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Chapter 4: Detection of Spatially
Distributed Damage in Fiber-Reinforced
Polymer Composites

4.1 Abstract

This work is a first look detecting detection embedded within glass fiber reinforced polymer
composites. Damage detection is achieved by monitoring the spatially distributed electrical conductivity of
a piezoresistive multi-walled carbon nanotube thin film. First, thin films were spray-deposited directly upon
glass fiber mats. Second, using electrical impedance tomography (EIT), the spatially conductivity
distribution of the thin film was determined before and after damage events. The resolution of the sensor
was determined by drilling progressively larger holes in the center of the composite specimens, and the
corresponding EIT response was measured. In addition, the sensitivity to damage occurring at different
locations in the composite was also investigated by comparing EIT spatial conductivity maps obtained for
specimens with sets of holes drilled at different locations in the sensing area. Finally, the location and
severity of damage from impact events was detected using the EIT method. The work presented in this
study indicates a paradigm shift in the possibilities available for structural health monitoring of fiber-
reinforced polymer composites.

4.2 Introduction

For over 50 years, fiber-reinforced polymer (FRP) composites have been used with increasing
frequency in retrofitted and newly constructed structures. This utilization spans the aerospace, wind
turbine, automotive, naval, and civil industries. The reason for their widespread adoption is that FRPs

feature high strength-to-weight ratios, resistance to fatigue and corrosion, as well as high conformability



and tailorability to a specific design. Despite these impressive characteristics, FRPs are still susceptible to
damage due to a variety of avenues, including overloading, impact events, chemical penetration, multi-axial
fatigue, and/or a combination of all of the above. Such damage tends to manifest in various modes, such as
delamination, fiber- or matrix-breakage, fiber-matrix debonding, and matrix swelling, among others. They
typically occur internal to the laminate architecture of the composite, thereby making damage nearly
invisible to visual inspection. As visual inspection is a common structural monitoring approach [1, 2], this
is a serious cause for concern.

Due to the internal nature of damage within FRP composites, several groups have focused on
embedded sensing methodologies into the layered architecture of composite materials. Direct strain
measurements have been performed using embedded foil-based strain gauges [3, 4] and fiber-Bragg
gratings [5-8]. These are both point-based methodologies that have high resolution at the point of sensor
application. However, to get a global view of structural health, dense instrumentation and interpolation
methods must be implemented for damage detection purposes. It has also been found that an embedded
optical fiber that has a diameter larger than 100 pum can lead to mechanical performance degradation [6].
Other groups have focused on embedding piezoelectric sensors within the composite architecture for
acoustic emission [9, 10] and ultrasonic imaging [11-13]. Acoustic and ultrasonic imaging allow for higher
resolutions of damage detection within the composite, but the embedded piezoelectric sensors and actuators
can act as crack initiators, thus leading to a shorter service life of the composite part [14].

To negate the issues of embedding macro-scale sensors within composite structures, others have
used changes in inherent or incorporated electrical properties of FRP composites for structural health
monitoring (SHM). Several groups have measured the change in resistance of the fibers in carbon fiber-
reinforced polymer (CFRP) composites while they are subjected to tensile and compressive loads [15-18].
In addition to characterizing CFRP piezoresistivity, others have focused on characterizing changes in their
electrical properties due to incurred damage from transverse cracking [19-21], fatigue [22], and
delamination [23]. For non-conductive FRPs like glass fiber-reinforced polymer (GFRP) composites,
carbon nanotube (CNT)-based nanocomposites have been investigated for in situ sensing. This work has
been motivated by observing the high piezoresistivity of individual carbon nanotubes [24-26]; since this

discovery, extensive work has been conducted in characterizing how electrical changes to these
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nanocomposites correlate to applied strain and incurred damage. Much of this work involves incorporating
carbon nanotubes into the epoxy matrix of GFRPs. Carbon nanotubes have been shown to not only enhance
their mechanical properties but also introducing electrical conductivity to the epoxy matrix (i.e., if the
appropriate functionalization of CNTSs are performed prior to their dispersion) [27-32]. Additional work has
demonstrated the sensitivity of these epoxy-based nanocomposites to applied strain [33, 34] and damage
[33-36]. Others have focused on using CNT-based thin films for applied sensing. Typically, most work in
this area involves manufacturing a thin film and affixing it onto the structural surface to be monitored. In
one case, the CNT-based thin film has been deposited directly onto a glass fiber weave and embedded
within a composite structure for actual in situ monitoring [37]. Unlike conventional point-based strain
transducers, CNT-based thin films are sensitive to strain at every location of the material. Therefore, it is
highly desirable to take advantage of their inherent distributed strain sensitivity as long as a corresponding
spatially distributed electrical measurement method is available.

For just over 30 years, medical- and geophysical-focused research groups have been investigating
the application of a soft-tomographic imaging method called electrical impedance tomography (EIT). EIT
is capable of determining the conductivity distribution within a 2D or 3D body bounded by electrodes. An
EIT measurement is taken by injecting current between two electrodes while simultaneously measuring the
electric potential at the remaining electrodes. A full measurement consists of several of these electrical
current injection patterns. The reconstruction to determine the spatial conductivity distribution is ill-posed,
and its calculation has only been possible since the establishment of the mathematical framework proposed
by Calderon [38] in 1980. Since then, several groups have created algorithms to perform this reconstruction
using one-step [39, 40] or iterative [41-43] solvers for isotropic [44, 45] and anisotropic [46, 47]
conductivity distributions. Very limited research has been conducted to date to bring this electrical imaging
modality for SHM applications; examples include work by Loh et al. [48] for strain/impact, Hou et al. [49]
for pH, Pyo et al.[50] for corrosion, Lazarovitch et al. [51] for cracking, and Alirezaei et al. [52, 53] for
pressure/deformation monitoring. Despite creating a foundation for future EIT work in SHM, more studies
are required for achieving embedded and in situ sensing and for detecting structural damage occurring

within the material body.
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This study introduces embedded spatial sensing for SHM of structural components such as FRPs.
First, a piezoresistive multi-walled carbon nanotube (MWNT)-poly(vinylidene fluoride) (PVDF) film is
spray-deposited directly onto a glass fiber mat, which is then embedded in a GFRP composite. Depositing
the MWNT-PVDEF thin film on the fiber mat allows for a higher sensitivity to fiber damage, and the film is
protected from ambient environmental conditions by the encapsulating epoxy matrix. Second, EIT
measurements are taken to detect damage from drilled holes, and they simulate well-defined damage. Once
the sensitivity and resolution are established, EIT measurements are performed to detect damage from
different impact energies. EIT takes advantage of MWNT-PVDF’s spatial piezoresistivity by
reconstructing its spatial conductivity distribution in which its change in electrical conductivity at each
point is calibrated to applied strain. The reconstructed spatial conductivity map thus provides location and
severity information of damage. Finally, difficulties in measurement strategy and reconstruction arising
from the specimens’ anisotropic electrical conductivity (i.e., due to the unidirectional glass fiber mats used)
have been overcome. This work serves as a first step in enabling a field deployable in situ spatial damage
detection methodology for GFRP composites.
4.3  Electrical Impedance Tomography

Electrical impedance tomography is a soft-field tomographic imaging method that uses boundary
voltage measurements from propagated electric current to reconstruct the 2D or 3D conductivity
distribution with an area or volume bounded by measurement electrodes. A measurement is performed by
injecting a current between two boundary electrodes, and the differential voltage is measured for the
remaining electrodes that are adjacent to one another. To remove some electrode contact resistance effects,
voltage measurements are not taken for the pair of electrodes used to inject current (where one is the input,
and another is set to ground). This approach allows for a more stable calculation of the voltage distribution
for each current propagation [45]. The reconstruction of the conductivity distribution is based on Laplace’s
equation:

V-oVu=0
(4.1)

In Equation (1), o represents the conductivity distribution in the sensing area, and u is the corresponding

voltage distribution, where both can be expressed as functions of spatial Cartesian coordinates (i.e., (X,y) in
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2D and (x,y,z) in 3D). Because very few analytical solutions are known for this equation, it is typical to
perform these calculations numerically using the finite element method (FEM), where the conductive area
is discretized into triangular elements. In this study, each element is assumed to have a constant
conductivity. The numerical calculation is performed using a weak formulation of Laplace’s equation as

shown in Equation (2):

ﬂQV¢-aQ -Vudxdy =0 @2

In Equation (2), ¢is the linear shape function to account for the voltage at each node, which is located at
the corner of each triangular element. To take the current injection and ground boundary conditions into

consideration, Equations (3) and (4) are applied at each electrode in the mesh:

I Ga—u ds =1,
5 Jv (4.3)
u+qa§E:w

v (4.4)

Equation (3) mandates that the current injected at a specific electrode (E;) must be normal to the surface of
the electrodes and must total the amount of current in the actual measurement. Equation (4) governs the
voltage drop between the electrode and that of the conductive medium due to contact resistance (z)) [44,
54].

Typically, Laplace’s equation is solved as a forward problem, where the body’s conductivity
distribution is known, and the boundary voltage distribution is calculated. In the case of EIT, the spatial
conductivity is desired, whereas the boundary voltage values are known (i.e., from experimental
measurements), thus necessitating solving the inverse problem. As discussed previously, many
reconstruction methods have been created in the literature. For SHM, detecting changes in the conductivity
with respect to a baseline is what is desired for damage detection. For this reason, the linearized
reconstruction strategy developed by Adler and Guardo [40] is used for normalized differential
reconstruction. Their reconstruction algorithm, called Maximum a Posteriori (MAP), is a one-step solver,
which is ideal for real-time measurements. For this reconstruction, two sets of boundary electrode voltage

measurements are required, where an initial measurement is obtained and then compared to a measurement
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later in time. The difference is calculated for each individual voltage measurement (A4V) and is then divided
by the corresponding initial measurement (Vo). The reconstruction is based on Equation (5):

Ao 1 AV
29 — (H'WH + iR) HTW(—]

%o 0 (4.5)

The MAP algorithm reconstructs the normalized difference in conductivity, using the normalized
differential voltage measurements between two points in time. This reconstruction is mainly governed by
the sensitivity matrix (H), which correlates a small and normalized change in conductivity in one element
to a normalized change in voltage at the boundary electrodes. The sensitivity matrix takes changes from all
of the elements into account, facilitating the reconstruction. Normalized differential imaging has the
advantage that the injection current’s magnitude and the contact resistance values do not play a part in the
calculation of the sensitivity matrix. The Gaussian white noise from the voltage measurements is taken into

account in the variance matrix (W), where:

i (4.6)
In Equation (6), «; is the variance for measurement i. As mentioned earlier, the EIT reconstruction is ill-
posed due to the higher number of elements to reconstruct than the available voltage measurements.

The ill-posedness of the inverse problem is overcome through regularization, which typically
imposes conditions of smoothness to stabilize the reconstruction. In this case, the regularization matrix R is
based on a Gaussian high-pass filter to implement smoothing. The regularization hyperparameter (1) must
be determined to specify how much smoothing is necessary. This is accomplished by calculating the
conductivity reconstructions corresponding to different A values until the signal-to-noise ratio (SNR) is a
specified multiple of the SNR of the voltage measurements. The ratio of the voltage SNR (SNRy) to the

SNR of the reconstructed conductivity (SNR,) is termed the noise figure (NF):

SNR,
SNR

NF =
o 4.7)

The NF used in this work has been set to 1, as has also been used by Graham and Adler [55].
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4.4  Experimental Methodology

To demonstrate the performance of EIT as an embedded SHM methodology, a conductive and
piezoresistive film needs to be deposited within the electrically non-conductive GFRP structure. A MWNT-
PVDF film was formulated and spray-deposited on a glass fiber mat, which was stacked with other glass
fiber mats and infused with epoxy to fabricate GFRP panels. These specimens were characterized for their
damage resolution using progressively larger drilled holes in the center of the sensing area. In addition,
sensitivity to damage occurring at different locations within the sensing area was also explored. Once the
damage sensitivity was determined, the impact damage detection capability of the EIT method was
investigated.

