the back surface to track and compare strain distribution in the mate-
rial. The photo-luminescent mapping technique was also used to study the dispersion of

nanoparticles of each surface of the composites [64].

1.1 Motivation and Background

Evaluating for damages is a crucial part of any aircraft’s inspection and maintenance
routine. Some of the most traditional non-destructive evaluation (NDE) methods are
vibration based response techniques, often utilizing the response of a damaged structure
with respect to and un-damaged structure [72, 66, 60]. Popular techniques also include

ultrasound [15], thermography [6], and shearography [17].

While many of the mentioned techniques are widely used and provide accurate results,
piezospectroscopy - an emerging non-contact technique for monitoring spectral emissions
as they change with stress - can have benefits such as early damage detection and high
spatial resolution. The non-contact stress sensing capability is made possible in this work

by stress sensing alumina nanocomposites [65] and on-site portable equipment [34].

Previous work has proven that alumina nanoparticles can successfully be embedded
in an epoxy matrix for non-invasive stress sensing [65]. This has led to the use of alumina
nanoparticles as coatings for non-contact stress and damage detection [21, 19, 20], as well
as the development of equipment specialized for photo-luminescent mapping, deconvolu-

tion, and post-processing of piezospectroscopic maps [34].



The basis of this sensing technique is the stress-sensitive photo-luminescent properties
of alumina, which in this study, has been embedded as a nanoparticulate filler. When
excited with a laser, the embedded alumina emits a signature spectrum that can be

monitored as it shifts with stress. This is further explained in chapter 2.

The success of the piezospectroscopic alumina nanocomposite coatings in stress sens-
ing and early damage detection led to this HCFRP study, which embedded the alumina
nanoparticles into the composite for future applications in structural health monitoring,
as can be seen in Figure 1.1. This approach has a number of benefits, including enhanced

mechanical properties and improved manufacturing.

Aerospace structure manufactured using a hybrid carbon
fiber with embedded nano stress-sensors

Alumina nanoparticle hybrid carbon
fiber reinforced polymer (HCFRP)

Schematic representation of the stress
map result for future application

Figure 1.1: Future applications of stress sensing hybrid materials



1.1.1 Carbon Fiber Composites

Carbon based fillers in a polymer matrix have become used in many engineering fields, and
can range from carbon nano-tube (CNT) composites to fibrous composites [52]. While
the term ‘carbon fiber’ has become used almost universally to describe a composite with
a polymer matrix and a carbon fiber filler, it is an umbrella term that encompasses

different types of carbon fiber fillers.

For example, there are short carbon fiber thermoplastic (SFT) composites, which
utilize small discontinuous carbon fibers, and have reduced mechanical strength but can
be manufactured at low cost [3, 18, 25, 24, 26, 27]. On the other hand, there are long fiber
thermoplastic (LFT) composites, which utilize long carbon fiber (typically 7-12 mm), and
have slightly stronger mechanical properties [14, 51, 54, 55]. These short and long carbon
fiber composites are typically molded using an injection molding technique [8, 18, 68] and

while not suitable for aerospace applications, can be ideal for automotive applications [36].

For applications requiring the highest performing materials, such as aerospace ap-
plications, ‘carbon fiber’ composites typically refer to continuous carbon fiber laminates
strategically organized in an epoxy matrix [37], which have become increasingly used in
aerospace structures [63]. These exceptionally strong continuous fibrous composites have
been of interest to researchers due to the complex nature of their performance, which
includes their mechanical properties [70], their fiber-matrix interface properties [59], as

well as causes of failure and failure modes [31, 9, 62].



Overall, carbon fiber composites have been proven to have light weight and high
performance properties, especially as it pertains to aerospace applications [63]. Therefore,
this study utilizes a unidirectional carbon fiber composite with additional modifications

for toughening and advanced sensing.

1.1.2 Hybrid Composites

Fibrous composites can be customized by increasing or decreasing the volume fraction of
the fiber content. While this allows for some modifications in performance, hybrid fibrous
composites provide an even higher level of customizability, such as increased toughness
and improved fatigue behavior [39, 46]. These hybrid materials often include a fibrous

filler as well as a particulate filler(s).

A hybrid composite consisting of a carbon fiber filler and an additional particulate
filler is commonly referred to as a hybrid carbon fiber reinforced polymer (HCFRP). In
this work, a HCFRP which includes an alumina nanoparticle filler is studied for its stress

sensing capabilities.



1.1.3 Alumina Particulate Composites

From a structural perspective, aluminum oxide (Al3Os3) - or alumina - is a ceramic popular
for its high temperature capabilities, and specifically, the retention of its mechanical

strength at high temperatures [50, 28, 32].

Additionally, a-alumina exhibits a photo-luminescent spectrum that is sensitive to the
stress the material sustains, a phenomenon known as the piezospectroscopic effect [45,
44]. Traditionally, the utilization of piezospectroscopy with alumina as a nondestructive
evaluation technique was used in the study of the naturally forming alumina layer in

thermal barrier coatings [11, 13, 57, 30, 42, 61].

