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ABSTRACT

Composites like carbon fiber reinforced polymers (CFRPs) are heavily leveraged in the
aerospace industry, where maximizing structural strength and minimizing weight are a con-
cern. A disadvantage of CFRPs is that they can develop barely visible impact damage
(BVID) that degrades performance and require nondestructive evaluation (NDE) methods
for effective identification. It would be beneficial to the design engineer and/or end-user
if the damage could be detected sooner so that proactive, instead of reactive, actions can
be taken to address the damage. Embedded sensing systems could fill this gap by having a
method of assessing the health of the composite structure in-situ. The implementation of ex-
ternal sensors are likely not feasible options due to the added complexities, higher costs and
increased weight. Therefore, a self-sensing material could be the solution to these obstacles.

Several conductive materials that posses the piezoresistive effect have been investigated
for the purposes of detection damage. Piezoresistive materials have a direct electrical re-
sponse due to applied strains or deformations to the material. In other words, the resistivity
of the material increases as the electrical network is perturbed by an external stimuli. Ir-
reversible changes in resistivity are therefore indicators of damage within the material, due
to severed internal connections. Nanomaterials like carbon nanotubes (CNTs) and carbon
black (CB) have been popular piezoresistive materials because they can electrically function-
alize insulating materials, like cement mortars and glass fiber reinforced polymers (GFRPs).
However, using these materials require additional processing steps to be effective sensors.
The use of conductive nanomaterials is an open research area and can be a barrier for adop-
tion by industry. Conversely, CFRPs are a piezoresistive material that is standard to the
aerospace industry. CFRPs do not require modification for self-sensing capabilities and have
been demonstrated in damage detecting applications.

Electrical impedance tomography (EIT) is a potential modality for self-sensing within
CFRPs due to the ability to detect damage through a current-voltage relationship within
the laminate. EIT has been demonstrated as an effective damage detection method for a
variety of materials, including nanomaterials and CFRPs. The added benefit of EIT is that

the damage is not just sensed, but also spatially localized. However, a lot of EIT research
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centers on the application to flat plates, do not use fabrics pre-impregnated with resin, and
use conductively isotropic materials. However, these examples do not represent the types of
materials used in the aerospace industry today.

Presented in this thesis is the application of EIT on a non-planar and geometrically com-
plex prepreg CFRP laminate. A formulation that incorporates the anisotropy of the material
is implemented. The conductivity of the material system was experimentally derived. Addi-
tionally, EIT reconstructions were also explored using a homogeneous best-fit conductivity,
calibrated using initial experimental data and compared with the measurement approach.
Two different injection schemes are proposed and evaluated in order to address the increased
geometric complexities of the specimen geometry. EIT is an ill-posed and underdetermined
inverse problem. This work utilizes two different minimization approaches, namely minimiz-
ing the ¢;-norm and ¢5-norm to the impact of reconstruction images. With this framework in
mind, damage from a notch and two impact events were reconstructed using EIT. The notch
damage was clear and distinct. A 18 (J) damage reconstruction was stymied by significant
noise that prevents definitive identification of the damage. Then a 46 (J) damage detected
with significant improvement, but still contained minor noise. Changing the EIT minimiza-
tion to the ¢;-norm dramatically improved the damage reconstruction and eliminated all
noise. Damage to the electrode array was likely the sources of noise, which was supported
by the results. Nonetheless, the application of EIT to the CFRP specimen demonstrated
damage detection capabilities, with limitations that need addressing in order to improve
the quality of results. The results of this study indicate a promising approach for using

self-sensing CFRPs for an embedded-sensing system.
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1. INTRODUCTION

Carbon fiber reinforced polymer (CFRP) composites are attractive materials of choice in the
aerospace industry due to their high strength-to-weight ratios, their innate environmental
protection, and the ability to be shaped for complex geometries. However, composites can
be prone to unique defects or damages not present in traditional metal materials. These
types of damages negatively affect the composite laminate by degrading their mechanical
performance. Sources of damage can range from manufacturing defects like inter-laminar
voids to service damage produced from mishandling [1]. The difficulty is in identifying
composite damage before it becomes an issue in normal operating conditions. As high as 30%
of composites contain defects due to manufacturing, which become weak points for future
damage [2]. In a production environment, composites go through quality control processes to
identify these defected parts before going into service or sold to the customer. However, those
in-use composites can develop damage during service and the challenge becomes identifying
it before a catastrophic failure.

Composites are often laminates made of multiple bonded layers of inhomogeneous materi-
als. These discrete interfaces can be prone to inter-laminar damages, such as fiber breakages,
matrix cracking, and delamination. When these failure modes occur beneath the surface
layers, they are undetectable via visual inspection. Inter-laminar damage is often due to
overloading or through low to high velocity impact damage. The prevalence of this scenario
has necessitated the nomenclature of barely visible impact damage (BVID). Common im-
pacts in the commercial aviation industry come from rocks, dropped tools from maintenance
personnel or bird strikes. According to the United States Federal Aviation Administration
(FAA) wildlife strike database of domestic flights, 18,394 bird strikes were reported in 2023
alone, with an increasing trend year-over-year [3]. As the use of composites continue to
increase in the aviation industry and beyond, the ability to effectively identify BVID helps
ensure safety of human life and potentially save the destruction of costly products.

Damage detection within a composite structure is critical to the designer or end—user in
order first identify and properly prognosticate the damage. Several non-destructive evalua-

tion (NDE) methods have been developed for non-visual damage detection, like ultrasonics,
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radiography and digital image correlation (DIC) [4, 5]. Electromagnetic waves have been
used with cementitous composites for civil applications [6]. Lamb waves frequencies, optical
fiber bragg gratings (FBGs), thermography, and vibrational techniques have all been used
to characterize composites [7, 8]. However, these methods typically require external sensors,
specialized equipment, well-trained personnel and physical access to the structure itself. Ad-
ditionally, these detecting modalities are often conducted in a controlled environment where
the unit under test (UUT) is not in service. Therefore, there is currently a gap in capabilities
when products containing composite structures like CFRPs are in use.

An attractive approach to addressing this gap is to have an embedded sensing system
within a composite structure to provide “state—of-health” information instead of traditional
NDE methods. The advantage with this approach is that the required sensing equipment
is already integrated within the composite with the structure therefore serving the multi-
functional role of a diagnostic sensor for the engineer or end—user. Embedded sensing systems
can be purposed for a range of uses, such as thorough diagnostic software during maintenance
or to trigger a user notification alert that an issue needs addressing. The sensors selected
can also be tailored to the desired information. Embedded sensors in composites have been
used to measure various properties like pressure, strain, temperature, and mechanical load-
ing [9-12]. This flexibility makes embedded sensing systems appealing due to the various
approaches, types of data sensed, and their applications in composites.

However, physically embedded sensors pose an additional set of challenges for composite
structures. These challenges stem from the additional manufacturing labor burdens, poten-
tial reduction in mechanical performance due to inhomogeneous sensor integration, difficulty
powering electronics, and achieving uniform sensor coverage [13]. Another embedded sensing
approach is to use self-sensing materials and forego the inclusion of additional sensors [14].
Graphene-based nanomaterials (GBN) that have been mixed with the mortar of cementi-
tous composites were able to detect physical deformation [15]. Thin sensing films have been
an effective approach towards uniform sensor coverage. Electrically conductive thin films
made from multi-walled carbon nanotubes (MWCNTS) have been integrated into glass fiber
reinforced polymer (GFRP) composites and wearable fabrics for strain-sensing capabilities

[16, 17]. Carbon black (CB) is another nanomaterial that can be mixed into traditionally
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insulated materials like epoxy or cement to add deformation detecting capabilities [18-20].
Additionally, carbon fiber itself has been demonstrated to have sensitivity to deformations
in a variety of forms, from individual fibers to laminates [21-23]. Considerable research has
gone into characterizing different materials for self-sensing applications to form non-intrusive

systems that alleviate the disadvantages of discrete sensors.

1.1 Piezoresistive Sensing Materials

The basis of many self-sensing materials rely on the piezoresistive effect, where mechanical
strain gives rise to a change in electrical resistivity of the material. In practice, a measurable
change in resistance is directly related to a change in the strained state of the material.
Another property of these materials is that they often have ohmic behavior, meaning there
is a linear relationship between current and voltage. Ohmic behavior is advantageous for
self-sensing materials because it means the electrical response is predicable. However, not
all self-sensing materials are ohmic and do exhibit nonlinearity. These materials create an
electrically connected network with an initial resistivity. As strain or damage is imparted
into the sensing material, an irreversible resistivity change occurs, indicating permanent
plastic deformation. When incorporated into a specimen or laminate structure, measured
resistance changes can be calibrated for strain data, used as an indicator of damage, or used
in some other empirical model.

A popular piezoresistive material is the carbon nanotube (CNT). CNTs have the ability
to electrically functionalize a non-conductive material like GFRP and cement. These con-
ductive nanofillers form an electrically connected network within the material when they are
dispersed at a low volume fractions beyond a percolation threshold. As seen in Fig. (1.1),
these networks can be categorized into Type I and Type II configurations [24]. Type I
involves physical overlapping of the conductive nanofillers and Type II is characterized as
in-plane contact. The small separation distances between proximal CN'Ts have an electrical
tunneling effect to bridge these gaps to form conductive connections. These conductive net-
works are dependent solely on the nanofillers and thus when the configuration of nanofillers

change, the material’s resistivity changes. This behavior lends itself well to detecting strain
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and damage within a composite. In general, as individual nanofillers begin to separate, the
resistivity of the network increases. Conversely, if the separation distance between individual
nanofillers decrease, the resistivity decreases. This behavior correlates well to deformations
due to tensile or compressive strains respectively. Consequently, physical damage severs

connections within the electrical network and lower conductivity of the material.

%/ Inter-nanotube
7 matrix region

Figure 1.1. CNT networks dominated by (a) overlapping contact configura-
tion (Type I) and (b) in-plane contact configuration (Type II). [24]

Much research has gone into characterizing CNT modifiers for sensing capabilities. In
Esmaeli et. al [25], an epoxy matrix was modified using single and double walled carbon
nanotubes (SWCNTs, DWCNTs) in 0.5-0.75 wt.% and subjected to tensile and fracture
loading. The following process is representative for manufacturing a nanofiller-modified
matrix and are the steps taken by the authors. The nanofillers were added to an aqueous
solution, sonicated for 30 minutes, degassed under vacuum for 30 minutes, a surfactant
agent to aid dispersion, and poured into dog bone and fracture silicone molds. The authors
observed a reduced sensitivity and higher nonlinearity in normalized resistance changes under
tensile conditions, however, linear behavior was observed for the 0.5 wt.% fracture specimens.
As seen in Fig. (1.2), computed tomography (CT) imaging showed the 0.75 wt.% specimen
had conglomerates of nanofillers, potentially leading to the results. This work demonstrated
the challenge of finding optimal nanofiller wt.% and discovering the undesirable piezoresistive
responses like nonlinearity.