441 MWNT-PVDF Film Fabrication

A two-part conductive film was formulated for spray-deposition over large substrates. The first
component of the film formulation was based on an MWNT-PSS/NMP solution. The formulation started
with preparation of a 2 wt.% solution of poly(sodium 4-styrenesulfonate) (PSS) (~1M My, Sigma-Aldrich)
that was dissolved in deionized (DI) water using high-energy tip-sonication (D-450D, Branson) for at least
10 min. An addition of the appropriate amount of MWNTSs (SouthWest Nano Technologies) and a polar
solvent called N-methyl-2-pyrrolidone (NMP) (Sigma-Aldrich) was mixed and added to the PSS solution.
The NMP is used as a coalescing agent for the PVDF particles, as will be discussed later. This MWNT -
PSS/NMP solution was tip-sonicated for 30 min, which was enough time to fully disperse the nanotubes.
Dispersion was achieved via steric stabilization between the PSS and the MWNTSs [56], and the NMP also
aided with the dispersal of the MWNTS [57].

The second component of the formulation contained a latex of 150 nm diameter, spherical, sub-
microparticles of Kynar PVDF suspended in a Aquatec surfactant solution (Arkema). The solution was
diluted to an appropriate mass concentration using DI water. Just before spray-deposition, the first
component is mixed vigorously into the second component. This created a segregated network of MWNTS,
as they were unable to penetrate the PVDF particles. The final solution prior to spray-deposition was 13%
solids weight content with 5 wt.% MWNTSs. Figure 4.1 shows an illustration of this segregated network of

MWNTs in the latex solution.
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Figure 4.1. An illustration of the MWNTSs (black Figure 4.2. A photograph of the mask for one
lines) in the PVDF (blue spheres) latex solution is sensing area is shown. The smaller squares along
shown. film boundaries are for the electrode pads.

Once the film formulation was fully incorporated, it was spray-deposited using a VL-series
airbrush (Paasche Airbrush). The substrates, upon which the solutions were sprayed, were unidirectional E-
LR 0908 fiber mats (Vectorply) cut to 381 x 381 mm?. The substrates were masked to contain six equally
spaced 78x78 mm? sensing areas. In addition, the mask also allowed one to spray eight 3x3 mm? squares
along each side of the square sensing area. The squares along the film boundaries were used for the
electrode pads and were separated 6 mm apart. Once the film was spray-deposited, the substrates were
dried in an oven heated to 60 °C for 10 min. A dried film on a unidirectional glass fiber mat is displayed in
Figure 4.2, in which one can see the electrode pads extending from the main sensing area.

4.4.2 GFRP Composite Manufacturing

Once the MWNT-PVDF film was deposited on a number of the glass fiber mats, the GFRP
composites were laid up in a [0°/+45°/90°/-45°],s stack sequence, for a total of 16 layers. Using a vacuum-
assisted resin transfer molding (VARTM) process, the stacked glass fiber mats were infused with a two-
part epoxy system (117LV/237, Pro-Set), which was cured at 27 °C for 15 h and then 80 °C for 8 h. After
the cure process was complete, the panels were cut into six specimens, each with dimensions of 150x100
mm? as shown in Figure 4.3.

In order to allow for easy access to the sensing layers, the glass fiber mats with the applied
MWNT-PVDF films were only deposited on the top and bottom plies of the composite laminate. Since
epoxy is nonconductive, easy access to the electrodes was facilitated prior to the infusion and curing of the

epoxy. Here, adhesive copper tape, with a wax paper backing, was applied copper side down on each
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electrode pad of MWNT-PVDF film (prior to infusion). The tape was affixed using conductive colloidal
silver paint (Ted Pella). After infusion, epoxy flowed around the applied copper tape and adhered to it
instead of the MWNT-PVDF film of the electrode pad. A razor blade was used to cut around the perimeter
of the wax paper tape backing. The wax paper then detached from the conductive adhesive of the copper
tape, and the tip of the knife was used to peel back the wax paper with encasing epoxy attached. To
guarantee a good electrical connection, a top coat of colloidal silver paint was also applied to each exposed
electrode. The conductive electrode pad was then exposed and was used for performing the EIT
measurements. Final preparation of each specimen involved uncovering all 32 electrodes.
4.4.3 Anisotropic Spatial Conductivity Considerations

Due to the stacking sequence, the outer plies had a fiber orientation of 0° direction, which lies in
the vertical direction as shown in Figure 4.3. Due to this fiber direction, the conductivities in the vertical
direction are about twice as conductive as compared to the horizontal. To accommodate for this anisotropic
conductivity, the scalar conductivity values in Equations (1-4) became matrix values with non-zero

diagonal components. Equation (8) states how the conductivity is taken into consideration in this study:

0 1 0 1 0
G = Oorr = Cp |lon. = Oy |lo*
0 o o | == 90° o | ==
0° O O (4.8)

The values oy and oy were determined by taking two-point probe resistance measurements across the
sensing area, using the applied electrodes and in the directions indicated.

In the normalized differential reconstruction, only the scalar value of o* was reconstructed and not
the full matrix values. The degree of anisotropy was assumed to be the same across the sensing area, with
the scalar value of the conductivity (o*) assumed to change. This approach had been used before for other
anisotropic EIT conductivity mapping applications. Introduction of the anisotropic conductivity into the
sensitivity matrix was straightforward, where the conductivity matrix was directly applied to Equations (2-
4) [47]. The anisotropic conductivity changed the EIT approach in two ways, which were the calculation of
the sensitivity matrix and the pattern with which the current was injected. Figure 4.4 illustrates the current
injection pattern used in this study, where the blue lines connect the injection-ground electrode pairs. As

indicated in Figure 4.4, electrical current is directed to flow transverse and diagonal to the vertical direction
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Figure 4.3. Photograph of a GFRP specimen Figure 4.4. This schematic shows the current
with embedded MWNT-PVDF film. The injection pattern used due to the anisotropic
anisotropic nature of the conductivity is conductivity of the embedded MWNT-PVDF films.

indicated by the arrows. The blue lines indicate current injection pairs, and the
thick black lines along the boundaries are the
electrodes.

due to the anisotropic nature of spatial conductivity. If current is propagated in the vertical direction, the
current distribution does not spread transverse to the current path, which leads to differential voltages of
zero at the boundaries.
4.4.4 EIT Data Acquisition

As mentioned in Section 4.3, redundant sets of current injection-boundary voltage measurements
were required for solving the EIT inverse problem. A customized acrylic fixture with 32 spring-loaded pins
(Everett Charles Technologies) was designed for interrogating the test specimens (Figure 4.5). The acrylic
fixture was designed to fit directly over each composite specimen, and each of the spring-loaded pins was
aligned with each of the film boundary electrodes. The pins were positioned such that each of them landed
at the center of each electrode. Boundary voltage measurements were collected using an Agilent 34980A
equipped with a 34932A matrix switch, and a Keithley 6221 AC/DC current source was also connected to

the Agilent 34980A switch for current generation and grounding. The current amplitude used in this study

was a 100 uA DC current.
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Figure 4.5. A customized fixture is used for Figure 4.6. A representative specimen used for
obtaining EIT measurements. The image also the damage sensitivity study is shown. A total of
shows a specimen undergoing the damage nine 6.35 mm holes have been drilled.

sensitivity characterization study, and a 3.18 mm

hole has just been drilled.

4.45 Damage Sensitivity Characterization

Progressively larger holes were drilled in the center of GFRP specimens for determining the
damage detection resolution and sensitivity limit of the EIT method (Figure 4.5). The specimens were
secured and mounted in a drill press while connected to the EIT measurement setup. Using titanium nitride-
coated bits, holes of diameter 1.59 mm, 3.18 mm, 4.76 mm, 6.35 mm, 7.94 mm, 9.53 mm, and 12.7 mm
were drilled at the center of each specimen. An EIT measurement was taken of the pristine specimen as
well as after each hole was drilled. The EIT spatial conductivity reconstructions were performed in
reference to the pristine specimen.

In addition to characterizing the damage severity at the center of the sensing area, the sensitivity of
EIT to damage occurring at different locations within the sensing area was also characterized. To perform
this characterization, a 3x3 grid was drawn on a specimen as shown in Figure 4.6. In the center of each
region, a 6.35 mm hole was drilled; the sequence of drilling is based on the numbers shown in Figure 4.6
(starting with the center). An EIT measurement was performed of the pristine specimen and after every
hole was drilled. Once again, the EIT images were reconstructed in reference to the pristine specimen.
4.4.6 Impact Damage Detection

With the sensitivity to prescribed damage sizes characterized, the proposed EIT technique was

also investigated for detecting different magnitudes of impact damage. Following the ASTM standard
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Figure 4.7. A GRFRP specimen is drilled with  Figure 4.8. Noise figure is determined and plotted

a 6.35 mm hole drilled in the center. This for values of hyperparameters ranging from 102 and

specimen has been used to determine the 10™. The hyperparameter with a NF of 1 is

hyperparameter. indicated with a red circle and has a value of 4 =
4.539x10°,

D7136, specimens were subjected to nominal values of 20 J, 60 J, 100 J, and 140 J impact energies, using
an instrumented Instron Dynatup 9250G drop-weight tester. EIT measurements were taken before and after
each impact event. The reconstructions were conducted in reference to the initial measurement of the
undamaged specimen. To verify the EIT response, the specimens were compared to photographs taken after
the impact events.

4.5 Results and Discussion

4.5.1 Hyperparameter Calibration

As have been discussed in Section 4.3, a regularization hyperparameter must be determined for
smoothing and stabilizing the EIT inverse problem. To find this parameter, a 6.35 mm hole was drilled in
the center of a pristine specimen as shown in Figure 4.7. EIT boundary electrode measurements were
acquired before and after drilling. Then, EIT spatial conductivity reconstructions was performed using the
two datasets and with varying hyperparameter values ranging from 107 to 10*°. For each reconstruction, the
noise figure is calculated using Equation (7), and the results are plotted in Figure 4.7. Using linear
interpolation, the hyperparameter that corresponds to a NF of 1 was determined and used for the remainder

of this study.

69



0 20 40 60 78
X [mm]
Figure 4.9. The EIT normalized spatial conductivity map for the specimen with a 6.35 mm center hole is

shown. This reconstruction uses the hyperparameter that yielded a NF of 1. The dashed white circle
indicates the locations of the actual hole.

The EIT reconstruction that corresponds to the hyperparameter with a NF of 1 is shown in Figure
4.8. First, as described in Section 4.3, the EIT algorithm employed in this study solves for the relative or
normalized change in spatial conductivity (Equation 5). Thus, the EIT spatial conductivity maps only show
relative conductivity changes, where the normalized change in conductivity of each element in the EIT

FEM model (4oy) is calculated using Equation (9):

Ds, = D_.S‘ -100%

5o (©)
Figure 4.9 shows the EIT spatial conductivity map for the drilled specimen shown in Figure 4.7. The
decrease in conductivity that corresponds to the drilled hole can be easily discerned in the center of the
sensing area. One aspect of this reconstruction is the positive change of conductivity that is collocated near
the circumference of the drilled hole. This phenomenon tends to happen with many EIT reconstruction
algorithms, where a sharp change in conductivity will cause the reconstruction to slightly trend towards the
opposite magnitude (faint yellow ring) before converging again to the actual conductivity distribution in the
vicinity [40, 47, 55]. The two circular areas, one on the top-left and one on the bottom-left in Figure 4.9,
may also be due to this phenomenon.
4.5.2 Damage Sensitivity Characterization

EIT damage sensitivity characterization studies based on the procedure outlined in Section 4.4.5

have been performed. EIT spatial conductivity maps corresponding to different drill-hole sizes and holes of
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Figure 4.10. The spatial conductivity maps for drilled holes with diameters of (a) 1.59 mm, (b) 3.18
mm, (c) 4.76 mm, (d) 6.35 mm, (e) 7.94 mm, (f) 9.53 mm, and (g) 12.7 mm are shown.

the same size drilled at different locations have been reconstructed using the hyperparameter determined in

Section 4.5.1. This study allows one to characterize the method’s damage detection resolution and the

sensitivity to damage located at different positions within the sensing area. First, a set of representative EIT

reconstructions corresponding to a specimen subjected to different drill-hole sizes is shown in Figure 4.10.

From Figure 4.10b, one can see that damage due to a 3.18 mm drilled hole is detectable, although the

normalized change in conductivity is comparable to the level of background noise. This contrast continues

to grow with increasing hole size, resulting in a contrast of about -1,000%



-3
-
=
% -5
z
[
-7
-9
0 5 10 15

Hole Diameter [mm]

Figure 4.11. Xy has been calculated using EIT conductivity maps and plotted as a function of drilled
center hole sizes.

for the 12.7 mm hole. While the theoretical normalized decrease in conductivity (Equation 9) is -100%, it is
thought that the exaggerations observed in the results shown in Figure 4.10 are due to the anisotropic
model. The degree of anisotropy might be higher than that measured using the resistance measurements.
Nevertheless, the algorithm has successfully indicated the location and relative severity of enlarging
damage from drilling.