Advancements have led to the integration of alumina nanoparticles into an epoxy
matrix, resulting in a patented stress sensing technique capable of non-contact stress and
damage detection [58, 65]. Additionally, successful early damage detection of materials
with piezospectroscopic coatings [21, 20] has motivated using alumina nanoparticles as

fillers in the HCFRP studied in this work.



CHAPTER 2
METHODS: PHOTO-LUMINESCENCE AND DIC

The methods used in this work, photo-luminescent spectroscopy and digital image cor-

relation (DIC), are explained here.

2.1 Photo-luminescent Piezospectroscopy

Through the piezospectroscopic effect, certain photo-luminescent materials emit spectral
peaks which are sensitive to the stress that the material sustains [16, 56, 29, 49, 44]. As
previously mentioned, piezospectroscopic stress measurements have been utilized in the
study of thermal barrier coatings [11, 13, 57, 30, 42, 61], however it has also historically

been used to quantify pressure in a diamond-anvil cell [7, 10].

In this work, photo-luminescent spectroscopy and the piezospectroscopic effect are
used to quantify the stress of a hybrid composite embedded with chromium (Cr3T)
doped polycrystalline a-Al,O3 nanoparticles. The intense fluorescence lines used in the
piezospectroscopic stress analysis, referred to as R-lines, are due to the trace (Cr®")
ions [33]. In the crystal structure, this trace (Cr3") is located at a site with a trig-
onal distortion. This distortion, as well as the spin-orbit coupling, results in doublet

florescence peaks, known as R1 and R2 [38].

The piezospectroscopic effect for non-contact stress sensing of crystalline materials is

based on the fact that an applied stress to the material produces strains in the lattice,



and therefore affects the energy transitions between electronic or vibrational states [45].

This phenomenon is governed by the tensorial relationship by Grabner [33]:

Av = HijO':}- (21>

where Av is the wavenumber (inverse of wavelength) shift in the fluorescent peak,
I1;; are piezospectroscopic coeflicients, and o7; is the homogeneous stress applied to the
material. Furthermore, by averaging over many grains at random orientation, He and

Clarke [35] introduced a reduced polycrystalline model given by

1
Av = gHiiO-jj (22)

In this work, the peak shift over many randomly oriented grains from many nanopar-
ticles, Av, is measured using the novel Portable Piezospectroscopy System [34], and
correlated to the stress applied by the mechanical testing system, as well as to the strain
measured via digital image correlation (DIC). Therefore, the piezospectroscopic (PS) co-
efficient, which is a typical measure of the stress sensitivity given in units of cm™!/GPa,

can be calculated for this alumina HCFRP [65, 22, 35].



2.2 Digital Image Correlation (DIC)

Digital image correlation (DIC) is an optical measurement technique used to detect sur-
face displacements, which can be correlated to surface strains [12, 47]. DIC is typically
made possible by a speckle pattern that is randomly painted on the surface of interest,
creating bundles of pixels that can be monitored as the material deforms. By comparing
digital images of a speckled surface at different stages of deformation, DIC is capable of

creating strain maps of the surface of interest [47].

The ability of DIC to capture strain fields over a surface not only makes it more
advantageous than traditional strain gages, but it also makes it a complementary mea-
surement technique for piezospectroscopic stress-mapping. Therefore in this study, DIC
was simultaneously used on the back surface of the stressed sample, while piezospectro-

scopic mapping was conducted on the front surface.



CHAPTER 3
SAMPLE MANUFACTURING AND EXPERIMENTATION
The manufacturing of the hybrid carbon fiber composite is explained here, as well as the
overall experimental setup that enabled tensile testing with in-situ piezospectroscopic

mapping and DIC strain mapping.

3.1 Sample Geometry and Manufacturing

The alumina HCFRP samples were manufactured at Imperial College London utilizing
a technique known as resin infusion under flexible tooling (RIFT) to produce the hybrid
continuous fiber-reinforced composites [39]. Through this method, a vacuum is used to
inject the resin through the fibers and therefore achieves a composite free of voids. There
are a number of advantages to using this technique of composite manufacturing, one

being the higher fiber volume fraction capabilities.

In this study, uni-directional carbon fiber reinforced epoxy with embedded alumina
nanoparticles was manufactured. The uni-directional carbon fiber used was ‘RUCT500/150’

from SP Systems, UK. The resin used was EPON™ 862 and EPIKURE™ Curing Agent.

Four hybrid composite panels were manufactured, each with a carbon fiber volume
fraction of 57 £ 3%, in a matrix of epoxy containing alumina nanoparticles at contents

of 5, 10, 15, and 20 percent by weight, respectively. Rectangular testing coupons were
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Vacuum Bag and
Peel ply layers

Loaded Vacuum
Resin In Reservoir

Fabric Stack

Figure 3.1: Schematic of the RIFT manufacturing process

then cut from the panels with dimensions of 100 by 10 mm, and an inherent thickness of

3 mm.