In Ku-Herrera and Avilés [26], 0.3 wt.% MWCNTs were used with a vinyl ester resin

(VER) to produce dogbone specimens and tested under cyclic tension and compression.

18



Figure 1.2. Microstructural characteristics at different CNTs loading: A-D,
0.5 wt.%; E-H, 0.75 wt.% (red and yellow arrows indicate direction of crack
propagation and CNTs aggregates respectively)(Color figure can be viewed at
wileyonlinelibrary.com). [25]

It was observed that there was linear correlation between strain and changes in resistance
for cyclic tensile loading. Under compression, the change in resistance indicated distinct
behavior between linear-elastic regions, onset matrix yielding, and in the plastic region. It
was concluded that a MWCNT /VER material system is sensitive to matrix failure, indicated
by the unloaded resistance being larger than the initial value, and can be seen in Fig. (1.3).
The authors claimed that the this kind of response makes CN'Ts a good candidate for smart,

self-sensing materials for composites.

0 2 4 6 8 10 12 14 16
E,,(%)

Figure 1.3. Compressive electro-mechanical response of a MWCNT/VER
composite under incremental strain cycles. (a) Stress vs. strain, (b) normalized
change of electrical resistance vs. applied strain, and (c¢) permanent change of
electrical resistance as a function of plastic accumulated strain. [26]

19



Carbon black is another popular nanofiller used for self-sensing. CB nanoparticles are
produced from the thermal decomposition from petroleum based hydrocarbons. The struc-
ture of CB is not as highly ordered like CNTs, and are therefore cheaper to produce than
CNTs. It is common among self-sensing materials research to characterize the impact of
various material properties on sensing capabilities and how they relate to the mechanical
performance. In Nalon et. al [27], the authors sought to characterize commonly used con-
ductive CB nanofillers in cement-based composites; comparing how the inner CB structure
affects conductivity and mechanical strength. Resistivity tests were conducted on four ce-
ment block samples containing four different commercially available CB nanofillers. These
nanofillers differed in their respective surface area per gram, sheet resistivity, and Dibutyl
Phthalate (DBP) absorption number, Fig. (1.4). Resulted indicated that increases in sur-
face area per gram, DBP number and lower resistivity produced reliably higher peizoresistive
sensitivity. However, cyclic compressive load testing revealed lower compressive strengths
compared to the unmodified control specimen. The conclusion form this work was that the
various material parameters of CB negatively affected mechanical strength and should be

considered when designing a smart sensing structure.

Arduino Mega Computer running a
2560 R3 LABVIEW application

Compact DAQ-9178

Cement-based with NI-9219 modules

composite

Figure 1.4. Experimental test setup for DC tests. [27]

Carbon fiber (CF) as a raw material also exhibits piezoresistive properties. The benefit of
CF compared to previously mentioned self-sensing materials is that no conductive nanofillers
are required because the fibers are conductive enough for electrical measurements. An ex-

ample of unmodified CF sensing was done by Roh and Park [28], where monofiliment and
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3K plain-weave tows were electro-mechanically characterized and applied to a grid sensor
system. The materials were commercially available and instrumented using silver paste to
minimize contact impedance with the sensing equipment. Tensile tests of both the monofil-
ament and 3K tow showed linear relationships with strain. Then, tows were arranged into
a grid pattern with varying separation distances within a GFRP laminate. These laminates
were subjected to three-point bend tests in different locations with each tow’s resistance
measured in-situ, Fig. (1.5). Results showed the proximity to strain affected the magnitude
of recorded resistance changes, where measured changes decreased with distance from the
applied strain. An interesting observation by the authors was that the gauge factor decreased
inversely with grid density. This was attributed to lower overall recorded resistance changes.
However, the grid was effective at localization of the flexural strains applied. Nishio et. al [29]
investigated various plain—weave CFRP laminates with £45° and 0°/90° fiber angles and the
effect of ply count. In the [£45°]; laminates, cyclic tensile loading produced in-plane shear
plastic deformation that reduced the separation distance between fibers in the warp and weft
directions, effectively increasing the conductive network. An observed negative piezoresis-
tive effect occurred where the resistance change decreased with applied strain, which was not
observed in [0°/90°]s laminates. The results highlighted the effects of fiber/ply orientation.
These works demonstrate the ability of CF to detect deformations, but also have limitations
with potentially differing piezoresistive responses depending on loading conditions.
However, there are certain challenges associated with using CF as a self-sensing ma-
terial, namely that conductivity is anisotropic. A single fiber has less resistivity in the
direction along the fibers than in the transverse direction. As an example, Athanasopoulos
and Kostopoulos [30] measured rectangular unidirectional (UD) CF laminates and measured
resistivity as a function of fiber angle and laminate thickness. Fibers algined with the 0°
angle had a resistivity of 3.166 105 Qm and fibers aligned to the 90° direction had a resis-
tivity of 2.632 1072 Q@m. When multiple intermediary angles were measured, a gaussian-like
curve was produced from 0° to 180°, as seen in Fig. (1.6). This anisotropy is further exacer-
bated in the through—thickness direction for CFRP laminates with smaller conductivity. In
Guadagno et. al [31], the authors attempted to improve the overall conductivity of CFRPs
through adding 0.5 wt.% MWOCNTSs into the epoxy matrix. As a result the planar conduc-
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Figure 1.5. Specimen types, loading location, and corresponding electrome-
chanical behaviors. [28]

tivity increased by 72% and the through-thickness conductivity increased by 120% to 19,500

(Sm™') and 3.9 (Sm™!) respectively. Figure (1.7) shows a field emission scanning electron
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microscope (FESEM) image where the MWCNTSs are seen bridging between fibers, leading

to the conclusion that the addition of CN'Ts increased the laminate’s conductivity.
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and (b) Theoretical VR p,, as a function of carbon fiber direction (#) and the
thickness. [30]

There are two common categories of CFs, determined by the method of producing said
fibers. The first are polyacrylonitrile (PAN) fibers due to PAN fibers being the precursor
for the eventual graphitization of the fibers. The second are meso-phased pitch fibers which
are petroleum based. In two studies by Xi and Chung [32, 33], PAN and pitch based
piezoresitivities were characterized under tension, Fig. (1.8), and factors like the microscale
order of graphitization and tow count did not alter the resistivity of fibers under tension.
These results indicate that at a macroscale, the choice of CF type do not affect sensing
capabilities, indicating robustness of the material for embedded sensing systems in addition
to PAN composites being the most common in the aerospace industry.

A lot of research in piezoresistive materials focused on flat laminates or with dry fibers.
Work by Ku-Herrera et. al [34] sought to characterize the piezoresistivity of a CFRP I-beam
geometry subjected to cyclic tensile and compressive loading. A 12k uniaxial CFRP was

manufactured in the shape of a structural I-beam. The two flanges were comprised of [0]g
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Figure 1.7. FESEM images of the etched panel P2B: the strips have been
observed in the section perpendicular to the panel plane. [31]

plies and the web was layered with [+ 45°/ —45°/ +45°] on both sides of the web with a pair
of electrodes instrumented on the two flange surfaces, Fig. (1.9). Under a four-point bend
test, the surface contacting the fixture experiences compression with the opposite surface
experiences tension. When the [-beam was subjected to monotonic loading, the compressive
surface recorded a negative piezoresistive effect and the tensile surface experienced a positive
piezoresistive response. This behavior continued under cyclic flexure loading with increasing
increments of magnitudes, Fig. (1.10). When compared to a tested rectangular laminate, the
[-beam specimen had a marked lower piezoresistive sensitivity. It was hypothesized that the
stiffness and geometry affected the sensitivity of the I-beam specimen. Additionally, irre-
versible resistance changes were attributed to progressive laminate failure. It was theorized
the primary causes were residual stress relief within the laminate, fiber realignment, and

finally laminate failure.
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Figure 1.8. Testing configuration. (a) Carbon fiber tow mounting for capac-
itance/voltage measurements during tensile testing. (b) Photograph showing
mounted carbon fiber tow (Type A) of three lengths (L, 2L and 3L), along
with a ruler with main divisions in inches. (A color version of this figure can
be viewed online.) [33]

Flat flange plies [0]¢

~

Channel-shaped plies
[+45/-45/45]

Flange/web joint

Figure 1.9. Picture of cropped I-shaped specimen (left) and schematic of ply
orientations (right). Dimensions in mm (not to scale). [34]

1.2 Damage Detection via EIT

Carbon fiber has been shown to have self-sensing capabilities, either individually or within
laminates due to the piezoresistive effect and is a good candidate for embedded sensing
systems with the objective of damage detection. CFRPs are already ubiquitous in the
aerospace industry, where qualifying a new material with conductive nanofillers may prove

too costly. Additionally, technology has become heavily integrated in today’s aerospace
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Figure 1.10. Cyclic flexural loading at incremental displacement amplitudes
for a representative specimen with I-shaped cross-section on (a) tensile side
and (b) compressive side. [34]

landscape where sensor data fusion from an embedded sensing system can guide future
aircraft emergency alert systems or help extend the service life of costly aircraft. These
factors may make self-sensing embedded systems more palatable for the aerospace industry
to investment into this technology.

Ideally, an embedded sensing system would provide engineering strain information. With
strains, stresses can be computed within the laminate and evaluated against various compos-
ite failure mode theories. Another use for these systems could be the collection of periodic
data over time to extract creep displacement. However, the prevailing use of CFRP self-
sensing laminates is for damage detection. A resistivity-strain relationship is required to take
self-sensing materials beyond damage detection. Work by Koo and Tallman [35] proposed a
general higher-order piezoresistivity-strain model for carbon nanofiber (CNF') modified epox-
ies. By using experimental resistance data and strain gauge data, a piezoresistive model was
used to accurately predict displacement as a function of change in resistance. Furthermore,
the model was validated against electrical impedance tomography (EIT) data to quantify
the model’s ability to predict resistance change distributions accurately, Fig. (1.11). The

piezoresistivity model had good agreement with experimental data. However, a limitation
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of this empirically derived model was the calibration corresponded only for a specific range
of small strains and a specific material system. While it is possible to create a piezoresistive
model for various material systems, it would require additional research and development.
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Figure 1.11. Left: model-predicted resistivity changes for a plate in tension
with a hole. Note the large resistivity changes which collocate with strain
changes, Right: EIT-predicted resistivity change distribution. Despite the
EIT-predicted changes and the presence of noise artifacts in the EIT-image,
good model-to-experiment agreement is observed. [35]