To quantify the response due to the drilled holes, a metric (Zy) has been created and is based on

integrating the normalized EIT spatial conductivity response. As shown in Equation 10,

DI :IGNdA for:o, <0
Q

this integral is performed over a subset of the sensing area (€2) which consists of only elements with
negative values of oy (i.e., due to damage). In this case, Q is a 30x30 mm? square region in the center of
the sensing area. Xy has been calculated for each of the EIT spatial conductivity maps corresponding to the
different drill-hole sizes. The resulting values for Xy is plotted as a function of hole diameter as shown in
Figure 4.11. There is a distinct linear trend between Xy and hole diameters from 3.18 mm to 12.7 mm. This
linearity not only indicates the smallest damage the algorithm can detect (i.e., 3.18 mm relative to a 78 mm
sensing area), but it also validates the use of a linear EIT reconstruction algorithm. Furthermore, the center
of the sensing region has the lowest sensitivity due to the distance from the electrodes [45], so smaller-

sized damage may be detectable if they are located closer to the film boundaries.
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Figure 4.12. Normalized spatial conductivity maps for 6.35 mm holes drilled at different regions are
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Figure 4.13. Xy has been calculated using EIT conductivity maps and plotted as a function of the
number of drilled holes.

In addition to characterizing EIT response to damage size, the method has also been tested for its
sensitivity to the location of damage. The EIT reconstruction has been performed for each set of
measurements corresponding to after each drilled hole, as have been explained in Section 3.4. The results
of are presented in Figure 4.12. Figure 4.12a shows the EIT reconstruction for a 6.35 mm hole located in
the center of the sensing area (i.e., first drilled hole). The reconstruction shows a localized change in spatial
conductivity, although the results are elongated along the vertical direction. This effect is thought to be due
to the anisotropic model, where the characterizing resistance measurements might not capture the correct
anisotropic conditions. For the normalized spatial conductivity maps shown in Figures 4.12b to 4.12g, one
can see that holes drilled in the top and bottom rows are clearly detected. However, Figures 4.12h and 4.12i
show that damage corresponding to those locations can be detected, but the reconstruction pushes the
localized changes in conductivity towards the center of the sensing area. Again, it is hypothesized that this
is due to a discrepancy between the anisotropy of the conductivity distribution and that accounted for in the
EIT reconstruction model. Despite these effects, when the corresponding response to each hole is
characterized using the Xy metric, the response is fairly linear with respect to the number of holes present
(Figure 4.13). It should be mentioned that the domain of integration Q in this case was set to the entire
sensing area (due to the distribution of hole across the entire sensing area). The linearity of the response

further validates that the linear MAP reconstruction approach is appropriate for these measurements.
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Figure 4.14. GFRP specimens have been subjected to impact testing. (a) The photograph and (b) EIT
reconstruction of a specimen subjected to 20 J of impact is shown. (¢) The photograph and (b) EIT map
of a specimen subjected to 60 J of impact is also shown. The results suggest that EIT can detect the
location and differences in magnitude of impact damage.

4.5.3 Impact Damage Detection

Section 4.2 has shown that the proposed film-enhanced composite specimens and EIT technique are able to
detect and measure the location and severity of damage simulated by drilled holes (i.e., full penetration of
the MWNT-PVDF film and composite specimen). However, damage due to impact is far more complex
and does not always cause damage to the exterior plies. Thus, following the procedures in Section 3.5, a
series of tests has been conducted for characterizing the film and EIT’s ability to detect impact damage.
The experiment has been designed such that 20 J and 60 J of impact energy do not impart fracture damage
to the exterior plies, and damage is confined within the internal structure of the multilayered GFRPs.
Figures 4.14a and 4.14c show two representative specimens impacted at 20 J and 60 J of nominal
impact energy, and they do not cause apparent visual damage. Unlike visual inspection, EIT provides
greater sensitivity to damage and can provide information regarding damage occurring internal to the
material. The corresponding EIT spatial conductivity maps for specimens subjected to 20 J and 60 J of
impact are shown in Figures 4.14b and 4.14d, respectively. It can be observed from these figures that the

MWNT-PVDF film and EIT method successfully captures changes occurring internal to the structure. In
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Figure 4.15. GFRP specimens have been subjected to impact testing. (a) The photograph and (b) EIT

reconstruction of a specimen subjected to 100 J of impact is shown. (c) The photograph and (b) EIT

map of a specimen subjected to 140 J of impact is also shown.

addition, the normalized conductivity change for the 60 J impact case (Figure 4.14d) is more significant
than the 20 J case (Figure 4.14b), which is as expected due to higher magnitudes of plastic deformation.
The top films are not discussed here, because the conductivity change is negligible, which is consistent
with other studies [58]. One can consider that if this had been a composite aircraft wing, this damage may
be invisible to the naked eye and remain undetected for long periods of time.

For the 100 J impact energy case, Figure 4.15a shows that the backside of specimens shows clear
signs of visible damage to the outermost layer of the GFRP. This severe damage has also been easily
captured by EIT, as can be seen from the EIT reconstruction shown in Figure 4.15b. Furthermore, the
specimen that has been subjected to 140 J of impact energy also shows the same type of severe surface
damage as shown in Figure 4.15c. Once again, impact damage is successfully captured by the EIT
reconstruction of the MWNT-PVDF film, as can be seen from Figure 4.15d. One can observe drastic
decreases in normalized conductivity near the vicinity of impact damage. It should be noted that the
fracture in the center of the bottom face seems to elicit a spatial conductivity response that is elongated in
the vertical direction. This is consistent with the response due to a 6.35 mm hole drilled in the center, as

shown in Figure 4.12a.

76



0
-1
w; 2
K
NZ -3
-4
-5

20 60 100 140
Impact Energy [J]

Figure 4.16. The response of the EIT images of embedded MWNT-PVDF films to increasing damage
due to impact on several specimens, as indicated by the Xy metric.

To quantify the EIT reconstruction results to the various impact events, the Xy metric is once again
implemented. This time, Q is specified to be the entire sensing area due to the fact that the damaged area is
likely to extend beyond the area of impact. The cumulative results are presented as a mean of the responses
from each level of impact energy, which is shown in Figure 4.16. The error bars are calculated as the
standard error of the mean. Figure 4.16 shows that the damage metric becomes more negative as impact
energy has increased from 20 J and 60 J. On the other hand, a sudden increase in the amount of damage has
been observed after the 100 J of impact (and similarly for the 140 J case). This result is expected since a
large change in conductivity occurs due to localized fracture, which has already been observed in Figures
4.15a and 4.15c. Since fracture is present in both of the 100 J and 140 J cases, it is not surprising that they
exhibit roughly the same amount of damage (i.e., as have been quantified using the damage metric, Zy).
From these results, it has been demonstrated that EIT spatial conductivity mapping of embedded MWNT -
PVDF films is able to detect, locate, and determine the severity of damage induced by impact upon GFRP
composites.

46  Conclusions
This study serves as a step towards introducing EIT has a next-generation structural health

monitoring methodology that can be used in conjunction with MWNT-PVDF films for embedded damage
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detection. First, a piezoresistive MWNT-PVDF film assembled using spray fabrication was discussed. The
fabrication methodology was scalable and can find applications for deployment onto large structures while
still maintaining sensitivity to damage. Second, an electrical impedance tomography (EIT) differential
spatial conductivity mapping algorithm was proposed and implemented. However, it was also found that
the conductivity distribution of the spray-deposited sensor on unidirectional glass mats was anisotropic in
nature. Thus, the conductivity anisotropy was incorporated into the one-step linear MAP reconstruction
algorithm as part of EIT. Then, the EIT algorithm was characterized for its resolution and sensitivity to
well-defined damage due to different sizes and locations of drilled holes. Additional validation studies were
also conducted for verifying the ability of the algorithm to detect various levels of impact damage on GFRP
composites. Although more work needs to be conducted prior to their implementation in the field, EIT has

potential various structural health monitoring applications.
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Chapter 5: Conclusion

The work performed described in this dissertation has progressed the discipline of structural health
monitoring (SHM) by presenting an improved methodology for performing spatial detection of damage
using electrical impedance tomography (EIT). This sensitivity to damage was enabled by the application of
piezoresistive MWNT-PSS/PVA and MWNT-PVDF films to and within glass fiber-reinforced polymer
(GFRP) composites. Although, these deposition methods allow for the application of these films to almost
any structural material. Furthermore, this work focused on demonstrating the detection, location, and
severity determination of damage in GFRP composites. The description of this work was structured to
illustrate the main thrusts performed to advance the use of spatially distributed electrical conductivity for
structural health monitoring for GFRP composites.

In chapter 2, a characterization of the sensitivity of MWNT-PSS/PVA thin films to mechanical
loading was discussed. Using a layer-by-layer depositional method, the thin films were manufactured with
tailorable electrical properties directly on GFRP substrates. These films were characterized for the change
of their electrical properties to mechanical loading using time-domain DC resistance measurements and
frequency-domain electrical impedance spectroscopy measurements. Monotonic and dynamic loading was
performed on GFRP substrates with the deposited thin films, while the films were probe with the two
measurement methods. Bi-functional strain sensitivity was found in the electrical response, where a linear
response was followed by a quadratic response. It was proposed that the linear response was due to MWNT
stretching, and the quadratic response was due to the tearing of the film due to cracking in the underlying
substrate, as shown using scanning electron microscope images. Furthermore, the films were tested for their
response to changes in environmental conditions, including temperature and humidity. The response of the

films was found to be highly non-linear to both conditions, and these responses were characterized using
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appropriate models. The work performed in this chapter proved that MWNT thin films were sensitive to
both strain and damage, while characterizing any environmental sensitive as well.

In chapter 3, a new carbon nanotube-based film was formulated and used in conjunction with
electrical impedance tomography to demonstrate the ability to perform spatially distributed sensing. The
development of a new film was necessary due to limitations in the layer-by-layer depositional
methodology, which restricted the size of the area over which the film could be deposited. The new film,
made from a latex-base of PVDF sub-microparticles and MWNTSs, was demonstrated to be easy to apply
over large areas using a spray deposition. Using areas of spatially patterned conductive films, a linear EIT
algorithm called Maximum a Posteriori was implemented to detect differences in conductivity patterns
between specimens. This algorithm proved to be vastly faster than the iterative solvers previously applied
to EIT conductivity reconstructions for SHM applications. Finally, the films were characterized for their
sensitivity to applied strain using EIT. Compressive and tensile strain was subjected to MWNT-PVDF
films deposited on GFRP specimens using 4-pt bending. The EIT response was linear from -5,000 ue to
4,000 pe. These responses were nearly identical to those measured using 2-pt probe resistance
measurements for MWNT-PVDF films placed into the same levels of tension. This initial EIT study
demonstrated the spatial sensing capability of the EIT measurements on the MWNT-PVDF films.

In chapter 4, the MWNT-PVDF films were deposited directly onto the top and bottom plies of
fiber mats that were embedded within the GFRP composites. Due to the fiber orientation, the conductivity
was anisotropic in nature and was accounted for in an altered form of the MAP algorithm. The sensitivity
of this revised algorithm and the embedded films were characterized by drilling progressively larger holes
in the center of one of the sensing areas, while taking EIT measurements. Furthermore, the sensitivity of
the films to multiple points of damage was determined using an array of similarly sized holes across a
sensing area. Finally, specimens with embedded film were subjected to impact events with energies of 20 J,
60 J, 100 J, and 140 J. It was demonstrated that the EIT measurements were fully capable of detecting,
locating and determining the severity of the damage caused by the impact events.