3.1.1 Alumina Particles

The a-alumina nanoparticles were provided as nanopowder from Inframat® Advanced
Materials™, USA. The nano a-alumina had a purity of 99.85%, an average grain size
of approximately 40 nm, an average particle size of 150 nm, and a multi-point surface
area (SSA) of approximately 10 m?/g, as per manufacturer specifications [41]. In the
overall hybrid composite manufacturing process, the alumina particles are first embedded
into the epoxy, which is then applied as the matrix to the uni-directional carbon fiber

laminates.

11



3.1.2 End Tabs

End tabs can be a challenging aspect of tensile testing for composites. The ASTM
D3039/D3039M guide (standard test methods for tensile properties of polymer matrix
composite materials) explains that end tabs are not required, and are more of an art
than a science [4]. Additionally, the use and choice of end tabs depends highly on the

gripping methods of the sample [4, 5].

In this work, an MTS Insight Electromechanical system fitted with a 50 kN load
cell was used. Specifically, the system utilized wedge grips with rough textured gripping
teeth, ideal for metallic substrates. In order to improve gripping and to prevent sample
slippage in the MTS grips, aluminum 6061 end tabs were cut from an aluminum sheet
of thickness 3.175 mm, into dimensions of 1 ¢m by 2 em. An example of a final sample

can be seen in Figure 3.2.

12
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Figure 3.2: Final Samples

3.2 Experimental Setup

The experimental set-up and equipment used to conduct testing are described here.

13



3.2.1 Photo-Stimulated Luminescent Spectroscopy

The main system used for the non-contact stress sensing experiments is a novel and
compact system named the Portable Piezospectroscopy System [34]. This system utilizes
a spectrograph, a charge-coupled device (CCD), as well as a laser source and X-Y-Z
stages, providing mapping capabilities, as can be seen in Figure 3.3. Additionally, this

portable system has a computer used for data collection and deconvolution [34].

T,

i
d
1
= |}
— X-Y-Z Stage

Computer for
System Inputs &
Deconvolution

Spectrograph
& CCD

X-Y-Z Stage
Controls

(s —
Power Supply

Rolling Case
for Transport

Figure 3.3: PPS System [34]

Furthermore, this system utilizes a a series of algorithms that filter the data using
a signal-to-noise ratio, as well as solve a pseudo-Voigt curve fit to the spectral peaks,
using a non-linear least squares curve fitting method. The final piezospectroscopic map
contains an R-line signal peak shift captured in each pixel, which is then assigned a color,

as can be seen in Figure 3.4.
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Figure 3.4: Piezospectroscopic mapping software output [34]

3.2.2 Tensile Testing Set-Up

Figure 3.5: Overall experimental setup

In order to conduct tensile static holds of the samples, the MTS Insight Electrome-

chanical system, with a calibrated 50 kN load cell was programmed to apply tensile static

15



holds at increments of 0.75 kN, or 25 M Pa, up to a maximum load of approximately
400 M Pa, as can be seen in Table 3.1. This load is about 30% of the estimated ultimate
tensile strength [53]. At this load, the adhesive layer between the end tabs and sample
failed. Therefore, future work should utilize a stronger, industrial-grade epoxy for end

tab adhesion.

Prior to any loading, a zero load photo-luminescent (PL) map was conducted as the
reference map. Then at each static tensile hold, a PL map was conducted, as well as a
final PL map at zero load after the sample was unloaded back to 0 M Pa. Simultaneously,
DIC images were acquired during ramp up, as well as while the sample was held at a
constant tensile force. The PL maps conducted in this part of the work had dimensions
1 em by 1 em, and spectral dimensions of of 20 by 20 pixels, resulting in a 500 pum

resolution.

Table 3.1: Max tensile load per sample

Alumina Content | Max Tensile Load Achieved
5 450 MPa
10 425 MPa
15 375 MPa
20 320 MPa

16



Tensile Force
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Nanoparticles

Laser
conducts Carbon
PL map Fiber

Figure 3.6: Schematic of tensile testing

One artifact of the combined photo-luminescent mapping and simultaneous DIC on
the back of the sample is the potential interference of the laser with the DIC camera. In
order to avoid any erratic DIC images due to the laser source, the laser probe was turned
off during ramp up, and remained off for the first few seconds of a static hold. Then,
after a number of DIC images were captured while the MTS is holding, the DIC camera
was turned off, the laser probe was turned on, and a PL. map was initiated. Once the PL
map was complete, the laser probe was turned off, and the DIC camera was turned back
on. At this point, the DIC camera collected a number of images until the tensile static

hold ended, and the next load ramp up began.

17



Table 3.2: Tensile testing parameters

Number of
HCFRP Exposure Time | Map Time | Tensile Hold Time

PL Maps Achieved

5 wt% Alumina 350 ms 2 min 33 s 4 min 19
10 wt% Alumina 300 ms 2 min 13 s 4 min 18
15 wt% Alumina 200 ms 1 min 28 s 3 min 16
20 wt% Alumina 150 ms 1 min 13 s 3 min 15

Timing was clearly a critical factor in these experiments, as it was important to cap-
ture DIC strain images, while ensuring the PL maps could be acquired without interfering
with the DIC camera, all while maintaining a tensile static hold. The specific parameters

and times of acquisition for each sample can be seen in Table 3.2.