Prior examples on piezoresistive materials mainly focused on damage detection without
refined spatial information. The next step forward from damage detection is damage local-
ization on the laminate. EIT is one such modality that provides a visual representation of
damage size and location in relation to the laminate. The goal of EIT is to use the current—
voltage information at the boundary of a domain to predict the internal spatially varying
conductivity distribution. Some of the earliest development of EIT comes from the field
geophysics where Lawrence Livermore National Laboratory (LLNL) staff Lytle and Dines
[36] proposed injecting current into an electrode array around a geological core sample to
determine electrical conductivity distributions. Concurrently, Henderson and Webster [37]
developed an impedance camera system that collected data to produce isoadmittance con-
tour maps of the human thorax. Research has continued to improve on this concept and
there now exist advanced systems, like a portable EIT systems proposed by Xu et. al [38].
Another example is the development of a phantom tank instrumented with electrodes, the
conductivity change from heating a raw egg over time was visually reconstructed. Other
biomedical imaging applications range from lung ventilation monitoring, brain activity, and

cardiac blood flow [39-42].
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Figure 1.12. Reconstructed Image of egg at 50 KHz. (a,b) Reconstructed
images of raw egg. (c, d, e, f) Reconstructed images of egg heated for t = 1
min, 4 min, 8 min and 16 min, respectively. [38]

Fields of NDE and structural health monitoring (SHM) motivated the initial push for
EIT in structural applications. In works by Loyola et. al [43, 44], a GFRP fabric mat was
sprayed with a MWCNT poly(vinylidene flouride) (PVDF) latex film prior to layup for
added damage sensing capabilities. EIT reconstructions were done with through-hole and
impact damage, ranging from 20 (J) to 140 (J), on the sensing film, Fig. (1.13). In Lestari
et. al [45], a similar sensing film was applied to a CFRP tensile specimen where several
EIT conductivity change reconstruction images were produced at multiple strained states,
Fig. (1.14). Similarly, Heinzlmeier et. al [46] performed EIT on a plain-weave CFRP plate
laminate with a screen-printed carbon paste film covering the entire plate. A through-hole
was created in the center, was instrumented with edge-mounted electrodes and subjected to
cyclic tensile loading. DIC was used to correlate the EIT reconstructions at various cycle
counts. The EIT results did not match the DIC results, showcasing the challenges with EIT
producing meaningful results in the presence of noise. However, these works indicate a high

interest in using EIT for sensing strain or the result of applied strains.
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Figure 1.14. Electrical conductivity maps for CFRP sample C2 for varying
levels of strain and damage. Figure (6) shows the “location” of these images
on the load/strain plots. [45]

Several works have also attempted to integrate machine learning to improve EIT recon-

structions images. In work by Hassan et. al [7], a genetic algorithm was used for piezoresistive
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Figure 1.15. Spatial conductivity changes at peak load Sp.y; for selected cycles. [46]

inversion to correlate EIT-predicted conductivity changes with displacement of a CNF /epoxy
specimen with good comparative results to finite element modeling (FEM) and DIC. Cheng
et. al [47] compared traditional and other machine learning methods for EIT reconstructions
and namely proposed a Bagging algorithm with transfer learning (BT-CNN) to train the
model due to the lack of real training data. Figure (1.16) shows results from various meth-
ods like total variation (TV) with the proposed BT-CNN approach for various impacts on a
CFRP plate.

Much work in EIT for self-sensing materials has been done on flat plates using a hand-
layup manufacturing process of dry fibers or fabrics. Real use of composites like CFRPs are
not flat plates and can range from curvilinear forms to more complex structural members.
Work by Sannamani et. al [48], applied EIT to a CFRP airfoil with surface mounted elec-
trodes, Fig. (1.17), that was subjected to through-hole and impact damage. This shape is
more representative of a possible real-world composite structures. Additionally, the surface
was instrumented instead of the edges, which is a more preferable location for an embedded
sensing system. Conductive anisotropy was also addressed with results implying changes
in conductivity are dominated by planar conductivity and not through-thickness conductiv-

ity. In another example, work by Thomas et. al [49] applied EIT for multiple through-hole
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Figure 1.16. (a)Reconstructed images obtained in CFRP real data(b) test
specimen plate for damage 6.(c) Test specimen plate for damage 9.(In order
not to take up extra space, only two samples are shown.) [47]

and impact damage detections of a CB-modified GFRP tube. Two subsequent low veloc-
ity impacts resulting in BVID were successfully identified in EIT reconstruction images,
Fig. (1.18). An interesting result were the differences in predicted conductivity loss for the
same through-hole size, but at different locations along the tube. The electrode array was
edge-mounted and therefore not uniformly spaced along the length of the tube, which could
be attributed to the lower sensitivity observed when the hole was further from an electrode.
Shu et. al [50] sought to apply EIT to a 3D-printed cellular lattice structure typically plagued
by noise and low sensitivity of inner strut members. A strut-based normalization approach

helped bring the predicted conductivity losses closer in magnitude for improved sensing and
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penalized the affect of struts not relevant for damage reconstruction. Figure (1.19) shows
how this approach correctly identified the damaged strut. In Tallman et. al [51] an advanced
regularization method utilizing both the smoothness prior and conditionally Gaussian prior
to precisely detect multiple notch damages in a carbon fiber based, 3D-printed truss struc-
ture. A comparison of smoothness prior and mixed prior approaches are shown in Fig. (1.20)
where three notches and a cut ligament were reconstructed better with the more advanced
regularization. Hussain et. al [52] performed EIT on several CF-based, 3D-printed circular-
shaped specimens where specified regions were electrically activated or deactivated based on
a controllable fiber alignment printing parameter. EIT reconstructions shown in Fig. (1.21)
were comparable to traditional through-hole damaged specimens, showing a potential new
approach for in-situ monitoring of CFRPs. A final example of recent EIT research on com-
plex geometries was work by Jauhiainen et. al [53], where multiple cracks were introduced to
a multi-planar, graphite-based sensing skin. A unique aspect about this work was having the
damage span multiple planes of the skin and reconstructed accurately, as seen in Fig. (1.22).
These works highlight novel methods for accurate damage detection more complex geome-

tries using EIT and the new challenges to overcome.

Damage locations
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Figure 1.17. EIT reconstruction of (a) just the 15J impact and (b) both
the original 15J and the subsequent 12J impact (recall the impacts were at
different locations) with respect to %Ak, % Aoy, and %Ac . [48]
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Figure 1.18. EIT reconstruction of the post-impacted tube at (a) 14J and
(b) 147 and 10J. [49]
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Figure 1.19. (a) Simulated voltages are compared with experimentally mea-
sured voltages. (b) The first etch (damage) was introduced in the lattice. (c)
The reconstructed conductivity values of each element when solved with the
normalized sensitivity map are plotted. (d) The corresponding 3D conductiv-
ity distribution successfully confirmed damage detection in strut 1. [50]
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Figure 1.20. Experimental results using the smoothness prior (left column)
and the newly proposed mixed regularization (right column). [51]
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Figure 1.21. EIT results of the samples with insulation and printed hole
defects compared to the baseline (all conductive) specimen. [52]
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Figure 1.22. Case 4: Photographs of the sensing skin applied on the cubic
object in the experimental study (top row) and the respective ERT reconstruc-
tions (middle and bottom rows). The photos and reconstructions correspond
to four stages of cracking; in the photographs, the cracks at each stage are
highlighted and the cracks of the previous stages are darkened. Note that the
reconstruction images on the second row also show the side of the cube that
has no cracks (View 3). The white circle marks the same corner of the cube
in the photographs and in the reconstructions. [53]
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2. PROBLEM STATEMENT AND RESEARCH GOALS

The preceding review of self-sensing materials with the application of EIT has largely fo-
cused on flat plate composites with only recent research expanding to non-planar geometries.
Continued research is required to identify and overcome the challenges of implementing
EIT for geometrically complex, resin pre-impregnated (prepreg) composite laminates that
are more realistic to real-world structures. Furthermore, carbon fiber prepreg has been
under-investigated as a self-sensing material via EIT, instead much of the research focusing
on conductive nanofiller-modified materials. With this motivation, the following Problem

Statement and Research Goal are stated.

2.1 Problem Statement

CFRPs are attractive materials due to their high strength—to-weight ratio, design flexibil-
ity, and inherent corrosion resistance. However, in aerospace applications, CFRPs are prone
to BVID while in-service and are typically not identified, if at all, until NDE methods can be
performed. To address this gap in capabilities, an embedded self-sensing system is a potential
solution where the piezoresistive effect of CFRPs can be used to detect defects like BVID.
CFRPs are also a logical choice in self-sensing materials because CFRPs are readily available
as commercial-off-the-shelf (COTS) materials and do not require additional steps for electri-
cal functionalization. Demonstrating accurate self-sensing within CFRP prepreg laminates
will lower the barrier of entry for embedded self-sensing systems through the use of existing
materials, keeping costs down. Furthermore, EIT is potentially a good detection modality
for embedded self-sensing system due to proficiencies in detection, localization, and sizing
of damage. The CFRP structure only needs an appropriate electrical interconnect, such as
from an electrode with no further modifications of the laminate. More research is needed
to address current challenges in CFRP damage detection via EIT. First, the anisotropic
conductivity of CFRPs needs to be implemented into EIT formulations to accurately reflect
resistance changes. Second, EIT needs to be applied to more complex geometries to develop
the techniques required for CFRPs designed by engineers. Lastly, minimal EIT research has
involved prepreg carbon fiber and is dominated by the wet hand layup of dry fabrics. Use
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of dry fabrics is reasonable in a laboratory environment, but industry almost exclusively
uses prepreg sheets when manufacturing laminates. The EIT state-of-the-art needs to be
demonstrated as an effective damage detecting modality of complex geometries using prepreg

CFRPs for the realization of embedded self-sensing systems.

2.2 Research Goal

The goal of this research is to advance the state-of-the-art of EIT damage detection
through detecting different damage modes within a 3D, geometrically complex, CFRP prepreg
laminate. EIT has been extensively studied with flat CFRP plates, but this work seeks to
increase the complexity of laminates investigate while also using prepregs. Namely, the shape
of this laminate will represent a simplified general support structure for the demonstration
of EIT approaches for damage detection in “real world”-like structures. This geometry in-
cludes features with distinct surfaces with different orientations. Additionally, the CFRP’s
anisotropic conductivity will be characterized and implemented within the mathematical
framework to develop techniques that lead towards accurate damage detection. The EIT
formulation will be modified as needed to investigate the best approach for effective damage
reconstructions via EIT. These efforts aim to progress CFRPs and the EIT damage detecting

modality for use in embedded self-sensing systems of the future.