In conclusion, this work has further enabled a shift in the structural health monitoring paradigm
towards spatial sensing using applied or embedded piezoresistive films. The reconstruction algorithm

implemented in this work allows for nearly real-time reconstructions that take about one second to perform.
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By embedding the MWNT-PVDF films, nearly invisible damage within the structure of GFRP composites
can now be detected. Despite these successes, further work needs to be performed to improve the
anisotropic models available for taking the fiber structure into account. To be able to perform EIT on each
layer of a composite structure, new methods will need to be developed to allow for electrical connectivity
with the boundary electrodes that will be fully embedded and encapsulated in epoxy. The innovations
introduced in this work and that of the future will eventually allow for spatial sensing systems that will be

ready for full field deployment.
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Chapter 1. Introduction

1.1 The Trillion Dollar Problem

With the numerous advances of the 20" century, the world has a complex infrastructure that is
aging, which is depended on for transportation, communication, defense, health protection, and many other
purposes. At the present, engineers are being increasingly tasked with the job of ensuring the structural
integrity of this infrastructure. Numerous governmental agencies and professional engineering societies
have spent an extraordinary amount of time establishing standards and estimates to accomplish these goals.
As an example, American Society of Civil Engineers periodically publishes a report card on United States’
civil infrastructure and the associated near-term costs to bring this infrastructure to acceptable standards.
The 2009 report card issued a general “D” rating for our overall infrastructure with dams, levees, and
hazardous waste facilities rating as among in the worst condition [1]. Over the next 5 years, they estimate
that $2.2 trillion will need to be invested to bring our infrastructure to a “B” rating. The report continues to
project that only half of that money will be allocated in governmental budgets [1]. In addition to civil
infrastructure, our aircraft infrastructure requires costly maintenance and monitoring. In 2007, the aircraft
maintenance and overhaul industry was worth about $45 billion for both commercial and defense assets.
Furthermore, a recent report cited the cost of the entire cost of the United States” F-35 Joint Strike Fighter
program to cost $1.45 trillion over its 50-year projected lifetime, with $1.11 trillion in maintenance and
operational costs [2]. It is obvious that this is a very serious trillion US dollar problem.

Not unlike how maintenance is performed on an automobile, maintenance is performed on most of
our infrastructure at specific time points or life-cycle events, like the number of miles driven in a car.
Specifically, the Federal Highway Administration (FHA) requires that all vehicular public bridges within

the United States be inspected every 24 months and underwater components checked every 60 months [3].



Due to FHA guidelines, these bridges are predominantly visually inspected [4], which is a time consuming
and laborious task. In addition to bridge monitoring, civilian aircraft are required to be inspected based on
time and flight-cycle (one lift-off and landing) requirements that are established in conjunction with the
Federal Aviation Administration [5]. The required maintenance schedules become more intensive for
longer timespans and accumulating flight-cycles, with the most intensive maintenance requiring to a
complete teardown of the plane for intensive evaluation [6]. During these maintenance schedules, the
aircraft are inspected primarily using visual inspection, but other non-destruction evaluation (NDE)
methods are used at a lesser rate [7]. With the most intensive “D-check” inspection taken taking weeks [8],
this can accumulate to a high loss of revenue for airlines.

To alleviate some of the time and costs associated with these extensive maintenance approaches, it
is desired to implement sensors that can detect the presence of damage within a structure. This would allow
for a paradigm shift from time/cycle-based maintenance towards condition-based maintenance. Distributed
sensors could indicate that a concrete member in a bridge or lap-joint in an aircraft is cracking,
necessitating action. In addition, some components are replaced based on the same criteria as maintenance,
which can lead to replacing component that still has sufficient service life remaining. This adds cost to
structural operations that can be reduced via sufficient monitoring. The weeks-long “D-checks” could be
performed in a matter of minutes or hours, if an aircraft were fully instrumented with sensors that are
capable of performing the tasks conducted during these checks. With this in mind, the research area of
structural health monitoring has been focused on innovating and implementing many of these desired
sensing methodologies [9].

1.2 Fiber-Reinforced Polymer Composites

Over the past 50 years, the use of fiber-reinforced polymer (FRP) composites has drastically
increased in structural parts of aircraft, wind turbines, naval vessels, unmanned aerial vehicles,
automobiles, and civil infrastructure. One example is the Boeing 787, which is constructed of over 50 wt.%
of FRP materials [10]. The first of these aircraft was delivered to All Nippon Airlines, in October 2011.
The reason for this increased usage is partly due to FRP’s high strength-to-weight ratios, corrosion and
fatigue resistance, and high conformability. Despite these characteristics, FRPs are still susceptible to

damage from sources like overloading, impact events, chemical penetration, and multi-axial fatigue, to



name a few. These events can invoke damage responses from composite materials in a variety of modes,
including delamination, fiber- and/or matrix breakage, fiber-matrix disbonding, matrix swelling. Due to
their laminate structure, these damage modes tend to manifest internally to the composite part, making this
damage nearly invisible. As the main method of aircraft monitoring is based on visual inspection, this
presents a concern. In fact, this nearly invisible damage has caused incidents in the past, for example in the
Airbus A-300 series aircraft. In one case, one of these aircraft was flying towards Ontario, Canada from
Cuba, when its rudder fully detached from the aircraft. The resulting U.S./Canadian investigation
determined that hydraulic fluid in the rudder had weakened the epoxy bond of the carbon fiber composite to
the point that the rudder did not have sufficient structural integrity and failed [11]. Due to this nearly
invisible damage, new structural health monitoring approaches need to be developed to detect damage in
composite materials.
1.3 Structural Health Monitoring — The State of the Art

To lower the cost of inspecting our current infrastructure, many research groups have developed
the groundwork for systems that can be deployed throughout a structure to detect the presence of damage.
In addition, many groups have focused their attention on creating system for damage detection in FRP
composites. Of these groups, some have even gone as far as to take advantage of the layered architecture of
composites for embedding their sensing approaches within the structure for in situ measurements. These
sensing methodologies include foil-based strain gauges, fiber-optic systems, acoustic and ultrasonic-based
approaches, and electrical property-based detection.

1.3.1  Foil-based Strain Gauge Sensing

Foil-based strain gauges have been used for materials and structural characterization for a long
time and are a mainstay in most mechanical research labs. Based on a metallic-foil that is deposited on a
thin substrate, the resistance across the foil changes with applied strain [12]. This effect is called
piezoresistivity. For structural health monitoring, the general approach is that an initial strain field is
mapped based on some representative loading. Later, deviations from this strain field due to analogous
loading can lead to a detection of damage and determination of location. Many groups have deployed
networks of these sensors to measure the strain field in structures to detect damage in railroad rails [13],

bridges [14], military fighter aircraft [15], and wind turbine blades [16], to name a few. In addition, other



groups have embedded these strain gauges within the structure of FRP composites for in situ monitoring of
damage [17, 18]. The downside of these systems is that each sensors needs to be wired separately, so
weight and cost from instrumentation can be a problem.

1.3.2  Fiber-Optic Sensing

Other researchers have used fiber-optic-based strain sensors instead of the foil-based variety. This
sensing is accomplished by embedding a Bragg grating within an optical fiber. These gratings are
alternating segments of the fiber with different refractive indexes, which causes a certain wavelength,
called the Bragg wavelength, of light to be reflected [19]. When the gratings are subjected to strain, the
gratings reflect at a shifted wavelength. If several gratings are placed in succession along a fiber with
different Bragg wavelengths, a multi-wavelength light source can be used to monitor strain at several
locations with one fiber. This lowers the cabling overhead necessary when compared to foil-based strain
sensors. However, as the Bragg gratings measure strain, they are sensitive to thermal changes as well due to
the coefficient of thermal expansion of the fiber material. To delineate between the strain sources, a
temperature sensor needs to be implemented in conjunction with the fiber-Bragg gratings. Foil-based strain
sensors have this same problem, as well. Fiber-Bragg gratings have been used in numerous applications,
with most using multiple Bragg sensors per fiber. Some examples include monitoring bridges [20], rocket
motors [21], and aircraft [22]. In addition, several research groups embedded these fibers within the
laminate architecture of FRP composites for in situ monitoring [21, 23-28]. There are a few drawbacks to
embedding the fiber optics within a composite. First, research has found that fibers with diameters larger
than 100 mm can act as a crack initiator, thus shortening the service life of the composite structure [27].
Second, many optical fibers are made out of glass, which is brittle. This can lead to difficulties with fiber
breakage during manufacturing, before the system can ever be tested. Once a fiber has broken, the system
is difficult to repair.

1.3.3  Acoustic and Ultrasonic-based Sensing

Wave propagation structural health monitoring is based on the measurement of stress waves
passing through a structure, at frequencies ranging from 20 Hz to 20 kHz (acoustic range) or above
(ultrasonic, from 20 kHz up to ~200 MHz). Unlike the previous methods, sensing of damage happens away

from the application point of the sensors. Transducers are typically based on piezoelectric materials, which



produce a voltage when they are subjected to a strain, or vice versa. This allows piezoelectric materials to
be both actuators and sensors, and can be used in passive or active systems.

Passive systems have several sensors distributed across a structure and wait for a stress wave to be
produced from a damage-like event, like the formation of a crack. The signal is captured by the sensors,
and the time difference between the arrivals of the signal may be used to determine the location of the
damage event. In addition, the detected signal is analyzed to determine the kind of damage that created it
and the relative severity. Acoustic emission techniques have been used in bridge monitoring [29], wind
turbines [30], and spacecraft [31]. Specifically for monitoring composite materials, other groups have
embedded acoustic emission and ultrasonic sensors using piezoelectric sensors [32] and fiber-optic sensors
[33] for detection.

Active sensing uses both an actuator and a sensor for detecting damage. In the pitch-catch method,
an actuator creates the strain waves and other sensors, placed elsewhere on the structure, sense the
propagated waves. This detection is based on how the propagated waves change as they pass through or are
deflected by the damage. In the pulse-echo method, one transducer performs as both the actuator and the
sensor. First, the transducer creates a strain wave. Then, the transducer is changed into a sensor and waits to
detect the propagated wave to be reflected from the presence of damage or the boundaries of the structure.
Several of these transducers are placed across a structure to determine the location and size of the damage.
Extensive work has been done in this are with some systems tried on space structures [34], fast patrol boats
[35], naval structures [36], and aircraft structures [37]. Other work has shown that active sensing can be
used in composite structures as well [38-41], although the propagation of the stress waves is complex due
to the anisotropic nature of composites. In fact, work has been done that involves embedding the
piezoelectric transducers within the composite structure, between the plies [42, 43]. However, research has
shown that the placement of the piezoelectric transducers on the surface or within a composite material can
cause stress concentrations. These stresses can lead to the onset of cracking, eventually decreasing the
structural integrity of the composite structure [44].

1.3.4 Two-point Electrical Sensing

Another approach taken for damage detection is monitoring for changes in electrical properties to

indicate the presence of damage. This approach has been conducted in two ways: measuring changes in



inherent electrical conductivity of a structure or measuring changes in the electrical conductivity of an
applied conductive film. The former approach has become a popular approach in monitoring conductive
carbon fiber reinforced polymers (CFRPs), and the latter approach has been implemented for non-
conductive composite materials, and for application in materials with conductivities that do not respond
significantly to mechanical loading or damage.

In addition to being conductive, CFRP composites have been shown to be piezoresistive (i.e.
resistance changes with applied strain). This change in resistance is typically measured in the direction of
applied loading, or in the longitudinal direction for typical tensile loading specimens. Several groups have
characterized the piezoresistivity of many types of CFRP composites [45-49]. In general, the resistance
response to applied strain is linear in nature. However, deviations from this linearity has been found to be
due to transverse cracking in the composites [46]. Other groups have focused on detecting fatigue damage
[50-52]. In this work, repeated loadings weakened the carbon fibers, leading to fiber breakage and increases
in resistance. Additionally, Seo and Lee [51] were able to create a model based on a neural network to
correlate a change in the resistance measurements to a reduction in stiffness of the CFRP composite
specimens. Other research has shown that changes in electrical resistance can be used to detect
delamination [53, 54]. Typically, these resistance measurements are taken through-the-thickness to orient
the possible damage transverse to the measurement direction, increasing sensitivity. By using the inherent
electrical properties of CFRP composites, many of the damage modes demonstrated by composite materials
can be detected.

When the electrical properties of the structure are not desirable for use for damage detection, the
application of a conductive film has been performed to accomplish this task. Due to the many desirable
properties of carbon nanotubes, these conductive nanoparticles have been incorporated into structures to
impart electrical conductivity for sensing purposes. Carbon nanotubes (CNTs) are rolled, concentric
cylinders of graphene sheets, which have diameters in a range from 1 to 100 nm and aspect ratios up to the
millions [55]. These nanoparticles have semi-conducting and metallic electrical properties based on the
orientation of these sheets and the number of the concentric cylinders [56]. In addition to electrical
conductivity, CNTs have been found to be piezoresistive [57-59]. To take advantage of these properties,

they have been incorporated into structures via neat CNT thin films and polymer-based nanocomposites.



A neat CNT thin film is only composed of carbon nanotubes, which are bound together via the
very strong carbon-carbon bond [60]. These films are typically manufactured by dispersing the CNTs in a
polar solvent, such as dimethylformamide (DMF), and then filtering the solution to create a mat of the
CNTs. These buckypapers have been predominantly characterized for their piezoresistivity [60-63].
Although piezoresistive, these films have been found to be rather brittle in nature [60], which could
possibly lead to the sensor failing at higher strain levels prior to the structure failing.