18



CHAPTER 4
PARTICULATE DISPERSION ANALYSIS

Particulate dispersion is an important characteristic of nanoparticulate composites, since
it has direct relationships to the uniformity of the material and its mechanical properties.
Characterizing particulate dispersion can also aid in improvements of the manufacturing
techniques of hybrid composites. One of the benefits of using photo-luminescent spec-
troscopy to characterize dispersion is its high spatial resolution capabilities, which allow

for a direct and detailed analysis of particulate dispersion.

4.1 High Resolution Photo-Luminescent Mapping

The same photo-luminescent properties that allow for non-contact stress sensing also
allow for dispersion characterization of the composite material. It has been shown that
the intensity of the spectral signal emitted from alumina nanoparticles can be used to
characterize particulate dispersion [64]. It is important to note that the dispersion maps
conducted on the samples are of the surface and near-subsurface of the material. There-
fore, a high resolution photo-luminescent map was conducted on the front and back
side of each sample, in order to not only observe dispersion properties, but also observe

sedimentation properties of each sample.

Through visual inspection, the 15 and 20 weight percent samples appeared to have

some particulate settling on one side, while the 5 and 10 weight percent samples did not

19



have visual differences on their front and back faces. In order to conduct a global study
of all samples, the same exposure time and laser power was used. This not only enabled

front to back comparisons of each sample, but also global sample-to-sample comparisons.

Prior to each dispersion map, the laser was focused onto the surface of the sample,
and all necessary parameters were set in the PPS System [34], such as the map size and
the spectral resolution. Relevant experimental parameters for the dispersion maps can

be found in Table 4.1.

Table 4.1: Dispersion map parameters

Parameter Value
Number of Samples | 4 (one of each alumina content)
Coupon Dimensions 100 x 10 x 3 mm
Map Dimensions 12mm x 50 mm
Desired Resolution 200 pm
Spectral Map (X by Y) 60 by 250
Number of Maps 8 (front and back of 4)
Time per Map 90 minutes

20



4.1.1 Particulate Dispersion Results

As the laser probe is moved across the sample, the emitted spectrum from the embedded
alumina nanoparticles was collected every 200 pm. The probe moved horizontally 12
mm across the sample’s width, and then lowered down 200 pm to the next row and
scanned back in the opposite horizontal direction. After mapping the specified region of
interest (12 by 50 mm), the PPS System collected 15,000 R-line spectrum readings from

the region of interest.

Therefore, each pixel has a corresponding R1 intensity, which fluctuates depending
on the amount of alumina present at that location [64]. Each side of each sample was
labeled either A or B, and below are the dispersion maps of each sample. The plotted
color-bar maximum is the same for side A and side B of each sample, but is different for

each sample in order to better observe dispersion per sample.
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Figure 4.2: Dispersion maps of 10wt% alumina sample

22



15wt%, front and back:

Side A Side B
180,000
160,000
10
140,000
— X
c 120,000 P
20 =1
1S =
— 110,000 ®
(] =
S 2.
80,000 &
g 30 <
a 60,000 Z
40 40,000
20,000
50 0

4 8 12
Distance (mm)

Figure 4.3: Dispersion maps of 15wt% alumina sample

20wt%, front and back:

Side A
600,000
L
=
10 500,000
P
= 400,000 =
£ 20 =)
€ =
~ [0
o 300,000 @,
& <
g 30 <
a 200,000 &
40
100,000
50
0

8 12

Distance (mm)

Figure 4.4: Dispersion maps of 20wt% alumina sample

23



As can be seen in the particulate dispersion maps for the 5 weight percent and 10
weight percent samples in Figure 4.1 and Figure 4.2, the R1 intensity emitted by the em-
bedded particles is relatively uniform throughout the sample. Additionally both the sides
of the sample have relatively the same spatial intensity characteristics. Well dispersed
particles and low sedimentation are expected in low particulate content composites due
to reduced particle-to-particle interaction and enhanced particulate suspension in the
matrix epoxy. On the other hand, it can be seen in the dispersion maps for the 15 weight
percent and 20 weight percent samples in Figure 4.3 and Figure 4.4 that the spatial
intensity varies significantly on each surface, and there are large differences in the front
and back sides of the samples. With higher particulate content, this is expected due to

increased particle sedimentation to the bottom surface during sample curing.