2.3 Thesis Organization

This thesis is organized in the following order. First, the mathematical EIT framework
is presented. Second, the manufacturing process used to create the CFRP specimens is dis-
cussed. Next, the specific EIT parameters, like the injection scheme, are specified, along
with the experimental setup and procedures for the EIT experiments. The fourth chapter
contains the damages and ensuing reconstructed images with observational discussions. Fi-
nally, a summary, conclusion, and recommended future work bookend the content of this

thesis.
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3. ELECTRICAL IMPEDANCE TOMOGRAPHY

The objective of EIT is to produce a conductivity distribution for a domain that has been
instrumented with electrodes and subjected to a series of current injections. Direct current
(DC) is injected into a specified electrode pair and the voltage is measured for the remaining
electrode pairs of the domain. This process is repeated until every electrode pair is subjected
to a current injection. This process is done both computationally (i.e. the forward problem)
and experimentally. Specifically, this work uses difference imaging where the reconstruction
represents a conductivity change distribution. That is, the final reconstruction image is a
conductivity change to the domain relative between an initial “baseline” and “referenced”
state. The inverse problem then seeks a conductivity change distribution that minimizes
the difference from the experimentally obtained and the computationally calculated voltage
data used to predict the conductivity distribution. The forward and inverse problems are
described below. Full derivations of these equations can be found in reference [54]. All EIT
code was developed in-house and written by the author in MATLAB.

Within the context of self-sensing materials, EIT implies the use of DC currents. Tradi-
tionally, interest in EIT research was for biomedical applications, where alternating current
(AC) was used. Technically, electrical resistance tomography (ERT) denotes the use of DC
current, but the term EIT is often used in structural sensing applications. Therefore, as clar-
ification, this work refers to EIT with the use of DC currents to map the DC conductivity

distribution.

3.1 Forward Problem

The forward problem starts with Laplace’s equation for steady-state diffusion without
internal current sources, as shown in Eq. (3.1). Here, o;; is the conductivity distribution and
u is the domain potential. Einstein summation notation is employed here where repeated

indices imply summation through the dimension of the domain.

0 ou

— gii—
8@ " 8xj

~0 (3.1)
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Equation (3.2) enforces the complete electrode model (CEM) boundary conditions to
Eq. (3.1), which simulates contact impedance between the perfectly conducting electrodes
and the domain. The CEM boundary conditions resolve the contact impedance between
the electrodes and domain, incorporate the finite size of real electrodes (as opposed to point
electrodes), and provide an additional degree of freedom to the electrode voltage solutions.
Here, 2 is the [th electrode contact impedance, n; is the outward-pointing normal vector
to the domain, and V] is the [th electrode voltage. However, it should be noted that the
repeated subscript [ does not imply summation unless explicitly stated with the Y operator.
Additionally, Eq. (3.3) imposes conservation of charge within the domain, where the sum
of current through the electrodes is zero. Here, L is the total number of electrodes and E;
is the area of the [th electrode. Finally, Eq. (3.4) explicitly imposes that no current passes
through portions of the domain that do not include the electrodes. Here, x; is a position
vector within the domain and 0f2 is the domain’s boundary. The CEM boundary conditions

have been widely shown to accurately approximate the current—voltage relationship [55].

ou 1
T g T (Vi —w) (3.2)
L ou
IZI/UijaIinj dS[ =0 (33)
L
O'ijggnj =0 on x; € 89\ U El (34)
g =1

The forward problem is thus solved by the discretization of the domain via the finite
element method (FEM). The forward problem is represented in matrix form via Eq. (3.5).
Here, ® is the domain potentials vector, V is the electrode voltages vector, and I is the
electrode currents vector. The four matrices Ay, Az, Aw, Ap that make up the first
term on the left-hand side are defined in Eqgs. (3.6-3.9). In Eq. (3.6), A§, i; represents the
local diffusion stiffness matrix where the ¢th row of the jth column corresponds to the eth
element. These local diffusion stiffness matrices are assembled into a global stiffness matrix,

A)s. Furthermore, Egs. (3.7-3.9), add a degree of freedom through the relationship between
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the electrode contact impedances and the domain. Additionally, the w; terms represent

linear interpolation functions for the FEM.

AM+AZ AW ‘I) 0

— (3.5)
A%;/ Ap| |V I
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M ij 8xk Tk 8xl (3 6)
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I=1p, <l
1
Aw i =— | —w; A5 (3.8)
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E;
E
Ap = diag (;) (3.9)
1

Finally, Eq. (3.5) is only solvable to an arbitrary constant. Therefore, it is physically con-
venient to enforce electrical potential of the negative electrode from the injection electrode—
pair to zero. The additive shift is also reflected in the domain solution. Performing this
electric potential shift helps reinforce the physics of conducting current injections into a
domain, however, computationally the effect is largely negated because difference imaging
was employed. In this work, a three-dimensional mesh using linear tetrahedrons were used.
The first two solutions of the forward problem are seen in Fig. (3.1). A domain potential is
predicted by the forward model for each current injection conducted on the domain. Fig-
ure (3.1a) depicts the domain solution from the first injection pair, while Fig. (3.1b) shows

the subsequent domain solution from the next injection pair.

3.2 Inverse Problem

The EIT inverse problem seeks to minimize the error between the experimental and model
predicted voltages. However, the inverse problem is ill-posed and requires some additional

information to produce meaningful reconstructions in the form of a regularization term to
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Figure 3.1. (a) Current injected and grounded into the first electrode pair.(b)
Current injected and grounded into the second electrode pair.

constrain the solution space. Several approaches to the error minimization and regulariza-
tion algorithms have been proposed with suggested use-cases [56-59]. In this work, two
formulations for the error minimization were conducted. The first approach was a f,-norm
least-squares error minimization, and the second was a ¢;-norm error minimization using
a primal-dual interior point method (PDIPM). Note that the PDIPM algorithm was not
developed for this work and was used as a secondary comparative tool against the tradi-
tionally used ¢>-norm minimization. The PDIPM algorithm was derived from references [60,
61]. The regularization was formulated as a minimization in the least-squares sense for both
error minimization approaches. Applying the fo-norm for regularization uses the discrete
Laplacian operator and favors smoothly varying solutions while adding resilience against

oscillatory noise.
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3.3 General Formulation for Difference Imaging Inverse Problem

In general, the EIT inverse problems seeks a conductivity distribution; however, the in-
verse problem is also severely ill-posed and underdetermined with sensitivity to outlier data
and noise. To this end, a minimization is performed on the differences between the ex-
perimentally collected inter-electrode voltage differences and the computationally predicted
values. Sources like experimental errors, electrode placement, and differences between the
computational and actual physical domains contribute to these sensitivities when solving
the inverse problem. A method to counteract these obstacles is through difference imaging,
where these error sources largely subtract out. Therefore, the general minimization for the
EIT inverse problem is formulated in Eqn. (3.10). Here, do is a vector of conductivity values
(scalars or tensors depending on whether an isotropic or anisotropic formulation is used,;
see Section (3.6)), that correspond to the change in the conductivity distribution of each
element within the mesh from the forward problem. Then, do* is the change in conductivity
distribution that satisfies the error minimization between the experimental data and the
computational solution. The first term is the error minimization term, which is generalized
to be m'™ norm raised to the m! power. It is reiterated that the EIT formulation is ill-posed
and requires regularization to help constrain the solution. The second term is the regular-
ization term, where R is a generalized regularization variable, of which there are multiple
mathematical approaches done for the EIT problem. This regularization term is specified
to be the fy-norm raised to the 2" power and therefore uses the discrete Laplace operator.

Additionally, « is a scalar hyperparameter dictating the degree of regularization.

So* = argmin |V, — W™ + o ||R (60" (3.10)
do

In difference imaging, the domain is inspected at two different times or states, i.e. V(1)
and V (t3). Typically the first state is an undamaged or baseline state, followed by a second
damaged state. However, any two different states can be used in EIT. Experimental data
collected at both of these states reduce the previously mentioned negative effects, which
improves the quality of the reconstructed conductivity distribution. Equation (3.11) shows

the difference of these two voltage data sets, defined as V,,. A similar vector of difference
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voltages is supplied via the forward problem, defined in Eqn. (3.12) as W. Here 0o is the
conductivity difference from the undamaged and damaged states and F'(+) is the operator for
the forward problem evaluated at each state. The do term can be isolated from F'(o + do)
through a truncated Taylor series expansion centered about the initial estimate for the
conductivity, as seen in Eq. (3.13). We then define the sensitivity matrix as J = 9F(90) Jos.

Consequently, W can be represented as shown in Eq. (3.14).

Vi = Vi(t) — V(1) (3.11)
W = F(o + d0) — F (o) (3.12)
F(o+d0) ~ F(oo) + (Wa(:")aa (3.13)
W = Jio (3.14)

3.4 Error Minimization: /;-norm

In the case where m = 2 in Eqn. (3.10), the square of the ¢y-norm is specified for both
the error and regularization terms. This approach can be solved in a one-step minimization.
An explicit closed-form of Eqn. (3.10) can be found by expanding both of the squared norm
terms, taking the gradient with respect to dor, setting the equation to zero and isolating dor.
Therefore, Eqn. (3.15) solves the objective function minimization in a least-squares sense.
Additionally, the objective function can be represented in an augmented matrix form, as
seen in Eqn. (3.16), which is a form compatible with many numerical solvers like MATLAB’s
LSQLIN function, which is a constrained linear least-squares algorithm. The solution can
be constrained by assumptions on the solution. The lower bound is set so the conductivity
loss cannot exceed the baseline estimate. Additionally, there should not be a conductivity
increase from damage, but a small allowance over the initial estimate is set to account for

experimental data noise.
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The regularization term has been replaced with the discrete approximation of the Laplace
operator, L. The advantage of the Laplace operator is that highly oscillatory conductivity
changes are filtered to minimizes the effects of outlier noise data with favoring smoothly vary-
ing solutions. The discrete Laplace operator is defined in Eqn. (3.17). Here, L;; represents a
square symmetric matrix equal in size to the number of elements in the mesh. The Laplacian
matrix is assembled by determining the number of elements adjacent to a specific element.
In three-dimensional space, an adjacent element is defined as sharing a face or having the
same three nodes as another element. Since the mesh is comprised of tetrahedrons, the max
number of shared faces can be four. If the 7th element shares a face with the jth element, a
value of -1 is added at the 7, j index. The ith diagonal index of L is the absolute sum along

the ith row and represents the degree of connectedness of the ith element.

bo* = (J7T +aL"L) VT (3.15)
2
J Vin
do* = min do — (3.16)
o oL 0

2
degree(§,) ifi=j
L=1L;=1{-1 if i # j and €, is adjacent to €; (3.17)

0 otherwise

3.5 Error Minimization: /;-norm

The PDIPM approach solves Eqn. (3.10) using the ¢;-norm of the error term, m = 1,
and reformulates the inverse problem by the addition of a second objective function that
is solved simultaneously. The PDIPM algorithm is presented in Egs. (3.18 — 3.19), where
W is expanded for clarity. Again, this approach was not developed specifically by this
work and instead was used as a tool for characterizing the difference in error minimization
approaches that resulted in the best EIT reconstruction images. Use of the ¢;-norm is

especially important for limiting the effect of outlier data, which the fs-norm is sensitive to.
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For the sake of clarity, within the formulation of PDIPM, do is redefined as & because the
PDIPM is an iterative algorithm. That is, using  prevents the use of cumbersome 0 (do)

notation.
:l:*zmxinHJm—VmH}—i-aHLmH; (3.18)

2T (Jx - V) +al||lLz|s |z <1
z" = max (3.19)

J'z+aLl”Lz =0
In the above equations, x is the primal problem and z is the dual problem. Both are found
iteratively such that 2" = x4z and 2" = 2" +min(1, A)dz where X is selected such that
A =sup(A: [2]' + Adz| < 1) for the n+ 1 iteration by solving the system of equations shown
in Eqn. (3.20). The terms E and G are shown in Egs. (3.21 — 3.22), where (Jx — V), is

the ith value of the error vector, ¢, and z; is the ith value of the dual vector. [ is a small

scalar value used to ensure differentiability.