Another approach to utilize the characteristics of CNTSs is to incorporate them within a polymer
matrix, called a nanocomposite. Primarily, this has been done two ways: as a thin film [60, 64-69] or as a
bulk polymer nanocomposite [70-77]. Despite the method, the addition of CNTs not only imparts a
conductivity to the non-conductive polymer matrix, but has also been found to lead to higher mechanical
properties, in some cases [78]. These nanocomposites have been extensively characterized for their damage
detection capabilities that can be applied to or incorporated into a structure. In these conductive
nanocomposites, the piezoresistivity of the CNTSs is still present, and many have found thin films exhibiting
a bi-functional response to applied strain. This bi-functional response is typically initially linear, due to the
piezoresistivity of the CNTs, and then becomes non-linear due to cracking of the thin film [66, 67, 76]. In
the cases where a thin film was deposited directly upon the glass fibers in a GFRP composite, embedded
sensing was enabled and capable of capturing this non-linear changes in resistance due to transverse
cracking [66]. On the other hand, CNTs that are dispersed into epoxy can be infused throughout glass fiber
weaves to create a conductive GFRP composites, which have been characterized for their strain and
damage sensitivities [73, 76, 79]. Regardless of the approach towards incorporation of CNTSs, doing so
leads to a sensor that can be deposited or embedded within many structures.

1.3.5 Conclusions

At the present, great strides have been made to bring structural health monitoring methodologies
to numerous structures, including naval vessels, aircraft, bridges, wind turbines, and many others. Despite
these successes, there are drawbacks to these methods. Foil- and fiber Bragg grating-based strain sensors
are point-based sensors that have high strain sensitivity at the point of application. However, to determine
the strain away from these placement points, interpolation methods need to employed to a densely

instrumented network of these sensors. This can lead to a high cost and weight overhead that is not



desirable for many applications, like in aircraft. Wave propagation-based methods (in acoustic and
ultrasonic ranges) have the opposite problem, where their sensitivity is much higher away from the point of
application. This is particularly true for the pulse-echo configuration; because the actuated wave needs to
be given time to leave the transducer before it can be switched to receiving mode. In addition, components
of active systems can be really heavy, although advances by various groups are mitigating this problem [80,
81]. In relation to the electrical resistance-based sensing of inherent or imparted electrical conductivity,
these approaches are excellent at sensing applied strain and incurred damage. However, these
measurements do not allow for the location of the resistance changing phenomenon to be resolved.
1.4  Electrical Impedance Tomography

For the past 30 years, research has been conducted in developing an electromagnetic imaging
modality called electrical impedance tomography (EIT). EIT is a soft-tomographic method that can
reconstruct the spatial distribution of electrical conductivity within a set of boundary electrodes. EIT is
performed by propagating a current between two of the boundary electrodes, and differential voltage
measurements are taken between the remaining adjacent electrodes. This is done for several current
injections to create a full EIT measurement. These measurements are then used to perform the conductivity
distribution reconstruction. This reconstruction is inherently ill-posed, meaning that the number of
boundary voltage measurements is less than the number of conductivity variables to be solved. Due to this,
a stable reconstruction algorithm was not developed until 1980 by Calderon and has since been re-printed
in 2006 [82]. Since then, numerous groups have developed additional algorithms for linear [83-86] and
non-linear [85, 87-90] conductivity distributions using direct [83, 84, 91] or iterative solvers [92-94]. In
general, this research has focused on isotropic conductivity distributions, while others have focused on
solving anisotropic conductivity distributions [95-99]. Due to the non-invasive nature of this method, it has
been primarily the focus of medical [85, 88] and geophysical [90, 100] applications. Only recently has the
SHM community taken notice of EIT. Thus far, groups have investigated detection of strain/impact [101],
pH [102], corrosion [103], deformation [104, 105], and cracking [106]. Despite the impressive spatial
sensing that has been demonstrated by these studies, there are a few drawbacks that need to be addressed
before EIT can be used in the field for SHM. First, most of this work was done using an iterative

reconstruction solver that can lead to long processing times, which is not ideal for real-time SHM. Second,



the deposition method used to apply the conductive films can only be manufactured on small scales. To
take advantage of spatial sensing capabilities of EIT, the ability to deposit conductive films across large
areas of a structure is desired. Third, none of these studies have demonstrated the ability to take advantage
of the layered architecture of FRP composites for embedded sensing, where the damage is known to occur

in these structures.

1.5  Key Contributions of this Thesis and Conclusions

The work presented in this dissertation focuses on providing the next steps towards embedded,
spatially distributed health monitoring of glass fiber-reinforced polymer (GFRP) composites. The research
was broken up into three segments, each focusing on an issue facing the implementation of EIT as

discussed in the last section. These are each topics of a journal paper, which include:

1. A characterization of a MWNT-polyelectrolyte thin film formed via a layer-by-layer deposition
process directly onto the surface of a GFRP composite. These thin films were characterized for
their sensitivities to mechanical loading, temperature, and humidity. The results from this study
indicated that these thin films are not only strain sensitive but sensitive to incurred damage from
transverse cracking. The thin films’ sensitivities to temperature and humidity were both found to
be non-linear in nature but repeatable.

2. A conductive MWNT-polyvinylidene fluoride (PVDF) film was developed that is able to be
spray-deposited over large areas. Sprayed on GFRP composite substrates, EIT measurements were
performed on these films to characterize a direct (one-step) linear reconstruction algorithm called
Maximum a Posteriori (MAP). To validate the algorithm, specific patterns of MWNT-PVDF
conductive films were deposited on GFRP substrates to be imaged with EIT. The corresponding
reconstructions were compared to the conductivity distributions measured by distributed 4-pt
probe measurements. In addition, the strain sensitivity of the MWNT-PVDF films on a GFRP
substrates was characterized with 2-pt probe resistance measurements and compared to the

sensitivities measured using the EIT method.



3. The MWNT-PVDF films were embedded within GFRP composites, and EIT imaging was
performed on these specimens. It was determined that the conductivity was anisotropic, and the
MAP algorithm was modified to account for this. A damage sensitivity characterization was
performed, by drilling increasingly bigger holes in the center of a specimen. In addition, the spatial
sensitivity of the algorithm was determined by drilling 9 holes in a grid in the sensing area.
Finally, the change in spatial conductivity distribution due to impact events of specific energies
was investigated. This work demonstrated that the EIT reconstructions are capable of detecting,

locating, and determining the severity of damage using embedded MWNT-PVDF films.

The work presented in this dissertation shows great promise for the use of EIT for real-time SHM
measurements in the field. Due to the sensitivity characterizations of the MAP algorithm, deficiencies in its
performance have been noted for possible progress in the future. In addition, the MAP algorithm has
drastically increased the time for which the spatial conductivity reconstructions can be performed, with the
MAP reconstructions taking about one second to perform. To enable this sensing methodology, it was
determined that the deposition method for the MWNT -polyelectrolyte films would be a limiting factor in
manufacturing a sensing area to use with EIT. For this reason, a MWNT-PVDF film was developed that
has the ability to be deposited at area scales to be of use in the real world. Finally, by demonstrating the
ability to embed the MWNT-PVDF films inside the GFRP, future work will be able to perform structural
health monitoring throughout each ply in a GFRP composite laminate at a time-scale capable of real-time
monitoring.
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Chapter 2: The Electrical Response of
Carbon Nanotube-based Thin Film
Sensors Subjected to Mechanical and
Environmental Effects

2.1 Abstract

Fiber-reinforced polymer composites are a popular alternative to traditional metal alloys.
However, their internally-occurring damage modes call for strategies to monitor these structures. Multi-
walled carbon nanotube-based polyelectrolyte thin films were manufactured using a layer-by-layer
deposition methodology. The thin films were applied directly to the surface of glass fiber-reinforced
polymer composites, with the purpose of structural monitoring. This work focuses on characterizing the
sensitivity of the electrical properties of the film using time- and frequency domain methods under applied
quasi-static and dynamic mechanical loading. In addition, environmental effects such as temperature and
humidity are varied to characterize the sensitivity of the electrical properties due to these phenomena.

2.2 Introduction

Fiber-reinforced polymer (FRP) composites are utilized as a variety of structural components for
their high strength-to-weight ratios, resistance to corrosion and fatigue, and conformability. Examples
include aerospace, civil, automobile, wind turbine, and naval structures. They are a popular alternative to
traditional monolithic alloys. For instance, the Boeing 787 Dreamliner that was released in October 2011
has a structure that is more than 50% composite material by weight, with the majority consisting of carbon
FRP composites [1]. In contrast, wind turbine blades typically consist of glass FRP composites due to their

low cost and high specific strength [2].
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Despite many desirable traits, composite materials can and do sustain damage when subjected to
various loading scenarios, including impact, excessive loading, fatigue, material defects, environmental
deterioration, improper manufacturing, and fluid penetration. Damage induces failure modes such as
delamination, fiber and matrix breakage, fiber-matrix debonding, matrix swelling, and matrix and fiber
deterioration. In general, these damage modes tend to manifest internally to the composite structure, and
this minimizes the ability to use visual inspection for damage detection. This is a problem, since visual
inspection is the predominant method of non-destructive evaluation in many disciplines, including
aerospace and civil structures. Undetected structural damage can propagate, eventually leading to
catastrophic structural failure [3].

As a result of the shortcomings of visual inspection, several alternative damage detection
approaches have been developed and applied to this very urgent problem. Examples of structural health
monitoring (SHM) techniques that have been developed for or applied to composite damage detection
include optical fibers [4], acoustic emission [5], ultrasonic sensors [6], strain gauges [7], and shape memory
alloys [8], to name a few. All of these methods have shown promise in their capability to capture various
modes of damage, but they also have drawbacks that need to be addressed by complementary
methodologies. Many of these systems require expensive and bulky hardware and data acquisition systems,
such as optical fibers and ultrasonic- and acoustic-based methods. When embedded in composite materials,
these sensors have been shown to diminish composite mechanical properties (e.g., optical fibers over 100
um in diameter [9] or piezoelectric disks for ultrasonic monitoring [10]). It is for these reasons that many
groups have pursued other sensing approaches that directly modify the composite material. An example is
to develop piezoresistive FRP composites by embedding nanomaterials within their epoxy matrix.
Monitoring the integrity of the structure can be achieved by probing its electrical properties, and the
method does not adversely affect the mechanical properties of the structure.

The discovery of carbon nanotubes [11] and the identification of their unique material properties
[12] has brought forth widespread attention to the use of this material for various sensing/actuation
applications. Carbon nanotubes are typically introduced into FRP composites in two distinct ways: as an
additive to the polymer matrix or as a thin film within or upon the composite. These applications take

advantage of the high mechanical and electrical properties intrinsic to single-walled (SWNT) and multi-
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walled (MWNT) carbon nanotubes [13]. It has been found that the electrical properties of CNT-based
nanocomposites can change drastically when mechanical loading or damage is induced in them. Some
examples of this work are CNT-epoxy nanocomposites [14], neat CNT mats (i.e., buckypapers) [15, 16],
and other polymer nanocomposites thin films [17, 18]. From these selected references and throughout the
available literature, the response to mechanical loading of CNT nanocomposites varies widely and includes
linear [16], non-linear [19], and multifunctional responses [20]. In addition to strain sensitivity, these films
are also sensitive to changes in environmental conditions such as temperature [21] and humidity [22]. This
type of environmental sensitivity in a sensor is not uncommon, with some examples including metal-foil
strain gauges [23] and fiber-Bragg gratings [24]. Thus, prior to using CNT nanocomposites for SHM, a full
characterization of their sensing and environmental response is needed.

The purpose of this article is to characterize the strain sensing and environmental sensitivity
response of MWNT-based thin films manufactured using a layer-by-layer fabrication process. Films of
different thicknesses have been deposited directly onto the surface of glass fiber-reinforced polymer
(GFRP) composites for direct strain sensing. The responses from these tests are complementary to the work
previously performed on thin films embedded in GFRPs for in situ strain sensing [20]. First, strain sensing
characterization of film-enhanced GFRP substrates have been performed by loading them in monotonic
uniaxial tension, low-cycle dynamic, and high-cycle dynamic load patterns. Thin film electrical properties
have been measured simultaneously using time- and frequency-domain methods. Secondly, their
environmental responses have been determined by measuring the electrical response of the films at a wide
range of temperature and humidity levels. These responses have been fully characterized by curve fits
motivated by physics-based models.