4.1.2 Agglomeration and Sedimentation Effects

Particle agglomerations, or groups of particles which have collected due to particle-to-
particle interactions, are an expected consequence of composites with higher particle
contents. Agglomerations introduce non-uniformities in the material, which also produce
non-uniformity in the composite’s mechanical properties. Additionally, while agglomer-
ations result in higher local intensity, they also result in non-uniform piezospectroscopic

stress measurements.
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In the photo-luminescent dispersion maps, the particulate agglomerations are repre-
sented by higher intensity pixels. These hot-spots of intensity can be seen clearly in the
15 weight percent and 20 weight percent samples in Figures 4.3 and 4.4. Interestingly,
the agglomerations are not random, and follow specific spatial location patterns that
are consistent with the stitching required in the manufacturing of unidirectional fibrous
composites. Due to the predictable and uniform spatial location of agglomerations, it
appears that as the resin was being infused into the composite, the particles began to

build up at the stitches, which interrupted the resin flow.

To improve settling, a faster curing epoxy may assist by reducing the amount of time
the resin is fluid, and restricting the particles movement. Additionally, since stitching is
not required for a carbon fiber composite that is +/-45 in it’s layout configuration [67],
it’s therefore likely that agglomerations would be reduced, which could be an interesting

area of future work.

Furthermore, the variance in the spatial intensity readings can be well represented
in a histogram, which is shown in Figure 4.5 for each sample. In a spatial intensity
histogram, the x-axis is the R1 peak intensity, which is an arbitrary unit detected by
the charge-coupled device (CCD), and the y-axis is the count of pixels at that specific
intensity. An ideal and uniform sample with perfect dispersion would be portrayed as a
tall peak with a very narrow full width at half maximum (FWHM). On the other hand,

a non-uniform sample would have a short peak with a large FWHM.
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A dispersion histogram for each sample at 5, 10, 15, and 20 weight percent alumina is
shown in Figure 4.5. Each sample’s histogram plot overlays the dispersion histogram of
both the front and back side. Additionally, Figure 4.5 shows a global plot which compares

the dispersion histograms of all the samples’ higher intensity sides.

It can be seen in Figure 4.5 that the 5 and 10 weight percent samples have well
dispersed particles, in comparison to the 15 and 20 weight percent samples. Additionally,
if two surfaces have the exact same dispersion and no particulate settling, their dispersion
histograms would be identical. Therefore, it can be seen in Figure 4.5 that the 5 and
10 weight percent samples have almost no discernible sedimentation, while the higher
alumina contents of 15 and 20 weight percent have large settling characterized by the
high deviation of each surface’s spatial intensity. By changing the alumina particulate
content of the resin, the viscosity of the matrix is also changing. This perhaps affects the
settling process. Additionally, particle content will also affect the curing time. Arriving
at an optimum combination of particulate content, curing time, and matrix viscosity to
achieve the best dispersion properties is an interesting area of future investigation, and

can be studied through photo-luminescent mapping, as shown in this work.
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In this discussion, the top side refers to the lower intensity side, and the bottom side
refers to the higher intensity side, which is where agglomerations are more likely to be
present. Since the higher alumina content composites exhibit higher sedimentation, it’s
important to note that the local alumina content may no longer be the manufactured
specific amount. Instead, the top side may have a slightly lower local alumina content,

while the bottom side may have a slightly higher alumina content.

While this cannot easily be quantified as a mass or volume content, it can be seen in
Figure 4.6 that the top side of the 15 weight percent sample has approximately the same
spatial intensity characteristics as the bottom side of the 5 weight percent sample. This
indicates that the top surface of the 15 weight percent sample was nearly equivalent in

alumina distribution to the bottom surface of the 5 weight percent sample.
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Figure 4.6: Effects of settling histogram

4.1.3 Summary of Particulate Dispersion Results

This study has shown that photo-luminescent spectroscopy can successfully characterize
particulate dispersion in a hybrid composite. Although the hybrid composite includes
carbon fiber, the intensity from the embedded alumina particles was detectable, and
captured a local and global understanding of agglomerations and sedimentation in the

hybrid carbon fiber alumina composite.

The 5 and 10 weight percent samples showed excellent dispersion and minimal sed-

imentation. On the other hand, agglomerations and sedimentation effects were signif-
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icantly higher in the 15 and 20 weight percent samples. It was also shown that this
technique can predict the local alumina content at the sample’s surface. In this work,
the top side of the 15 weight percent had almost the same spatial intensity distribution
as the bottom side of the 5 weight percent sample. Overall, the implications of this
dispersion analysis show that this photo-luminescent mapping procedure has potential

for its use as a quality control technique for hybrid composites.
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CHAPTER 5
NON-CONTACT STRESS SENSING

In this chapter, the piezosepctroscopic effect is used for non-contact stress sensing of
a HCFRP with embedded alumina nanoparticles, and sheds light on the multi-scale
mechanics of hybrid composites. The hybrid composites studied here were manufactured

with unidirectional fibers and varying alumina contents, in order to study the effects of

varying alumina nanoparticles on the stress-sensing ability.

5.1 Stress Mapping

One of the benefits of the piezospectroscopic stress sensing technique is its ability to be
utilized in-situ. In this study, the testing coupons were subjected to tensile load through
a Mechanical Testing System (MTS), and at predetermined static tensile holds, the X-
Y-Z stage of the PPS system [34] was used to conduct photo-luminescent maps of each
sample’s higher SNR side. These photo-luminescent maps were then deconvoluted and
post processed using a non-linear least squares curve fitting method in order to track

alumina’s signature spectral peak shift, which is directly related to stress.
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5.1.1 Piezospectroscopic Results

The applied tensile stress was quantified through the average force registered by the
MTS load cell at each static hold and the cross sectional area of the sample. At each
static hold, a piezospectroscopic map was acquired, and DIC strain images were taken

concurrently.