2L"L J | |z J'z +2aL"Lx
- (3.20)
GJ —E| |z (Jr—V,)— Ez

[SIES

E = diag (((Jac — Vi) +8) ) (3.21)

G =diag |1 —
(T2 = V) +5)

(3.22)

N

3.6 Anisotropic Formulation

The previous mathematical framework presented was for a generalized case assuming
electrical isotropy. This framework is not appropriate for materials with anisotropic conduc-
tivity like CFRPs and requires changes to the EIT formulation. Instead of a vector of scalar
values defining the conductivity distribution, the anisotropic formulation requires a vector

of tensors defining the conductivity distribution. EIT is already an ill-posed, underdeter-
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mined inverse problem, resulting in no unique solution. Seeking the solution that satisfies
the minimization becomes more difficult because there are now six unknowns, o;; is a sym-

metric 2°d

-order tensor, instead of one in the isotropic case. One method of overcoming this
obstacle is to transform the problem with a scalar multiple of the conductivity tensor such
that the eigenvectors are maintained [62, 63]. The conductivity tensor can then be rewritten
as 0;; = Kk0;j, where k is the multiplicative factor chosen so that det|s;;| = 1. Implementing
this change back to the EIT formulation requires the sensitivity matrix to be redefined as
J* = 9(kaij) Jox. The terms k and &;; are now boldfaced to indicate vectorization for use
in the finite element method. The new objective function now seeks the scalar distribu-
tion change, 0k, that satisfies the minimization and is shown in augmented matrix form in
Eqn. (3.23). To constrain the solution space for the minimization, assumptions about the
piezoresistive behavior from damage are enforced. Conductivity loss cannot be greater than
100% of the baseline, meaning the lower limit is bounded by —x. In the experimental EIT

data, there will be variation in the measured voltage data and an allowance for that variation

bounds the upper limit at 1% of the baseline.

2
Jr Vin

K" = <r(151in< o ok — (3.23)
—k < dr < .01k oL 0

2

The explicit form of the sensitivity matrix, J*, can be seen in Eqn. (3.24). The sensitivity
matrix is the integral of the dot product of the gradient of the voltage on the eth element due
to the current supplied to the Mth electrode injection pair and the gradient of the voltage on
the eth element due to the Nth adjoint field, where the adjoint field is the domain solution
due to a unit current injection supplied to the Nth electrode pair. Here, M N is a single
index and the integral is evaluated over the eth element. A physical interpretation of J* is
the sensitivity of the Nth electrode pair due to conductivity perturbations of the eth element
from the current injected in the Mth electrode pair. An in-depth derivation of the Jacobian

can be found in [19, 48].

g~ ouM __ oul
= — g .
MN e axZ i axl
€

dQ, (3.24)
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The isotropic formulation of J is a simplification of Eqn. (3.24). In the isotropic case, the
normalized conductivity tensor, &;;, is replaced with the Kronecker delta, §;;. The isotropic

formulation for J is shown in Equation (3.25) below.

ouM oulv
Jun e = —/ oz, 8% (3.25)

3.7 Conductivity Tensor Transformation

The geometry used in this work requires the element-wise conductivity tensor, of;, to

ij
undergo a tensor transformation. Chapter (4) contains in-depth detail about the geometry
used in this work, but will be briefly described here. As previously mentioned, a mesh using
tetrahedral elements is used to discretize the domain of interest. The domain of interest is
a cylindrical shell shape with an inner annulus. The generation of this mesh has a defined
global coordinate reference frame with the z3-axis aligned with the centerline of the cylinder.
Because this work involves a non-planar geometry, the same conductivity tensor cannot be
applied to every element. The element-wise conductivity tensor must be transformed into
the global coordinate reference frame for the forward problem to be calculated correctly. The
EIT the formulation already involves element-wise calculations, requiring no modifications.
Therefore, the only additional task is to transform the conductivity tensor for each element
in the mesh into the global coordinate reference frame.

Figure (3.2) shows the global coordinate reference frame and an arbitrary elemental
coordinate reference frame of the mesh. The elemental coordinate reference frame is chosen
to enforce the through-thickness direction on the shell is always in the 2| direction. Therefore,
only a two-dimensional rotation about the xz-axis is required for the transformation. The
position vector, 7, begins at the global origin to the location of the elemental centroid. The
angle, 6, is the angle between r and the global x;-axis. Equation (3.26) shows the elemental
conductivity tensor, Eqn. (3.27) shows the direction cosine rotation matrix, and Eqn. (3.28)
shows the equation to perform the tensor transformation.

It is noted here that there are two distinct regions of the geometry will have two different

elemental conductivity tensors. The reason for the transformation described in the previous
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paragraph was to enforce the through-thickness direction based on the domain’s geometry.
The through-thickness direction of the annulus region needs to be enforced as well, which
is in the x3 direction. Physically speaking, the shell begins where the planar surface of the
annulus ends and denotes the location where the different conductivity tensors are applied.
Mathematically speaking, if the magnitude of r is longer than the radius of the annulus,

i.e. |7| > Tannus, the elemental shell conductivity tensor is applied. These two tensors are

described more in Section (5.6).

a

X1

Figure 3.2. a) Isometric view, b) top view showing region of canuus, ¢) side
view showing region of ogpey.

(o} 0 0
o;=10 o0y 0 (3.26)
0 0 03

cosf@ —sinf 0
R=|sinf® cosf 0 (3.27)

0 0 1

o = [R][of;] [R)T (3.28)
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4. MANUFACTURING

This chapter describes the manufacturing of two types of CFRP laminates used in this
work. The first section presents the laminate used for EIT experiments and the associated
development work. Next, the process used to produce conductivity test measurements is

described.

4.1 Research Specimen: The Shell-Annulus

The specimen geometry designed for EIT experiments consists of a outer cylindrical
shell with an internal annulus about the mid-plane, and is given the Shell-Annulus (SA)
nomenclature. Two different applications of composites motivated the geometry of the SA.
The first was to have a CFRP laminate that could be a plausible facsimile of a support
structure. Thin-walled structures are used extensively for aerospace structural supports
due to their high strength-to-weight ratios and were a primary source of inspiration for
the geometry. The second application is the use of composites as sacrificial impact energy
attenuator structures, which are often tube shaped. Research has increased investigating
these sacrificial structures as crash boxes for the automotive racing industry and protecting
civil structures, as seen in [64-67]. However, there was no specified loading scenario dictating
aspects the geometry or the laminate sequence to maintain the geometry’s generality.

The layup sequence is defined as [(°°/90°),/4455], and is an eight—ply, balanced, symmet-
ric, and mechanically quasi-isotropic laminate. Both the shell and annulus portions of the
laminate follow the same layup sequence. This layup was chosen because it would provide
dimensionally stability from the curing process. The material system used was a 3K 2 x 2
twill weave carbon fiber prepreg purchased from FibreGlast (Brookville, OH, USA). This
material was selected for several reasons. The first reason was to use the kinds of materials
currently used in aerospace, where prepreg carbon fiber is used instead of dry fabrics. Also,
this specific prepreg did not require freezer storage and had a shelf-life of six months. Finally,
the prepreg was curable without an autoclave. This allowed all CFRP manufacturing to be

completed in-house with available laboratory equipment.
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The SA specimen had the following nominal dimensions. The annulus had a nominal
outer diameter (O.D.) of 4.25 (in.) and the inner diameter was 2.0 (in.). The thickness of
both the shell and annulus was 0.96 (in.). The O.D. of the shell was 4.42 (in.) and the height
was 5.0 (in.). A graphical representation of the SA geometry is shown in Fig. (4.1).
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Figure 4.1. Shell-Annulus (SA) nominal geometric representation with annulus excerpt.

As previously stated, the SA specimen was manufactured in-house and required signifi-
cant development to the manufacturing process. The expertise of this research group is not
composite manufacturing, however best efforts were done to produce geometrically complex
CFRP laminates with acceptable results. The main challenge was how to join the shell
and annulus portions together into one monolithic structure. It was decided both parts of
the laminate would be made and joined in the same cure as opposed to performing a sec-
ondary cure to join two separate laminates. The primary driver for this decision was concern
of a conductive dead zone where the two laminates meet. An equal concern was having
dimensional mismatch between two laminates making it impossible to be joined smoothly.
Therefore, the construction of the entire laminate occurred in one layup process and required

the design of tooling to facilitate manufacturing.
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The process to join the shell and annulus portions of the laminate was to have portions
of the annulus plies overlap plies of the shell. In effect, the shell and annulus would be elec-
trically connected through these overlapped contact areas. A cross-section of this approach
is seen in Fig. (4.2). Plies from both the top and bottom half of the annulus were cut in a

way to accommodate a 90° bend to be draped along the shell plies.

Figure 4.2. SA cross—section showing ply overlaps (Not to scale.).

4.1.1 Acrylic Templates

Prepreg cutting templates were designed to consistently shape cut plies for the laminate.
Multiple templates were designed and manufactured from acrylic using a Trotec Flexx 400
laser cutter located at Purdue’s Bechtel Innovation Design Center. These templates also
had alignment features to help cut the prepreg with the correct orientations (i.e. £45° and
0°/90°). The efficiency of cutting the plies was also increased through use of the templates.
The templates used and can be seen in Fig. (4.3). The annulus required two separate

templates because the two innermost plies would not be draped onto the shell. The rationale
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was to minimize the void at the corner with a small number of plies. Therefore, a 4.25 (in.)
diameter template and a 6 (in.) diameter template were used to cut the annulus plies with a
utility knife. The lengths of these draping cutouts were sized so that there was still a uniform
4.25 (in.) diameter coverage on the annulus. A rectangular template was used to quickly
cut plies for the shell portion. Several small rectangular cutouts were also implemented into

the templates to support prepreg alignment during cutting.

Figure 4.3. CFRP prepreg acrylic cutting templates; shell (top), 4.25 (in.)
annulus (bottom left), and 6 (in.) annulus (bottom right) (Not to scale.).