2.3  Experimental Methods

To demonstrate the capability of these films as an alternative for structural health monitoring of
FRP composites, the MWNT-based thin films were deposited on GFRP substrates upon which all of the
mechanical, thermal, and humidity tests were performed.

2.3.1  Film Fabrication

The deposition of the MWNT-based thin films upon the GFRP substrates was performed by a

layer-by-layer (LbL) process that allows for nano-scale control of film deposition [25, 26]. The substrates
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used were quasi-unidirectional glass fiber weaves (type 7715, Applied Vehicle Technology) that were
impregnated with a two-part epoxy (125 resin / 237 hardener, Proset Inc.) and cured to specification for 15
h at 25 °C and 8 h at 80 °C. The substrates were cut to 25 x 75 mm? and were thoroughly cleaned with
water and isopropyl alcohol prior to mounting them in the LbL deposition system. Layer-by-layer film
assembly is based on the sequential deposition of opposite-charged materials onto a substrate such as the
GFRP specimens used in this study [25]. To deposit the first monolayer, the LbL system was programmed
to immerse the substrates in a 0.5 wt.% poly(vinyl alcohol) (PVA) solution for 5 minutes. Electrostatic and
van der Waals forces drove the adsorption of PVA molecules onto the substrate. The substrates were then
rinsed for 3 min in deionized water and then dried with compressed air for 5 min. To deposit the next
monolayer, the dried substrates were immediately immersed in a 1.0 wt.% solution of poly(sodium 4-
styrenesulfonate) (PSS) with 1 mg-mL™ of MWNTs (Cheap Tubes, <8 nm diameter, 10-30 um length)
dispersed into the solution. The dispersal of the MWNTS into the PSS solution was accomplished by 180
min of bath sonication (135W, 42 kHz) followed by 1 h of tip sonication (3 mm tip, 150 W, 20 kHz). This
two-step sonication process ensured a fully stable suspension of the MWNTSs in the PSS solution.
Following the immersion in the MWNT-PSS solution [18, 20], the substrates were rinsed again for 3 min
and dried for 5 min, so as to remove any loosely adsorbed polyelectrolyte and nanotubes. This process was
repeated for a specified number of times, each time depositing a single bilayer of the thin film (Figure 2.1).
Numerous thin films were manufactured with 25, 50, 75, 100, and 150 bilayers.

The thin films resulting from this process were extremely robust, due to the chemical bond formed
between the substrate to the film constituents and between the thin film chemical species. Popular thin film
constituents for the LbL process are polyelectrolytes of opposite ionic charge facilitating electrostatic
assembly of the thin film, of which PSS and PV A are both members of this chemical family. However, PSS
and PVA bond through a covalent manner that creates a more robust film [27]. The MWNTs were bound
within this polyelectrolyte matrix via polymer wrapping by the PSS, which has wound chains around each
MWNT to reduce MWNT hydrophobicity [28]. A previous study of freestanding CNT-PSS/PVA films had
been previously reported and validated the impressive mechanical properties resulting from the chemical

associations between the film constituents [29].
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Figure 2.1. Pictorial representation of a layer-by- Figure 2.2. (MWNT-PSS/PVA), thin film
layer manufactured (MWNT-PSS/PVA), thin deposited onto GFRP substrates before (a) and
film. PSS chains (helical red lines) wrapped after (b) tabbing.

around MWNTs (straight black lines) with

deposited PVA (thin blue lines).

2.3.2  Specimen Preparation and Electrical Characterization

With the aim to characterize the electrical response of the thin film to mechanical, thermal, and
hygroscopic conditions, uniform specimens and electrical characterization methods were used as a means
to remove any dimensional effects on the sensitivities of the thin films. The ASTM standard for
characterizing the tensile properties of FRP composites was consulted for determining specimen size [30].
Due to the setup used for film deposition, only 40 mm of the 75 mm length of the substrate was deposited
with (MWNT-PSS/PVA), films (where the subscript n indicates the number of bilayers). Following the
ASTM suggestion of a 1:11 width-to-gauge length ratio, the width of the specimens was set to 3 mm for a
25 mm gauge length. In order to protect the electrodes from strain effects, the electrodes were placed
outside of the gauge length with an electrical gauge length of ~28 mm. Two-point probe electrical
measurements were used due to the limited space on the specimen. Contact resistance was minimized by
using a highly conductive silver paint as the electrode (Figure 2.2a). To protect the substrates from damage
from the grips during mechanical testing, G-10 GFRP tabs were applied to opposite ends of each specimen
with a high strength adhesive (Hysol 903, Henkel Corp.). An example of a finished electromechanical
specimen is presented in Figure 2.2b.

Measurement of (MWNT-PSS/PVA), thin film electrical properties were performed using time-
domain direct current (DC) resistance measurements and frequency-domain electrical impedance
spectroscopy (EIS). The DC resistance measurements were performed using an Agilent 34401A digital

multimeter with 6.5 digit accuracy. The EIS responses were taken using an Agilent 4294A impedance
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analyzer over a frequency range of 40 Hz to 110 MHz. The impedance analyzer measured impedance by
injecting a complex current between the two applied electrodes and measured the corresponding voltage
and phase lag. A calculation analogous to Ohm’s law was performed by the instrument to determine the
complex impedance and was reported for each of the 201 frequencies logarithmically spaced throughout
the frequency range.

2.3.3  Mechanical Strain Sensitivity Characterization

The strain sensing or piezoresistive response of (MWNT-PSS/PVA), thin films were characterized
by measuring their time-domain DC electrical resistance and frequency-domain impedance responses
during applied mechanical loading. A total of three different sets of loading patterns were applied to
specimens fabricated with different film thicknesses or number of bilayers: monotonically increasing strain
to failure, low-cycle dynamic strain patterns, and high-cycle dynamic strain patterns. Each test was
performed on thin films with 25, 50, 75, 100, and 150 bilayers to characterize the mechanical response as a
function of film thickness. All mechanical testing was performed on a Test Resources 150R load frame
equipped with a 4.48 kN load cell with serrated grips. The displacement and angular position of the load
frame cross-head is verified using two laser displacement sensors (Microtrak 11, MTI Instruments).

2.3.3.1 Monotonic Uniaxial Tension Tests

The full range of the films’ piezoresistive response was characterized by applying monotonically
increasing strain to each GFRP substrate (with an applied (MWNT-PSS/PVA), film) until failure. Adhering
to the ASTM 3039 standard, the load frame displacement is fixed at 2 mm-min™. In order to measure the
change in electrical properties at fixed strain values, the crosshead displacement was held at specified strain
values for a 60 s period, when both the DC resistance and EIS measurement were obtained. These specified
strain values were every 1,000 ue from 0 to 10,000 pe and every 5,000 ue thereafter. This measurement
pattern allowed for higher resolution at lower strain values, while limiting the number of pauses to
minimize any effects of creep.
2.3.3.2 Low-cycle Dynamic Tests

Three-cycle tensile dynamic load tests to 8,000 ue and to 25,000 ue were conducted on film-
enhanced GFRP specimens for characterizing thin film electromechanical responses to repeated loading

and unloading. During each cyclic loading, a 60 s pause was taken at 25% increments of the total strain. As
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before, these pauses allowed for the DC resistance and EIS measurement to be taken. The two different
strain amplitudes were chosen based on results obtained from Section 2.3.3.1 and allowed for probing the
two regions of the bi-functional electrical response.

2.3.3.3 High Cycle Dynamic Tests

As the long term intent for these films is implementation as a SHM sensor, it is important to
understand how the electrical properties of the thin films change after numerous cycles of mechanical
loading. To this end, specimens were subjected to 1,000 cycles of sinusoidal-cyclic loading from 0 to 8,000
pe at a frequency of 1 Hz. A 60 s pause was taken at a strain value of 4,000 pe every 100 cycles s to
measure the film’s DC resistance and EIS response. The strain amplitude was determined using the same
logic as in the low-cycle dynamic tests described in Section 2.3.3.2.

2.3.4  Thermal Testing

The effects of temperature change to the films’ electrical properties were characterized by
subjecting specimens to monotonically increasing temperatures from ambient to 100 °C in increments of 5
°C in a convection oven. To test all specimens under the same conditions, five specimens each with
thicknesses 50, 75, 100, or 150 bilayers were attached to a pristine sheet of G-10 using high-temperature
kapton tape. Only one end of each specimen was affixed to the G-10 GFRP to allow unconstrained thermal
expansion to occur. DC resistance measurements were taken at each temperature step after the specimens
had come to thermal equilibrium.

2.3.5  Humidity Testing

Another environmental factor taken into account was the effect of humidity on the electrical
properties of the (MWNT-PSS/PVA), films. As with the thermal tests (Section 2.3.4), five specimens each
with thicknesses of 50, 75, 100, or 150 bilayers were mounted onto a G-10 GFRP sheet. The sheet of
specimens was placed in an environmental chamber set at 35 °C. The chamber was programmed to increase
its humidity from 25 to 80 %RH in 5 %RH increments and holding at each level for 1 h. The humidity and
temperature of the chamber were verified using a temperature and humidity probe that takes a measurement
every 10 s. The 20 specimens were connected to an Agilent 34970A with an armature multiplexer card to

measure DC resistances of each specimen every 5 s.
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2.4 Results and Discussion
2.4.1  EIS Equivalent Circuit Fitting

A typical (MWNT-PSS/PVA), thin film EIS response is plotted on a Nyquist plot, as shown in
Figure 2.3, and this semi-circular trend is consistent with the response of other CNT thin films [17, 31]. To
extract the underlying electrical properties of the film from this response, the spectrum is typically fit to a
physics-based equivalent circuit model. The characteristic equivalent circuit model for a response such as
the one in Figure 2.3 is a series resistor (Rs) connected to a resistor (R,) and capacitor (C,) in parallel and is
shown in Figure 2.4. This circuit model has been used previously to describe a similar EIS response of a
zirconia-yttria solid electrolyte film, where the series resistor models the mean grain resistance, and the
inter-grain effects are modeled by the parallel resistor and capacitor [32]. The impedance equation that

corresponds to the equivalent circuit shown in Figure 2.4 is represented in Equation (2.1):

. 1/R ) wC
Z(@)=2'(0)+iZ"(@)=| R+ ez | P
WR,f+w’c?) |(WR,f +w*C?
(2.1)
Fitting of this highly non-linear model to the EIS spectra is achieved using the non-linear least

squares solver function in MATLAB.
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Figure 2.5. Unstrained electrical properties of (MWNT-PSS/PVA), films as a function of film thickness
plotted in a boxplot. The box indicates the interquartile region and the line within it signifies the median

of the data.

2.4.2  Thin Film Electrical Properties: Unstrained

Before the mechanical, thermal, or humidity sensitivities of the films are discussed, it is important
to characterize the baseline electrical properties of the (MWNT-PSS/PVA), thin films as a function of
thickness. The initial unstrained time- and frequency-domain electrical measurements from all of the
mechanical experiments were compiled into boxplots as shown in Figure 2.5. Figure 2.5a shows the films’
unstrained DC resistance, whereas Figures 2.5b-d present the numerically fitted equivalent circuit
parameters based on Figure 2.4. It can be seen from Figure 2.5 that the median and interquartile range of
the DC resistance and resistive equivalent circuit elements reduce significantly with increasing number of

bilayers. This is consistent with power-law type response of particle-infused polymer composites (i.e.
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nanocomposites), particularly in the post-percolation region [33-36]. As for the capacitance of the films,
Figure 2.5d indicates that the capacitance stays relatively constant over the range of thin film thicknesses
tested. Similar trends have also been identified by Loh et al. [18].

2.4.2  Uniaxial Tensile Electromechanical Response

As mentioned in Section 2.3.3.1, monotonic uniaxial tests have been conducted on GFRP
specimens with (MWNT-PSS/PVA), films for characterizing the full range of thin film piezoresistivity.
Both DC resistance and EIS data have been obtained, and EIS responses have been fit to the parallel
resistor-capacitor circuit shown in Figure 2.4. In order to directly compare different circuit elements
dependency on strain, all of the DC resistance and EIS equivalent circuit elements are presented as
normalized changes relative to the initial unstrained parameter measurement. For example, calculation of

normalized resistance uses Equation (2.2), where Ry is the unstrained resistance value.