The major benefit of using DIC strain in conjunction with PS mapping is the ability
to spatially compare stress and strain. A direct comparison between the PS maps and
the DIC maps for the 20 weight percent sample can be found in Figure 5.1. It can be seen
that similar trends are present in both, where tensile strain and stress generally increase
throughout the sample, with spatial variations present in both the PS maps as well as

the DIC maps.

The peak shift trend of the 20 weight percent alumina HCFRP can be seen in Fig-
ure 5.2. There is a distinctly linear up-shift region of the R1 peak shift during the
ramp-up of the tensile loading, and this linear region appears to become non-linear as
the load approaches approximately 250 M Pa, or 20% of the estimated ultimate tensile

strength [53].
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The error bars shown in the peak shift trends are a reflectance of spatial variation of
the stress in the samples. In other words, agglomerations on the surface result in higher
localized volume fractions which are known to experience higher stresses and higher stress
sensitivity [65], creating spatial differences in spectral response. Therefore, this expected
surface non-uniformity is reflected in the peak shift error bars, and is also later seen in

the DIC strain results.

Figure 5.3 shows the stress sensing results of the 15 weight percent alumina HCFRP.
The 15 weight percent sample exhibited an initial negative peak shift emitted by the
embedded particles at the start of loading. Additionally, the trend for the 15 weight
percent sample becomes non-linear at 200 M Pa, which is slightly less than the 20 weight

percent sample.
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Figure 5.3: Stress-sensing result for the 15wt% sample
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The stress sensing results of the 5 weight percent alumina HCFRP are shown in
Figure 5.4 and follow a similar trend to the previous samples, showing an initial negative
peak shift, a linear ramp to approximately 200 M Pa, and then a non-linear region. The
slope of the linear region for the 5, 15, and 20 weight percent were calculated as the
effective Piezospectroscopic coefficient, and have been plotted in each sample’s stress vs.

peak shift plot.

The 10 weight percent alumina HCFRP’s stress sensing results deviated from the
trend of the other samples, and its largely negative peak shift can be seen in the peak
shift trend shown in Figure 5.5. This is likely due to moisture ingression, which occurred
during the addition of the alumina nanopowder during the manufacturing of the 10 weight
percent sample. The reduced load transfer is expected, since moisture ingression has been
shown to negatively affect load transfer in composites [43, 1]. This is indicative of the
sensitivity of this technique, and its ability to detect manufacturing defects. Therefore,
it appears that piezospectroscopy could also be applied to hybrid composites as a crucial

quality control step, ensuring the composite’s structural properties and integrity.
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5.2 DIC Analysis

The Digital Image Correlation (DIC) analysis was conducted in Vic2d™ a software that
allowed for the inputting of all the images collected as well as a user inputed region of
interest. The standard deviation of the strain and peak shift maps was used for the error

bars presented in Figures 5.6 through 5.9.

The peak shift in the particles is related to the first strain invariant [22; 35]. In
this case, the first strain invariant that the embedded particles experience is directly
proportional to the biaxial strain. Therefore, the biaxial strain was chosen as the strain

of interest from the DIC maps.
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Figure 5.6: DIC biaxial strain vs. peak shift for the 20wt% sample
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Figure 5.9: DIC biaxial strain vs. peak shift for the 10wt% sample

It can be seen that there is a clearly linear region in all samples when comparing
peak shift to DIC strain. At a certain strain, the linear region changes to a very sporadic
non-linear trend, which is slightly different for each sample. A global comparison and an

explanation for the non-linear behavior is provided below in the discussion.

5.3 Discussion

Discussion of the stress sensing results are presented here, excluding the 10 weight percent
alumina sample, which experienced moisture ingression as previously explained. Addi-
tionally, an initial analysis of the toughening effects of embedded alumina particles in
the HCFRP samples is provided.
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5.3.1 Stress Sensing

An important factor of the stress sensing capabilities of this material is its reliability,
which can be reflected by the signal to noise ratio (SNR) of the acquired signal. In
other words, to ensure the most reliable stress sensing data from the composite, an SNR
filter is applied prior to peak-shift processing [34]. The consequence of the SNR filter is
that certain pixels of data with low signal intensity are removed, and only high quality
signals, with high intensity photo-luminescent peaks, are allowed to continue to the post-
processing steps. In Figure 5.10, the zero load map of each sample is shown with an
SNR cut off of 25, and as can be seen, the lower alumina contents result in a larger
number of gray pixels, which are data points rejected by the SNR filter. This implies
that while better dispersion is achieved with lower alumina contents, higher reliability in

stress sensing is achieved with higher alumina contents.