4.1.2 Foam Core Molds

High-temperature polyisocyanurate (PIR) (ITW/Grainger) foam was used as a sacrificial
foam core to fill the empty internal space of the SA specimen during the layup process. The

foam core was required so the laminate had a mold for shaping and to facilitate bonding of
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the shell and annulus portions during the vacuum curing process. After curing, the foam
molds were chiseled out. PIR foam had a compatible working temperature to withstand the
curing temperature of the CFRP prepreg. More commonly available foams, like polyurethane
and polystyrene, did not meet this requirement.

Two inner foam molds were designed to have a layup process where the annulus portion
can be constructed and pre-shaped for the shell plies to wrap around the molds. Figure (4.4)
show a graphical representative of the two molds integrated with the full laminate. The foam
was only available with a 1 (in.) thickness so multiple pieces of foam were stacked to produce
a height of 3 (in.). The stack was secured with toothpicks because using an adhesive would
make removing the foam more difficult. It was key for the foam to be cut as perfectly as
possible since the laminate would form to the surface of the molds. An aluminum 6061-T6
tube with an inner diameter of 4.25 (in.) (McMaster-Carr, 9056K991) was used as a stamp
die cutting tool, Fig. (4.5).

BACEES S AL TEE SACATES SAYA TS S A CE TR A

Figure 4.4. Graphical representation of foam core molds within the SA specimen.

To help facilitate foam removal, the exposed edges of the foam were covered with an
adhesive backed low—friction Flourinated Ethylene Propylene (FEP) film (McMaster-Carr,
5805T11). Once again, a film was selected with an operating temperature above the prepreg
curing temperature. The film acted as a barrier between the resin and the foam so the
foam would not bond to the laminate. An unexpected consequence of the PIR foam was

it’s tendency to easily flake dust from very light abrasions. Once the film was applied to
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Figure 4.5. AlI6061-T6 die cutting tool and resulting PIR foam mold pieces

the foam and cleaned of dust, the foam could be handled without producing more dust to

protect the laminate from foam debris during layup.

4.1.3 Layup Process

The layup and vacuum bagging approach followed processes common with manufacturing
CFRP laminates. Figure (4.6) shows a diagram of the layup materials sequence. The inner
foam molds were already described in the previous section and the materials on the outer
surface of the SA laminate was a layer of peel-ply, then release film, and finally a breather
cloth. The annulus was constructed in halves before being physically joined. Then the shell
plies could be wrapped around the molds.

Multiple debulk steps were required throughout the layup process to prevent wrinkles
and bunching of the plies. The debulking ensured the plies conformed to the molds and
also prevented ply shifting as the layer count increased. Once the first ply was place on the
foam mold, ply was placed under vacuum for at least 15 minutes at room temperature and
then removed from vacuum. Next, after every two subsequent plies, the partial laminate was
debulked again under the same conditions. After each debulk, the laminate was inspected
for wrinkling and adjusted as required. Figure (4.7) shows one half of the partial annulus

laminate and both halves under a debulk. Peel-ply was used during these steps to assist in
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removal of the parts from the vacuum bag. Additionally, care was taken to ensure the vacuum
bag did not snag on corners of the geometry or pull on the plies. This process continued until
both halves were ready to be joined. Once joined, another debulk was performed. Then the
plies for the shell were placed onto the foam molds. The same debulk process was completed
until the layup sequence was complete. The laminate was then cured in an oven at 290 °F for
two hours per the manufacturer’s instructions. Two SA specimens were manufactured using
these steps and Fig. (4.8) shows the SA specimen after being removed from the vacuum bag

and after the foam was removed.

Foam Core
FEP Film
CFRP
Peel-Ply
Release Film

Breather
Vacuum Bag

Figure 4.6. Vacuum bag materials diagram.

4.1.4 Electrode Integration

The SA specimen was instrumented with 32 surface mounted electrodes. The distribution
of electrodes can be viewed as four rings of eight electrodes. These rings are comprised of
the top/bottom of the shell and the inner/outer edges of the annulus. All electrodes were
designed to be .25 x .25 (in.) squares and to be aligned vertically and concentrically, resulting

in a precisely distributed electrode array. To support this goal, paperboard (McMaster-Carr,
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Figure 4.8. SA specimen after curing with inner foam mold (left) and with
the foam removed: side view (middle) and top view (right).

3659N11) electrode templates were made for the exact placement and sizing of electrodes.
Figure (4.9) shows the electrode templates being cut for shell and annulus electrodes. The
templates were first used to mark locations on the specimen that require sanding. Sanding
removes the outer epoxy layer to expose carbon fibers before the electrodes are attached.
A wet-sanding process using 600 grit sandpaper, followed by a 1200 grit sandpaper, was
performed at all electrode locations and cleaned with acetone. To have clean electrode

edges, masking tape was used over the templates to cut out electrode squares and affixed
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to the specimen. The masking tape was finely adjusted for electrode alignment as required.
Each electrode was then given two coats of conductive silver paint from Ted Pella Inc.
(Redding, CA, USA), allowing dry time after each coat. Finally, the electrode dimensions
were measured and shown in Fig. (4.10). COTS right-angled jumper wire pins were attached
to each painted electrode using silver conductive epoxy H20E EPO-Tek, also from Ted Pella
Inc. High heat epoxy putty from J-B Weld (Marietta, Ga, USA), was used to assist in the
placement of the pins and provide additional structural reinforcement. The SA laminate was
then placed in an oven at 176 °F for 1.5 hours to cure the conductive epoxy. Figure (4.11)

shows the final configuration of electrodes with pins.

Figure 4.10. Electrode dimension measurements for shell: length and width
and annulus electrodes.
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Figure 4.11. Shell electrodes with pins attached.

4.2 Conductivity Specimen: Square Plate

A flat plate laminate was made to cut out planar specimens for conductivity measure-
ments of the material. The layup sequence mimicked that of the SA specimen, albeit with a
larger thickness to make instrumenting edge-mounted electrodes easier. The layup sequence
is defined as [(0°/90°),/£455],y, and is the same as the SA specimen but repeated at the
laminate’s mid-plane. A flat CFRP plate measuring approximately 9 x 9 x .14 (in.) was
manufactured using the hand layup vacuum bag process and cured in an oven at 290 °F
for two hours. The laminate was laid against an aluminum plate pretreated with two coats
of FibreGlast’s 1153 FibRelease mold release. Peel-ply was placed on top of the final top
layer, followed by release film, then a breather cloth. The laminate was then sealed within
a vacuum bag.

The nominal test specimen geometry was designed to be 1 x 1 x .14 (in.) (Ixwxt). A
total of 64 specimens were cut from the flat plate using a wet tile cutting saw, but only
15 were used for conductivity measurements. Because CFRPs have conductive anisotropy,

measurements were taken in the three principle directions from the laminate. The planar x;
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and x5 directions following the fiber orientations and x3 was the through-thickness direction,
where x1 and x5 were chosen arbitrarily. The plate laminate and an instrumented specimen
for each measurement can be seen in Fig. (4.12). Two coats of conductive silver paint were
applied to the two faces perpendicular to the measurement direction of interest. Once again,
COTS jumper pins were affixed to each electrode surface for a contact point to the power
supply. Silver conductive epoxy H20E EPO-Tek and JB Weld epoxy were used to attach
and support the pins. The specimens were then placed in an oven at 176 °F for 1.5 hours to

cure the epoxy.

Figure 4.12. a) CFRP plate laminate, (b) Conductivity specimen with con-
ductive silver paint and electrodes attached in the x; direction, x5 direction
and z3 direction.
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5. EXPERIMENTAL PROCEDURE

This chapter describes the experimental setup and procedures used in this work. First
the injection schemes used in this work are described. Next the conductivity measurement
experiment and results are discussed. Finally, the impact test setup used for this work is

presented.

5.1 EIT Injection Scheme Motivation

An injection scheme is used to define the order for injecting and grounding electrodes,
as well as the inter-electrode voltage differences. This information is important to ensure
the EIT formulation is setup properly to match the experiment. As previously seen, the SA
specimen was instrumented with 32 surface-mounted electrodes. A total of 16 electrodes
were placed on both the shell and annulus regions. The geometry’s domain was created and
meshed using Corefoam Cubit, a finite element meshing software originally developed by
Sandia National Laboratories and commercialized for public use. A total of 25,093 elements
were used for this geometry.

A well-known EIT injection scheme is called the adjacent scheme. The name refers to
the fact that after a current injection is performed, the next neighboring electrode receives
a current injection. The pattern repeats until all electrodes have received a current injec-
tion. Other injection schemes exist, but the adjacent scheme is commonly seen in the EIT
literature because it produces acceptable results. This framework inspired the selection of
injection patterns used for this work. The extensive exploration, in-depth characterization,
and optimization of injections schemes is outside of the scope of this work. Therefore, any

injection scheme that produced reasonable results were acceptable.

5.2 Zigzag Injection Scheme

In the zigzag injection scheme, the surface electrode numbering can be seen in Fig. (5.1).
The injection of electrodes starts at electrode one and continues sequentially until ending at

electrode 32, as seen in the two-dimension projection in Fig. (5.2). The electrode numbering
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was done in a way such that the injections follow a “zigzag” path along the shell. This
specific numbering also avoids modifying the EIT formulation from a traditional adjacent
injection scheme. Additionally, this pattern had previous success with EIT damage detection
using surface mounted electrodes in a CFRP airfoil [48].

Figures (5.3-5.4) show the first and second current injection pairs and a few represen-
tative inter-electrode voltage differences respectively. Not all inter-electrode differences are
shown for clarity. An electrode pair is supplied a DC current and the electrode pairs not
involved with the current injection are used for inter-electrode voltage differences. Inter-
electrode voltage differences physically associated with any injection pair electrode are not
used because contact impedance and measurement noise can negatively affect the EIT re-

constructions. These voltages are used to assemble V,, and calculated offline as an input

into the EIT formulation.
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Figure 5.1. Zigzag electrode numbering.

5.3 Isolated Adjacent Injection Scheme

In the isolated adjacent injection scheme, the surface electrode numbering can be seen
in Fig. (5.5). In this case, each row of electrodes is considered individually, as seen in
Fig. (5.6). Effectively, three adjacent injection patterns are performed on the SA specimen.

This scheme was explored as an adaptation to overcome potential difficulties detecting dam-
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Figure 5.3. Zigzag: First injection and inter-electrode voltage numbering.
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Figure 5.4. Zigzag: Second injection and inter-electrode voltage numbering.

age in complex geometries with multiple surfaces. It was seen in reference [49] that damage
far away from electrodes has an observable lower sensitivity for similar damages. In this
approach, only the most pertinent electrode data subsets could be used to reduce the com-
putation cost of EIT. The higher electrode density on the annulus likely would not benefit
from this modified approach and thus the two concentric rows of electrodes were not treated
individually. The process of injection order and inter-electrode voltage differences remains
the same. Figures (5.7-5.8) show the first and second current injection pairs with all inter-
electrode voltage differences shown. The forward problem is now performed individually for
each isolated adjacent injection group, corresponding to each set of experimental data taken.
Additionally, J is calculated for each set as well. The proposed modification to the EIT
formulation is the concatenation of each V! and J* used. In other words, Eqn. (5.1 — 5.2)
shows how the V,, and J terms are modified.