&R
norm R

0 2.2)

R

An example of a full strain response is presented in the plot shown in Figure 2.6. The responses by
all of the electronic parameters are bi-functional in nature. For the resistive parameters, there exists a

positive relationship between normalized changes in resistance as a function of increasingly applied tensile
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strains. Several other groups have also found that CNT-based films increase their resistivity in tandem with
increasing tensile strains [16, 31, 37]. In addition, Thostenson and Chou [38] and Shindo et al. [39] have
also observed this bi-functional response comparable to Figure 2.6, although these studies have not
explored the frequency-domain impedance response of CNT-based nanocomposites. The initial functional
response is generally considered due to MWNT stretching or rigid-body motion of MWNTSs within the
compliant polymer matrix, while the second functional response is due to damage in the film in the form of
micro-cracking of the composite substrate [14, 39]. This damage can be seen in the scanning electron
microscope (SEM) image shown in Figure 2.7. On the other hand, film capacitance change is near zero
during the first response region while decreasing after the application of large tensile strains.

Upon identification of the bi-functional circuit parameter responses to applied strain, it has been
found that a linear-quadratic model can adequately fit the films’ electromechanical responses. First, the
transition point of the bi-functional response (i.e., from low strain to high strain) has been manually
identified and recorded. Then, the linear-quadratic model has been fit to each data set using the non-linear
least squares fit function ‘lsqnonlin’ in MATLAB. The equation of the linear-quadratic model is also

shown as follows:

AR

5 (6)=5 A-erf (o —5,))-(A+ Be) ..

%(erf (6—&,)+1) (A+ Be, +C(e—¢,)+D(e—&, )2) (2.3)

The transition between the functional responses was facilitated using the error function, noted as erf( ) in
the equation. The error function is a sigmoidal function that has a smooth but sharp transition from -1 to 1
and can be shifted and scaled to create the same transition between 0 and 1.

With the thin film time- and frequency-domain electrical responses fit to the linear-quadratic
model, the medians of the results are presented in Figure 2.8 in terms of the low-strain linear sensitivity
(B), the high-strain linear sensitivity (C), the high-strain quadratic sensitivity (D), and the bi-functional
transition point (ey) in terms of number of bilayers. The error bars that accompany each result are a
measure of the median absolute median deviation, which is a robust measure of the variability of the

results. Two distinct trends are apparent by examining the fitted sensitivity parameter in Figure 2.8.
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Figure 2.8. Linear-quadratic sensitivities obtained from fits to Equation (2.2). Black-filled symbols
indicate negative values and error bars substituted with dots indicate lower bound is a negative value in (c).

The sensitivities of Rpc and Rg are statistically similar in both the low- and high-strain regimes.
Within the low strain regime, these sensitivities are linear between 1 and 2.5, for all film thicknesses, and
exhibit an increase of the linear sensitivities by less than a multiple of three in the higher strain regime.
This is in contrast to the responses of the parallel equivalent circuit elements, although the two responses
appear to be correlated with one always being positive and the other negative. In the transition between the
functional responses, the sensitivities of the parallel equivalent circuit elements demonstrate an increase in
linear sensitivities by one to two orders of magnitude with a drastic increase of sensitivity variability.
Previous work with CNT-based thin films has been verified by acoustic emission responses [40], and a
model incorporating transverse crack propagation [39] shows that this high strain regime is dominated by
the response of the film to damage transferred from the damaged substrate. It is felt that this demonstrates a
higher sensitivity of the parallel equivalent circuit elements to damage in the thin film as compared to the
sensitivities of Rpc and Rs. It is not fully understood why a similar correlation is not found in the quadratic

sensitivities of the fitted electrical responses in the high strain regime.
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Figure 2.9. Example Rpc response to dynamic loading to a magnitude of 8,000 pe with the corresponding
fit to (4) with and R? = 0.98.

Despite the differences in the linear sensitivities between Rpc and Rg and that of the parallel
equivalent circuit elements in the low- and high-strain regimes, the strain at which this transition occurs is
statically consistent among all films thicknesses and electrical property parameters. This further reinforces
that the change in the response of the electrical properties is indeed due to a physical change, where this
transition has been found to be due to the onset of damage within the composite substrate, as have been
demonstrated by [39, 40].

2.4.3  Dynamic Strain Response

In addition to monotonic uniaxial tensile tests, films have also been subjected to three-cycle tensile
tests to 8,000 pe and 25,000 pe, as have been described in Section 2.3.3.2. As discussed earlier, these strain
amplitudes have been chosen to understand the represented loading effects in both of the response regimes
demonstrated by the films during monotonically loaded tests (Section 2.3.3.2).

The responses of the thin films during the lower magnitude dynamic tests to 8,000 ue are very
consistent among the different specimens tested. An example of this behavior can be seen in Figure 2.9,
where the DC resistance linearly drops over time, but the film’s piezoresistivity remains constant over time.
To model this response, a simple linear-time and linear-strain response equation is fit to each data set, as is

described in Equation (2.4):
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All of the low-magnitude dynamic responses are fit to Equation (2.4) using the non-linear fitting
function in MATLAB. The strain sensitivities of the fits for all specimens tested are reported in Table 2.1.
The results for the capacitive elements are left out, because the fits did not reveal any meaningful trends.
Among all of the resistive elements, the sensitivity to strain is consistent, where sensitivity varies between
1.5 and 3.3. This is very consistent with the findings from the monotonically loaded samples in the linear
region (as presented in Section 2.4.2) as well as other studies on (CNT-PSS/PVA), films [18]. As detailed
in Section 2.4.2, this strain response is believed to stem from stretching and slight reorientation of the
MWNTs in the film. It can be seen from Table 2.1 that the average strain sensitivities corresponding to
each thickness set are consistent for Rpc, R, and R,

In addition to reasonably consistent sensitivity to strain, the response of the electrical properties to
the dynamic loading drifts over time with a relatively low-magnitude linear dependence. Overall, the
magnitude of the drift is on the order of 10 %-s™, which can easily be discerned in the example three-
cycle dynamic response shown in Figure 2.9. The direction of the drift is predominantly negative, which is
thought to be due to alignment of the carbon nanotubes and has been seen in previous work [31]. A small
number of thin films with 100 or 150 bilayers have a very small positive linear trend on the order to 10
%-s*, which is thought to be due to the films having a lower bi-functional transition strain than the other
films and are slowly accumulating damage within the film. This has been witnessed in other CNT-based
thin films [38].

The response of the thin films cycled to 25,000 pe is considerably different than that of the 8,000
pe cyclic data. Although all responses have demonstrated a general saw tooth-shaped response, the
underlying response cannot be fit to a unified model. Nevertheless, Figure 2.10 presents the full DC
resistance and EIS circuit element responses for a selected dataset. As is the case with the response to 8,000
pe dynamic cycling, the capacitive response is inconsistent between specimens, so these effects will be
neglected from comment. Although all of the resistive parameters have a saw tooth shaped response
consistent with the shape of the loading, the specific response for each cycle is not consistent. In general,

the responses of the electrical properties can be delineated based on their response to increasing and
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Figure 2.10. Example resistive parameter response to 25,000 pe dynamic strain.
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Figure 2.11. Example DC resistance response to 25,000 pe dynamic strain for four thin film thicknesses.

decreasing strains. The response to increasing strain is witnessed to be linear, of a concavely increasing or
of a convexly increasing manner. However, the resistive responses to decreasing strain are only of
concavely or convexly decreasing magnitudes. This myriad of responses is illustrated by four randomly
selected curves in Figure 2.11. It can be seen that not one of those responses match. This phenomenon is
not surprising as it has been determined in the monotonically loaded case that the quadratic responses occur
when damage is sustained by the film due to cracking and other failure phenomena, thus inducing a more
random but general response. As indicated before, this type of response has been observed previously [38,
39].
2.3.4 High-Cycle Dynamic Strain Sensing Response

To understand how the thin films will perform in real world application with extended
employment, the thin films were subjected to 1,000 cycles of loading as described in Section 2.3.3.3. As
illustrated from a representative electrical response shown in Figure 2.12, the overall change in the resistive

measurements with respect to the number of cycles is less than 1% over 1,000 cycles. This is comparable to
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Figure 2.12. Resistive component response to 1,000 cyclic loadings with a magnitude of 8,000 pe of a
(MWNT-PSS/PVA)s, film.

the time-dependent sensitivity obtained from the three-cycle dynamics tests to 8,000 pe and has less drift
than previous studies involving repeated dynamic responses with (SWNT-PSS/PVA), films [31]. As with
the other dynamic tests, the capacitive results are neglected due to its lack of significance.
2.4.4 Thermal Effect on Electrical Properties

Due to drastic temperature differentials that various structures can experience during
operation, it is important to understand the effects of temperature on sensor electrical properties prior to
their deployment for SHM. Upon conducting the temperature tests as specified in Section 2.3.4, it has been
found that all of the thin films of different thicknesses behaved in the same fashion. An example of the
highly non-linear electrical response to the applied monotonically increasing temperature profile is shown
in Figure 2.13. This response is characteristic of single-walled carbon nanotubes in mats or tangled ropes,
as presented by several researchers [41, 42]. This characteristic response has been studied and a
mathematical model has been developed to take this behavior into account, which is given in Equation
(2.5):

T Te

RT)=R e T +Re™™

(2.5)
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Figure 2.13. Example DC resistance response to monotonically increasing temperature with

corresponding fit to Equation (2.5) with R* = 0.998.
The first term of this equations represents the highly-anisotropic conductivity along the MWNTS, where
phonons with energies of ks Ty, backscatter charge carriers [41] and is responsible for the ®*/;r > 0 behavior.
This first term is present in the thermal response of SWNTSs as well as MWNTS. The second term of the
equation represents electron transport due to electron tunneling between carbon nanotubes. Here T and T
are electron tunneling parameters and represent the combined effect of the nanotube gaps, the PSS and the
PVA. The tunneling components are responsible for the ®/;r < 0 behavior in the data. However, this
response tends to be the case for SWNTs [43] and not typically for MWNT thin films. In the general
MWNT case, the second component tends to be linear in nature and not exponential, as in the case of
several studies involving individual MWNTSs [44, 45], aligned MWNT buckypapers [46, 47], or other
MWNT nanocomposites [48].

Equation (2.5) is fit to the collected data using MATLAB’s non-linear least squares function, and
the corresponding parameters are reported as a function of the number of bilayers in Table 2.2. As this table
indicates, the thermal properties of our films are linked to thin film thickness. Although R, is several orders
of magnitude higher than R; the metallic resistance contribution only contributes 3.3% of the total
resistance at room temperature, but the effect is high enough at higher temperatures to account for the

positive slope of the resistance response. As a reference for comparison, the fit parameters obtained by
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Table 2.2. Fitted parameters of DC resistance response to monotonically increasing temperature.

Number of

Bi-Layers Rm [kQ] R [kQ] Tm [10°K] T [10°K] T, [K]
50 610+177  0310+0085  198+026  1.30%0.24 114 +19
75 83.9+325  0.147+0047  128+015  1.13+0.09 57.7+85
100 68.0£20.7  0194%0055  119+010  1.11+0.08 48.9+438
150 21.5+50  0108+0.022  099#009  1.01+0.07 452+7.8
SW'\EL]ROF’E - - ~2.00 0.065 42

Kaiser et al. [41] are included in Table 2.2 as well. It should be noted that the only significant deviation
from the SWNT thermal sensitivity is the value of the T, term, which is two orders of magnitude smaller
than that of the (MWNT-PSS/PVA), films. As stated before, this difference is thought to be due to the extra
tunneling required due to the presence of PSS and PVA. The ramifications of these temperature effects on
strain sensitivities is not fully known for these particular (MWNT-PSS/PVA), thin films. However, Cao et
al. [21] has reported that the electrical sensitivity to strain increases with temperature for MWNT
buckypapers. It is hypothesized that this effect will extend to the strain sensitivities of the (MWNT-
PSS/PVA), films; however this will be investigated in the future.

With regards to the thermal-resistive behavior, it is not fully understood why the (MWNT-
PSS/PVA), films have responded to temperature in a manner like that of SWNTs instead of other MWNTS.
It is hypothesized that this is due to the fact that the MWNTSs used in this study are less than 8 nm in
diameter. This translates to MWNTSs having very few walls (i.e., only two to four concentric tubes per
MWNT). Although the difference in electronic properties has been investigated between SWNTs and
MWNTs, it is not clear how these properties affect the thermal-electronic coupling, and more work is
necessary in the future.