In Figure 5.10, it can be seen that the 15 weight percent sample has only a few pixels
which passed the SNR filter. This is due to the highly sloped baseline and consequen-
tially lower intensity R-line peaks. During manufacturing, the 15 weight percent sample
developed a thin yellow film which is due to non-ideal ventilation conditions in the man-
ufacturing process of that specific sample. While less R-line data points passed the SNR
filter, those higher quality R-lines shifted as expected with stress. It appears that the
thin yellow film and consequential slanted baseline has a significant effect on the SNR of

the data, but not on the peak shift trend. On the other hand, it can be seen that the 10
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weight percent sample had overall higher SNR, but experienced moisture ingression and
therefore responded unexpectedly to stress. Therefore, while the SNR was higher for the

10 weight percent, the R-line peaks did not shift as expected.

As previously explained, a typical measurement of stress sensing properties of a
piezospectroscopic material is the slope of the linear region, known as the piezospec-
troscopic (PS) coefficient, given in units of cm™/GPa [65, 22, 35]. The calculated PS
coefficients for the 5, 15, and 20 weight percent samples are presented in Table 5.1. It
can be seen that the PS coeflicient remains relatively constant, and does not discernibly
change. Previous work has experimentally shown that adding alumina nanoparticles at
high-contents results in an increase in the PS coefficient of a composite [65]. However, it
has also been experimentally shown that adding alumina nanoparticles at volume frac-
tions lower that 10% volume content results in insignificant changes in the PS coefficient,
which also agreed with theoretical models [22]. Therefore, the equivalent volume con-
tents have also been presented in Table 5.1, and as expected, they are below 10% volume

content.

Furthermore, the peak shift data for all three samples offers many insights into the
stress sensing phenomenon of the HCFRP composite, as can be seen plotted in Fig-
ure 5.11. It is clear that with increased alumina content, there is an increase in the
maximum peak shift emitted from the embedded alumina particles. Additionally, it ap-
pears that the samples approach a critical stress characterized by a maximum peak shift.

From Figure 5.11, it can be seen that the addition of alumina particles results in a larger

41



Piezospectroscopic maps with SNR cut off = 25
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Table 5.1: PS Coefficients of HCFRP with varying alumina contents

Experimental HCFRP
Alumina Weight Content | Equivalent Volume Content
PS Coefficient (em™'/GPa)

5% 1.57% 1.49 £ 0.53
15% 5.07% 2.19 £ 0.62
20% 7.03% 1.74 £ 0.34

critical stress. Specifically, the 5, 15, and 20 weight percent samples appear to approach
a maximum critical stress of approximately 213, 275, and 350 M Pa, respectively. This
critical stress point is hypothesized to be the particle-matrix debonding point, or the
point at which the particle-matrix interface is permanently damaged and consequentially

decreases the load transfer from the matrix to the particle [23].

Comparing the unloading curves shown in Figure 5.11 also sheds light on the effects
of the critical stress. The 20 weight percent sample does not yet reach the maximum
peak shift at its critical stress, and unloads to a positive, or tensile, peak shift. The
15 weight percent appears to reach a maximum peak shift point without surpassing its
critical stress, and unloads to a nearly 0 peak shift. Lastly, the 5 weight percent reaches
and surpasses its critical stress, as can be seen in Figure 5.11, and consequentially unloads
to a negative, or compressive, peak shift. Therefore, it appears that by measuring the
peak shift after a cycle of loading, it can be determined whether the sample reached, or

surpassed, its critical stress point, hypothesized to be the particulate debonding point.
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Discussion - Comparing Varying Alumina Contents
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Figure 5.11: Comparing stress vs. peak shift for the 5, 15, and 20 weight percent

Similar to the stress vs. peak shift result, the 5, 15, and 20 weight percent peak
shift trends with respect to strain can be compared in Figure 5.12. Similarly, a linear
region can be seen during ramp-up, and the slope can be calculated as the strain-based
PS coefficient, given in Table 5.2. As expected, due to the low volume content of the

alumina, the PS coefficients do not discernibly increase with increasing alumina content.

One interesting phenomenon seen in the strain results is the trend of peak shift after
the critical point. While all alumina contents are approaching a maximum peak shift
at the critical strain, the strain behavior after the critical point is very different in each
sample. It appears that the higher alumina contents exhibit a more resilient, positively
sloped peak shift trend after the critical strain, whereas the 5 weight percent alumina

appears to quickly drop in peak shift with respect to strain. This could be due to the
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increased particle-particle and particle-fiber interactions occurring with higher alumina

contents.
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Figure 5.12: Comparing strain vs. peak shift for the 5, 15, and 20 weight percent

Table 5.2: Strain based PS coefficients

Alumina weight content | Strain PS Coefficient (cm™1/(m/m))

) 106.12 £ 21.7
15 113.92 £ 41.8
20 107.21 £ 21.6
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5.3.2 Toughening

It was previously mentioned that the addition of ceramic particulate fillers, such as alu-
mina, introduce improved toughness in the composite. Traditionally, the tensile tough-
ness of a material is computed as the integral of the stress-strain curve from 0 load until
failure. The experiments conducted on the HCFRP samples were non-destructive, and

therefore, data until failure was not collected.
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Figure 5.13: The partial stress-strain curve of each HCFRP sample

The partial stress-strain profiles can be used to predict whether the composites show

signs of increased toughness. The stress-strain curves of the 5, 15 and 20 weight percent
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alumina samples can be seen in Figure 5.13, plotted up to 350 M Pa, which was achieved

for all samples.