Vl

m

V2
V=" (5.1)

VN
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Figure 5.5. Isolated adjacent electrode numbering.

5.4 Impact Test Setup

A CEAST 9340 impact drop tower was used for all impacts done on the SA specimen.
The SA specimen was placed on an adjustable base that could be leveled to the impact
plane of the test frame. Ideally, the specimens should be securely restrained to maximize the
absorbed energy into the test specimen. A carbon-steel v-block was required to elevate the
SA specimen for electrode pin clearance and to control the orientation in the test frame due
to its cylindrical shape. Steel weights were used to restrict lateral movement and tie-down
straps were used to restrict vertical movement. The reasoning behind the additional fixtures
was that during testing, the impact energy caused significant recoil movement of the specimen
and significantly reduced the desired impact energy. The test setup and specimen loaded into

the test frame is shown in Fig. (5.9). The impact tester was used in impact energy control
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Figure 5.7. Isolated adjacent: First injection and inter-electrode voltage numbering.

and adjusted striker height and velocity accordingly. Verification of the impact energy was
done through a photocell installed on the drop tower and the sensor data was analyzed by

the control software.
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Figure 5.9. a) CEAST impact drop tower, b) SA specimen loaded into test
frame with fixturing.

Additionally, an aluminum 6061-T6 insert was inserted into one side of the SA inner
volume during impact testing. The reason for the metal insert was for there to be a solid
mass behind the thin CFRP laminate thickness. The goal of the impact tests were not to have

the impact striker go through the specimen, instead it was to produce BVID. These inserts
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did provide adequate reinforcement to prevent full fracture of the SA specimens. Visual
inspection of the inserts showed that there were indentations from the impacts performed.
The inserts were machined from round stock on a Haas ST-20 lathe and turned to the correct
dimension to fit snugly within the SA specimen. This machining setup and final result are
seen in Fig. (5.10). Each of the two SA specimens required their own metal insert to account

for slight dimensional deviations between the laminates.

Figure 5.10. a) Fit check of Al6060-T6 insert with SA specimen, b) same fit
check from another view, and c¢) the insert and SA specimen inside the impact
drop tower.

5.5 EIT Measurement Setup

A constant 500 (mA) DC current was injected into each electrode pair using a BK
Precision 9131B power supply. Voltages from all electrodes were connected via jumper
wires and routed through National Instruments (NI) SCB-68A input/output boxes. The
signals were captured using NI PXIe-6368 data acquisition system (DAQ) cards. A labVIEW
program collected voltage data for 1 second at 200 Hz. The first 100 data points were culled
as they contain data where the power supply is adjusting the load of the specimen. Then the
remaining data points were averaged. The injection and ground leads were attached to the
electrode pins using hook-style leads. The instrumentation setup is shown in Fig. (5.11). A
range of currents were explored before settling on 500 (mA). The relatively high conductivity
of the CFRP laminate resulted in low signal-to-noise ratio measurements, which makes it

more difficult for EIT to correctly reconstruct damage. However, due to the power square
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law between power and current, P = I?, the current was limited to avoid thermal heating
of the injected electrode, causing measured voltages to increase. Since EIT is predicated on

difference imaging, it was essential to ensure measurement stability between both states.

Figure 5.11. Measurement setup of the SA: side view (left) and top view (right).

5.6 Material Conductivity

The EIT formulation relies on an initial conductivity estimate for the piezoresistive ma-
terial. It is possible to calibrate an initial estimate based on the baseline experimental data.
However, it is also advisable to characterize the material through performing conductiv-
ity measurements. The following section describes the process and results of conductivity
measurements conducted on the material. The selected conductivity for use in the EIT

formulation is then presented.

5.6.1 Conductivity Measurements

A DC current of 500 (mA) was injected into each test specimen using a BK Preci-
sion 9131B power supply. Voltage was then measured using a Keysight U1241C digital
multi-meter (DMM). Four-point wire measurements were used to eliminate lead wire resis-
tances during conductivity measurements due to the low resistance of the test specimens.

In Fig. (5.12), hook style leads provided the current injection and the tip probes from the
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DMM measured the voltage. Resistance was calculated using Ohm’s law V' = IR, followed
by resistivity using the specimen’s measured dimensions. Conductivity was calculated as the
inverse of resistivity. The average and standard deviation conductivity of five measurements
for each type of specimen are shown in Table (5.1). Multiple readings were performed for
each measurement to ensure each sample tested was consistent.

An interesting result was that the material’s conductivity was not transversely isotropic.
A common assumption with bi-directional carbon fiber weaves is that the two planar con-
ductivities are the same since the volumetric average number of fibers aligned with each
direction are the same. Fibers in isolation exhibit orthotropic conductivity and it was also
reported in reference [30], that fiber orientation matters for conductivity. The differences in
measured planar conductivities may have a few explanations. First, there could be a general
misalignment of the fibers with the way the test specimens were cut. Square tools were
used to cut the prepreg and laminate, aiding ply and specimen alignment during manufac-
turing. Visual inspection also did not indicate a significant fiber angle misalignment, but
this was a qualitative assessment only. Second, it could be that this specific bi-directional
CFRP prepreg exhibits orthotropic behavior. The prepreg was cut in a methodical manner
to ensure the layup angles were followed, but each ply was not necessarily laid in the same
orientation from which it was cut from the prepreg roll. Therefore, it is not possible to
definitively conclude orthotropic properties is the norm for this material. Finally, it was
observed that the fibers from the prepreg were not well aligned from the supplier. Figure
(5.13) shows that the weave had numerous fiber separation gaps with curved fibers and a
general lack of uniform fiber spacing. It is possible that enough fibers were misaligned in the
sample specimens to affect the anisotropic behavior. The values measured for each speci-
men type were consistent, as seen by the reported standard deviations for the planar values.
A noted exception to this statement is the through-thickness values had a larger deviation
among measured specimens. The fiber misalignment could have exacerbated measurements
in the through-thickness direction given the wide range of values measured. More research
into CFRP prepreg laminates will need to be done to have a better understanding of the

electrical conductivity.
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An average conductivity value along the z; direction was calculated to be 2,268 (Sm™!),
with a standard deviation of + 125 (Sm™!). An average conductivity value along the x,
direction was calculated to be 1,323 (Sm™'), with a standard deviation of + 215 (Sm™!). An
average thru-thickness conductivity value was calculated to be 0.35 (Sm™!), with a standard
deviation of + 0.169 (Sm™!). The results are presented in SI units to follow the common

convention of presenting conductivity in EIT literature.

Figure 5.13. Carbon fiber prepreg held to the light to show general fiber
misalignment and gaps.
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Table 5.1. Conductivity measurements in all three principle axes with stan-
dard deviation.

Direction Average

o 2268 + 125 (Sm™1)
o 1323 + 215 (Sm™)
T 0.35 + 0.169 (Sm™!)

5.6.2 Conductivity Selection

Based on the conductivity measurements, the material conductivity tensor is shown in
Egs. (5.3—5.4). The initial assumption that the prepreg CEFRP exhibits transversely isotropic
conductivity was not supported by data and instead measured orthotropic properties. Ad-
ditionally, there was uncertainty which direction would be appropriate for each respective
conductivity scalar. Therefore, EIT routines were ran, alternating between the two planar
conductivity values. Both produced qualitatively similar reconstruction images so only one
tensorial form is presented below. Finally, separate conductivity tensors were used for the
shell and annulus respectively. The appropriate tensor was selected based if the radial dis-
tance of an elemental centroid was past the O.D. of the annulus as described in Section

(3.7).

035 0 0
op"=10 1323 0 | (Sm™) (5.3)
0 0 2366
2366 0 0
ot =1 0 1323 0 | (Sm™) (5.4)
0 0 035
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6. EXPERIMENTAL RESULTS

This chapter contains the results of experimental damage detection of a geometrically-
complex, non-planar CFRP laminate using EIT. First, notch damage detection will be de-
scribed. Second, impact damage detection will be presented. The reconstructions, except
the PDIPM result, are normalized by the initial estimate of x and presented as a percent.

The PDIPM result is presented as the change in conductivity (Sm™1).

6.1 Notch Damage Reconstruction

Notch damage is easier to detect in EIT reconstructions because the severance of carbon
fibers significantly increases resistivity and an excellent first test to validate the EIT formu-
lation. A notch was cut into the annulus between electrodes 30 and 31 using a Dremel rotary
cutting tool, as seen in Fig. (6.1). The size of this notch was 0.15 (in.) wide and 0.36 (in.)
in length. Figure (6.2) shows the notch damage in the SA annulus with the length of the
notch measured. The orthotropic conductivity tensor formulation was used with the zigzag
injection scheme. Finally, the EIT damage reconstruction image can be seen in Fig. (6.3).

From inspection of the EIT reconstruction, the formulation captured the damage well.
The location of the damage was correctly found and the predicted conductivity loss was
shaped appropriately. The notch did not extend past the inner electrode ring, and similarly
the predicted loss also does not extend past this reference line. Additionally, there was
an absence of noise or artifacts everywhere else on the domain, indicating a stability in
measurements taken. The conductivity loss is presented as a percentage normalized by the
value of k used to constrain the minimization. This lack of noise was also likely due to the

aforementioned relative ease of finding notch damage.

6.2 Impact Damage: 18 (J)

The next damage to be detected was a 18 (J) impact located near electrodes one and
four. Detecting impact damage is more of a challenge to detect because generally the loss

of conductivity is smaller than from notch damage. Fewer fibers break and prepregs have
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Figure 6.1. Location and sizing of notch damage in annulus, dimensions in
(in.) (Not to scale).

Figure 6.2. Annulus after cutting of the notch with the length verification.

less excess resin susceptible to matrix cracking, leading to smaller differences between the
baseline and damaged electrode voltages. The impact left a visible indentation approximately
0.21 x 0.27 (in.) in size and located 1.625 (in.) from the bottom plane of the specimen. The
impact measurements can be seen in Fig. (6.4). On the surface, a clear impression from the

impact striker could be seen. It was not clear if crack propagated through the thickness of
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Figure 6.3. EIT reconstruction: annulus notch damage, orthotropic tensor,
zigzag scheme.

the laminate. Once again, the orthotropic conductivity tensor formulation was used with
the zigzag injection scheme. Finally, the EIT damage reconstruction image can be seen in
Fig. (6.5).