By integrating the partial stress-strain curve, a partial toughness can be calculated.

The partial tensile toughness is inconclusive of the true tensile toughness, and cannot be

used as an absolute measure of toughness. However, it can be used to predict whether an

increase in toughness will be present in the HCFRP samples with increasing alumina. As

can be seen in Table 5.3, there does appear to be an increase in partial toughness with

increasing alumina content. In order to be conclusive, the toughness must be calculated

until fracture, and therefore this is an important area of future work.

Table 5.3: Partial tensile toughness of each HCFRP sample

Weight Percent Alumina

Partial Tensile Toughness (kJ/m?)

5% 465.7834
15% 530.0306
20% 573.6757

5.4 Summary of Results

Overall, it was shown that piezospectroscopic mapping can be used to monitor stress

evolution in an alumina HCFRP, which high spatial resolution and in-situ capabilities.

There appears to be systematic trends in stress vs. peak shift, which are complimented
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by the DIC strain vs. peak shift results. While there was a higher magnitude of peak shift
with increasing alumina content, there did not appear to be an increase in PS coefficient,

which is expected for low volume fractions of alumina.

With lower alumina contents, it was clear that there was a drop in signal-to-noise
ratio. Additionally, it was seen that piezospectroscopic mapping is capable of detecting

manufacturing irregularities, such as moisture ingression in the 10 weight percent sample.

One key result was the critical stress point, which is thought to be the point at which
the particule debonds from the matrix, characterized by a maximum peak shift followed
by a drop in peak shift. This also implies that a photo-luminescent map of the HCFRP’s
surface after a cycle can reveal whether the composite reached or surpassed its critical

stress point.

Lastly, preliminary analysis of the toughening effects of alumina particles in an
HCFRP composite predict that there will indeed be an increase in toughness due to the
particulate inclusion, as expected. However, future work will experimentally determine
the true tensile toughness in order to conclusively determine the increase in toughness

due to additional alumina nanoparticles.
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CHAPTER 6
CONCLUSION

This work investigated the stress sensing capabilities of a hybrid carbon fiber reinforced
polymer (HCFRP) with embedded alumina nanoparticles. The samples were manufac-
tured through a procedure known as resin infusion under flexible tooling (RIFT), which
utilizes a vacuum reservoir to draw the epoxy-alumina matrix around the uni-directional

carbon fibers.

Photo-luminescent intensity maps were used to quantify particulate dispersion in
the top and bottom side of each sample. Sedimentation was quantified to be signifi-
cantly higher for the 15 and 20 weight percent alumina, while minimal sedimentation
was observed in the 5 and 10 weight percent alumina. These dispersion results can aid
in manufacturing improvements, and show that this technique can provide high spatial

resolution quality control for future implementation in structures.

The stress sensing capability made possible by the piezospectroscopic effect, a phe-
nomenon in which the emitted photo-luminescent (PL) spectrum of a material shifts as
the material is stressed, was also investigated in this work. By utilizing the embedded

alumina particles’ piezospectroscopic properties, non-contact stress sensing was achieved.

The resulting piezospectroscopic maps showed stress trends that matched well with
DIC strain maps, and showed a linear ramp-up in peak shift as increased stress was
applied, until a maximum peak shift was achieved at a critical stress. This critical stress

varied between each sample, and increases with increasing alumina content.
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Unloading curves proved to be dependent on whether the sample reached its critical
stress, or surpassed its critical stress. It appears that if the sample is unloaded prior to
reaching the critical stress, it will unload to a positive, or tensile, peak shift. On the
other hand, if it reaches and surpasses its critical stress, it will unload to a negative, or
compressive, peak shift. The experimentally measured critical stress point is hypothe-
sized to be the particle-matrix debonding point, after which the peak shift appears to
decrease. The ability to measure the debonding point can allow for experimental analysis
on how different surface treatments of nanoparticles impact the particle-matrix interface,
in-situ. Furthermore, the debonding point provides an additional measure of material

performance, and can help guide the future implementation of this HCFRP composite.

Overall, this work introduced a novel approach to stress sensing of a hybrid composite,
which has light weight, and high performing mechanical properties, as well as an inherent
non-contact stress sensing capability. The results presented in this work hold implications
for the future of non-destructive inspection and non-contact damage detection, which will
lend itself to more precise measurements with high spatial resolution. Future work will
aim to characterize the full mechanical properties of this HCFRP, including it’s true
toughness. Additionally, the critical stress point will be further explored in order to

understand the micromechanics of the particle, matrix, and fiber interfacial responses.
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