The resulting reconstruction was not as clearly defined as the notch damage reconstruc-
tion. First, the location of the largest predicted conductivity loss was in the general location,
but not shaped well. More specifically, the damage was placed between the correct electrodes
in the lower left of the image, indicated by the yellow circle, but was leaned towards the
bottom edge of the domain, as indicated by Fig. (6.4). There is also the addition of ex-
perimental noise or artifacts throughout the image in the best recoverable reconstruction.
While it is tempting to say the damage was identified based on a priori knowledge about the
damage, the degree of noise prevents conclusive identification of the damage to the author.
The largest predicted loss was in the range of 2.8% and was significantly smaller than the

36% loss from the notch reconstruction. Again, it is stated the loss is presented as a percent
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change normalized by . This lower predicted conductivity loss could have exacerbated the
degree of noise from experimental data.

Several observations were taken from the 18 (J) impact test. The first was perhaps the
impact energy was not high enough to produce enough fracture damage to the CFRP lam-
inate. The surface indentation observed appeared very localized, but the extent of damage
was not characterized by other NDE methods. Second, the noise seen in the reconstructed
image could be an indication of electrode damage. Certainly the electrodes responded ap-
propriately post-impact to the current injections and there was no visible damage seen. The
cause of potential electrode damage could have been from the impact itself. A limitation of
EIT is the sensitivity to outlier data, coupled with the f>-norm favoring smoothly varying so-
lutions. Increases to the contact impedance could have led the least-squares minimization to
produce false-positive damage detection in areas not physically meaningful. Finally, review
of the injection scheme highlighted a potential damage sensitivity issue. The damage was
conducted in a location that was not in a direct path for a current injection or inter-electrode
difference. This configuration could have led to the current-voltage relationship being mini-
mally affected by the damage. It was possible that the coupled factors of the impact energy,
impact location, injection scheme, and fracture toughness of the prepreg CFRP resulted in

low damage sensitivity.

Figure 6.4. Location and sizing of 18 (J) impact damage in shell, dimensions in (in.).

6.3 Impact Damage: 46 (J)

In light of the 18 (J) impact results, an additional impact test was conducted on the

shell. In the second impact test, the impact energy was significantly increased and the
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Figure 6.5. EIT reconstruction: shell 18 (J) impact damage, orthotropic
tensor, zigzag scheme.

isolated injection scheme was utilized. Increasing the impact energy should increase the
probability of detection through a measurable current-voltage relationship at the electrodes.
The location of impact was selected to be in close relative proximity of current injection
and inter-electrode differences. The orthotropic conductivity formulation was used with the
isolated adjacent injection scheme. Additionally, measurements were only conducted using
the 16 electrodes located on the shell with the 16 electrodes in the annulus excluded.

An impact energy of 46 (J) was impacted located near electrodes 9 and 10. Note this
was using the electrode numbering of the isolated adjacent scheme. Once again, the impact
left a visible indentation measuring 0.25 x 0.29 (in.) in size and located 4.75 (in.) from the
bottom plane of the specimen. The impact measurements can be seen in Fig. (6.6). The
higher energy resulted in a slightly larger damage size compared to the 18 (J) impact, but of
comparable size despite the energy being over 2.5 times higher in magnitude. The damage
reconstruction can be seen in Fig. (6.7) with the damage located in the upper left of the
image highlighted by the yellow circle.

The results in the EIT image show marked improvement from the 18 (J) reconstruction.
The location of the impact was located correctly between electrodes 9 and 10. With the

damage being closer to the edge of the specimen, there was a max predicted loss centered at
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the edge. The noise in the image was significantly less with the exception of some predicted
loss in regions without physical damage. However, the conductivity loss was much larger with
respect to noise, supporting a more conclusive identification of the damage. Additionally,
the predicted percent loss of conductivity 65% with the noisy regions having losses in the
35% range.

The results from the second impact test provided additional insights from observations
made after the first impact. The higher impact energy was reflected in a higher magnitude of
predicted loss. The presence of noise now concentrated near the edges supports the theory of
minor electrode damage due to impact testing. The same skewing of the damage centering
was still present like in the 18 (J) impact. Finally, the implementation of the isolated adjacent
injection scheme for EIT appeared to result in an acceptable image.

It needs to be noted that electrode six was sheared off after the 46 (J) impact. This
was noticed before the damaged data set was collected, but a new baseline data set was
not remeasured. The electrode surface on the shell was sanded to remove residue. Care
was taken to leave a outline of the original electrode square to help align painting the new
electrode over the old electrode location. It was unclear how much this replacement affected

the measurements and ensuing EIT reconstruction.

Figure 6.6. Location and sizing of 46 (J) impact damage in shell, dimensions in (in.).

7



Figure 6.7. EIT reconstruction: shell 46 (J) impact damage, orthotropic
tensor, isolated adjacent scheme.

6.3.1 PDIPM Error Minimization with Homogeneous Best-Fit

Although the previous result was an improvement over the 18 (J) case, additional work
was done to see if the EIT reconstruction could be improved. To that end, the EIT inverse
problem was instead solved by minimizing the ¢;-norm of the error via the PDIPM algo-
rithm. The ¢;-norm improves EIT reconstructions through robustness to outlier data and the
previous result indicated noise from potential damage to electrodes. The other change was
instead of using the conductivity measurements to define the baseline conductivity tensor
estimate, a homogeneous best fit was done using the baseline experimental data. In other
words, the predicted voltages from the forward problem are compared the the experimental
voltages of the SA specimen in the baseline state. A range of conductivity values are supplied
to the forward problem and the conductivity that resulted in the smallest residual between
the model and experimental data was selected. The best homogeneous fit was with a con-
ductivity value of 6,000 (Sm™!) and the resulting plot between the model and experimental
data is shown in Fig. (6.8). From this plot, the experimental data consistently had values
larger than the model, further suggesting the presence of electrode damage.

The same 46 (J) impact damage data was used with the modified EIT formulation.

As seen in Fig. (6.9), the reconstructed image was improved from the previous f-norm
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approach. Namely, the artifacts not representative of physical damage have been eliminated
from the image, leaving only the impact damage with a predicted conductivity loss. The
gradient of predicted loss also matches the reality of the impact location better. Additionally,
the maximum predicted loss was approximately -177 (Sm~!). It is noted that the value
reported for the /;-norm minimization is not normalized by s and is instead the change in
conductivity. Figure (6.10) shows the convergence of the PDIPM, with the relative residual
and error converging after three iterations. The damage size was larger than the previous
EIT formulation. The improved image demonstrated the difference the ¢;-norm had on
robustness to noise and provided further indication that electrode damage skewed results

from the ¢s-norm minimization.
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Figure 6.8. Comparison between best-fit conductivity model predicted and
experimental baseline inter-electrode voltage differences.
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Figure 6.9. EIT reconstruction: shell 46 (J) impact damage, homogeneous
best fit conductivity, PDIPM error minimization, isolated adjacent scheme.
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Figure 6.10. Convergence plot of the PDIPM algorithm showing error and
relative residual per iteration.
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7. SUMMARY, CONCLUSIONS, AND FUTURE WORK

This chapter includes a brief summary of the work presented in this thesis. Several con-
clusions are stated from the results of the EIT mathematical formulation and experiments.

Finally, a brief discussion is presented on recommended future work.

7.1 Summary

The motivation of this research was to advance the state-of-the-art for damage detection
of self-sensing CFRP laminates that are geometrically complex using EIT for potential future
embedded sensing systems. CFRP laminates are commonly used in the design of high
performance aerospace structures. While NDE methods exist to detection damage in a
laboratory or maintenance environment, there is currently no practical method of detecting
damage of CFRPs once in service. Additionally, EIT research must move beyond applications
on flat plates towards laminates more representative of real world structures. Carbon fiber
is also a piezoresistive material worth researching for embedded sensing systems because no
modifications are required to the laminate that would sacrifice structural performance.

A CFRP laminate was manufactured as a cylindrical shell structure with an internal
annulus for use in EIT damage detection experiments. The geometry was designed to be
a generic structural composite laminate. Although there was no specific application of this
laminate that guided the shape, the laminate should have reasonable strength to general
loading conditions. The material’s conductivity was calculated based on four-point wire
measurements.

Several damage modes were inflicted onto the specimen to determine the efficacy of self-
sensing damage detection to each damage. First, a small rectangular notch was cut out from
the annulus. The developed anisotropic EIT formulation successfully detected this damage
clearly without the presence of outlier noise. Next, two impact events were performed on the
test specimen to mimic BVID. The first impact at 18 (J) was not conclusively found like the
notch. The predicted conductivity loss was generally in the correct location, but noise per-
meated the reconstruction image that did not match physical damage. It is hypothesized the

inability to clearly find this damage was largely a consequence of the injection-measurement
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scheme. That is, the damage just so happened to be placed in a region through which little
current flowed. The next impact was done at 46 (J) and using a different injection scheme to
improve damage detection. The damage was found with significantly less noise, meaning the
detection capability improved. The presence of noise in the regions close to the electrodes
support the idea of progressive electrode data.

Finally, a ¢;-norm error minimization using a PDIPM algorithm was used with a experi-
mentally calibrated homogeneous best-fit conductivity to generate another EIT reconstruc-
tion of the same 46 (J) impact. Improvements in the ¢;-norm result shows the significance of
outlier data with the /5-norm formulation. The two results generally agree, but the ¢;-norm

produced the superior and noiseless damage reconstruction.

7.2 Conclusion

In conclusion, this work presents the capabilities and challenges of performing EIT on
a CFRP prepreg laminate with geometric complexities. EIT is capable of detecting notch
damage very effectively, but impact damage is harder to detect due lower signal-to-noise
ratios. Noisy data exacerbates this difficulty and gives credence to favor the ¢;-norm instead
of the /o-norm for EIT applications . Because little research has been done on EIT with
CFRP prepreg laminates with this complexity, the work presented herein is important to-
wards understanding effective strategies for damage detection and considerations to avoid
and minimize experimental noise. Additionally, a different injection scheme was required
to improve detection sensitivity. This work demonstrates that EIT is capable of detect-
ing damage several damage types within CFRP prepregs to advance the state-of-the-art of

self-sensing structures.

7.3 Future Work

More research is needed in understanding the specific behaviors of prepreg CFRPs for
self-sensing applications. A lot of work had been conducted using dry fabric for laminates,
whereas this work uses prepregs. The added fracture toughness of prepregs likely reduced

the observed resistance changes within test specimens and negatively affected the clarity
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of reconstruction images. A sensitivity experiment comparing the difference in damage
detection of the same weave patterns, dry versus prepreg, would help determine impact
energy detectability limitations. Additionally, characterizing the anisotropic conductivity
of multiple commercially available prepreg CFRP materials would help set expectations of
values for EIT research. Comparable work by Sannamani et. al [48] presented conductivity
values significantly different than those in this work. With more data sets that can be
referenced, experimental results can be either correlated or highlight emergent observations.

A pernicious challenge for EIT as a successful damage detection modality is robust elec-
trodes. The damage detection capabilities in this work certainly were affected. Noise was
persistent in the data, likely from impact loading. However, visually the electrodes appeared
unharmed. An electrode configuration with a low profile or low mass could help prevent

degradation.
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