2.45  Humidity Response

The responses of the (MWNT-PSS/PVA), thin films to monotonically increasing humidity levels
are highly non-linear, as indicated by the DC resistance responses shown in Figure 2.14. Figure 2.14 plots a
representative response from each of the thin film thickness sample sets. Plotted with a y-axis logarithmic

scale, it is easy to see that thin film electrical responses to humidity are bi-functional in nature, possessing

33



50 Bilayers
----- 75 Bilayers #

1 ———— 100 Bilayers s
10 | s 150 Bilayers

10

Normalized Resistance Change [%]

30 35 40 45 50 55 60 65 70 75 80 85
Humidity [%RH]

Figure 2.14. Rpc response to increasing humidity levels for 4 representative thin films.

two regions of different exponential sensitivity. Using a sigmoidal function to relate two exponential

functions, the data has been fit to the following equation:

AR—R(%RH )=%(1—erf (%RH —Hy,))- H,e (") +%(erf (%RH —H; ) +1)- H,e ")

0

(2.6)
In Equation (2.6), erf( ) is the error function, which is in the sigmoidal class of functions that returns a
sharp transition between -1 and 1, thereby allowing for a transition to be made between the two exponential
functions. The average fits for each sample set are presented in Table 2.3. Although swelling of the PSS
may contribute to this response [49], the full understanding of the underlying mechanisms has yet to be
done. However, one can possibly draw a few conclusions from the fit parameters. The first exponential
region has a higher sensitivity than the second by about double. This slowing is perhaps due to diffusion of
water into the thin film, rather than direct surface absorption when at equilibrium. It should be pointed out
that many groups have also found the humidity effect on CNT thin films to be non-linear, and to the best of
our knowledge, only limited research has been done to investigate this phenomenon [22, 49, 50].
2.5  Conclusions
In this work, (MWNT-PSS/PVA), films were manufactured via a layer-by-layer deposition process and

directly deposited onto GFRP substrates. These thin films have been characterized for their sensitivity
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Table 2.3. Fitted parameters of DC resistance response to monotonically increasing humidity.

Number
of H; f, [YRH]™ H, f, [Y%RH]™ H+, [%RH]

Bilayers
50 1.01£0.31x10*  0.130+0.002 3.13+0.68x10° 5.56 + 0.08x10% 47.1+0.24
75 1.08 £0.05x10*  0.128 +0.001  3.39 £ 0.15x10° 5.51 +0.06x10% 47.6 +0.04
100 1.07£0.19x10*  0.132+0.005 3.46 +0.33x10° 5.62+0.12x10%  46.8 +0.88
150 1.87 £0.45x10*  0.118 £0.022 2.37 £0.28x10° 6.13+0.19x10% 46.1+0.73

to applied mechanical strain and to environmental changes due to temperature and humidity. Films loaded

with monotonically increasing strain to failure demonstrated electrical sensitivity in the time- and

frequency domains in a linear-quadratic response. It was found that components of the frequency-domain

response have higher sensitivity to incurred damage than time-domain DC resistance measurements. Thin

film electrical responses to three-cycle dynamic loads to two strain regimes were characterized. It was

determined that they continued to function throughout these tests with minimal drift. High-cycle dynamic

tests demonstrated the low level drift in the electrical measurements over 1,000 cycles of low level strain.

To determine the sensitivity to thermal changes, the thermal response of the thin films were measured from

20 °C to 100 °C. From these tests, it was found that the (MWNT-PSS/PVA), thin films respond to

temperature in a manner more like SWNTs than MWNTSs. Finally, the sensitivity of the thin films to

humidity was characterized between 35 %RH and 80%RH, and the thin film response was found to be bi-

exponential in nature. In conclusion, the results produced by this study have brought together a better

understanding of the electrical responses of LbL carbon nanotube-based films subjected to mechanical,

thermal, and hygroscopic variation.
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Chapter 3: Spatial Sensing  Using
Electrical Impedance Tomography

3.1 Abstract

The need for structural health monitoring has become critical, due to our aging infrastructure,
legacy airplanes, and continuous development of new structural technologies. With updated structural
design comes the need for new structural health monitoring paradigms that can sense the presence, location,
and severity with a single measurement. This paper focuses on the first step of this paradigm, consisting of
applying a sprayable conductive carbon nanotube-polymer film upon glass fiber-reinforced polymer
composite substrates. Electrical impedance tomography is performed to measure changes in conductivity
within the conductive films due to damage. Simulated damage is a method for validation of this approach.
Finally, electrical impedance tomography measurements are taken while the conductive films are subjected
to tensile and compressive strain states. This demonstrates the ability of electrical impedance tomography
for not only damage detection, but active structural monitoring as well. This study acts as a first step
towards moving the structural health monitoring paradigm towards large-scale deployable spatial sensing.
3.2 Introduction

Engineers are entrusted with ensuring the safety and longevity of a variety of structures in use
today, which stem from the numerous engineering advances in the 20" century. These accomplishments
include the U.S Interstate highway system, high-rise buildings, and propeller and jet-powered aircraft.
However, this vital infrastructure is deteriorating as indicated by the 2009 ASCE report card’s overall ‘C’
rating for safety of the bridges in the United States, while stating that the average bridge is 43 years old of a

50 year life span [1]. Another recent example includes a 2008 incident involving Southwest Flight 812 that
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experienced a rapid depressurization of the cabin due to a rupture in the fuselage. This structural failure
was attributed to fatigue cracking near riveted lap-joints [2]. Monitoring is also necessary for next-
generation structures, such as fiber-reinforced composite-based aircraft, radar-evading naval vessels, and
super-span suspension bridges among others, for any unexpected modalities of damage to develop. In 2005,
two Airbus A-300 series aircraft had incidents where the fiber-reinforced composite skin of the aircrafts’
rudders debonded. In one case, the disbond degraded the structural integrity of the rudder to the point
where the rudder sheared-off of the aircraft in flight [3]. In another case involving a new structural design
using traditional metals, numerous cracks have developed on the US Navy’s Ticonderoga cruisers [4] and
the next-generation Littoral Combat Ship U.S.S. Freedom [5], which have traditional steel hulls but have
aluminum superstructures. Many of the cracks have developed at the bi-metal interfaces, above and below
the water line. With the sheer magnitude of the work involved to monitor our increasing infrastructure,
low-cost and automated systems will have to be implemented to aid in this colossal task.

To confront these problems, numerous research groups have developed means to implement a
variety of sensing methodologies within real structures. One of these methods involved the implementation
of a foil-based strain gauge network, which monitors for changes in the strain field of the structures. Some
examples of this work have been applied to wind turbines [6], rail structures [7], and aircraft [8]. Other
researchers have looked at the implementation of strain gauge networks with wireless systems [9]. Other
groups have focused on using optical fiber Bragg gratings to measure strain and temperature in a wide array
of structures, such as aircraft [10, 11], Navy fast patrol boats [12], spacecraft [13], rocket motors [14], and
bridges [15-17]. The foil-based strain gauges and fiber Bragg gratings are point-based sensors that measure
the strain and temperature at the point of application. To get a global view of the structure’s health,
interpolation and other methods are employed to determine structural degradation or damage development.
Many researchers have chosen to implement networks of piezoelectric transducers and receivers, to
propagate guided waves through the structure to detect potential damage. A few examples include
implementation in aircraft [18], naval structures [19], civil infrastructure [20, 21], rail bridges [22], and
spacecraft [23, 24]. Although acoustic- and ultrasonic-based approaches are typically much better at
detecting damage away from sensor placement, there are still some issues with their effectiveness in

structures with multiple interfaces, poor transmission properties (i.e. structural foams), and damage
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detection when co-located with the damaged area. These systems leverage already proven, off-the-shelf
technologies that have been used for a number of years, but still have issues that need to be solved or
supplemented with another methodology to ensure complete and robust monitoring for a given structure.

In recent years, a newer field has emerged by developing a structural health monitoring
methodology based on measuring the change in the electrical properties inherent to a structure or an applied
conductive material to measure strain and detect damage within the structure. The increase in the use of
carbon fiber-reinforced composites has allowed researchers to monitor for different aspects of structural
health, by measuring the change in DC electrical resistance before, during, and after a loading event.
Several groups have successfully detected strain [25-29], delamination [30-32], and traverse cracking [25,
33] in this material. For materials that are electrically nonconductive (i.e. glass fiber reinforced composites)
or materials that are too conductive to have a resistance change above the noise threshold, thin films based
on carbon nanotubes (CNTs) have been developed for application to the surface or embedded within
materials with a layered construction like fiber-reinforced composites. These films are capable of sensing
strain [34-39], cracks [40, 41], temperature [42-44], humidity [45-47], and changes in pH [48]. All of these
measurements were done using 2- or 4-point probe resistance measurements, where the change in electrical
properties is measured between the inner electrodes. If strain or damage is incurred within the gauge
section of the sensor, the effect is registered by the measurement, but the location of damage cannot be
determined. Although multiple measurements taken in a hash pattern can resolve this problem, this
approach still leads to poor resolution and necessitates a large number of measurements.

A method called electrical impedance tomography (EIT) has been a focus of medical and
geophysical research for the past 30 years, but has been relatively overlooked by the SHM community until
very recently. EIT allows for the reconstruction of the spatially distributed conductivity within a sensing
area bounded by a set of electrodes. However, the reconstruction of this distributed conductivity is ill-
posed, and a solution has only been available since Calderon’s paper in 1980 [49]. Once Calderon’s
strategy for conductivity reconstruction was discovered, numerous research groups have improved on this
strategy by developing linear [50-54] and non-linear [51, 54-57] reconstruction algorithms depending on
the topology of the conductivity distribution. Also, these reconstructions can be performed for absolute or

differential imaging, where the actual or change in conductivity can be determined, respectively. The EIT
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community has developed a MATLAB script suite called Electrical Impedance Tomography and Diffuse
Optical Tomography Reconstruction Software (EIDORS) [58]. Despite this progress, only a few groups
have released research relating to applying EIT to applied conductive films for SHM purposes. Lazarovitch
et al. [59] demonstrated the ability to monitor changes in conductivity using a carbon film, with potential
applications to impact damage monitoring. Pyo et al. [60], Hou et al. [61], and Loh et al. [62] have
published on the use of EIT for applied monitoring using a layer-by-layer CNT-polyelectrolyte thin films
for strain, impact, pH, and corrosion detection. However, these studies involved sensitive thin films that
cannot be easily or cheaply scaled up for large engineering structures.

To bring EIT closer to a large-scale SHM methodology, an easily deployable conductive medium
needs to be developed and shown to work in conjunction with EIT for spatially distributed sensing to
changes in conductivity. In this study, these very accomplishments are demonstrated through the
development of a multi-walled carbon nanotube (MWNT)-polyvinylidene fluoride (PVDF) latex-based
film that can be spray-deposited on surfaces of unlimited size. Furthermore, these films are used as a
sensitive conductive medium for performing EIT measurements, and thus monitor for changes in
conductivity due to applied strain and simulated damage. The purpose of this work is to show that EIT is
ready for serious attention as a field deployable SHM methodology.

3.3  Electrical Impedance Tomography

Electrical impedance tomography is a soft-field tomographic method that allows for the
reconstruction of the 2D or 3D spatially distributed conductivity of a conductive medium that is bounded
by electrodes. A typical measurement entails propagating a current between two electrodes and measuring
the corresponding differential voltage at the remaining adjacent electrodes. Specifically, a current is
injected into one electrode and another electrode is connected with ground. These measurements are
performed for a set of current injections, called a current injection pattern. The corresponding boundary

voltage measurements are correlated to the spatially distributed conductivity via Laplace’s equation:

V-(6Vu)=0 3.1)
Typically, the forward problem is solved where the conductivity distribution (o) is known and the voltage

distribution (u) across the conductive medium is solved. However, the purpose of EIT is to solve the

inverse problem, or the exact opposite of this case. Inevitably, the forward problem is solved in some form
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while performing the inverse problem calculation. As analytical solutions are not typically available for
most geometries, a numerical approach is taken using the finite element method (FEM). The weak

formulation of Laplace’s equation is developed, which results in (3.2):

HQ o,VeVudxdy =0 2

In the case of this study, a 2D approach is taken using triangular elements, where (2) is performed over the
area of each of these elements (). In this FEM formulation, piece-wise linear shape functions are used to
account for the voltage at each node. To properly model the effects of electrode contact resistance, the
complete electrode model [63] is applied, where:

J. O'a—udS =1,
B Ov (3.3)

u+40§g:w

v (3.4)
At the current injection electrode (1), the boundary conduction problem is governed by (3), where the
current is injected normal (v) to the boundary at the electrode at a magnitude of I,. Due to the electrode
contact resistance (z;), a voltage drop occurs between the electrode and the conductive medium. The
grounded electrode is accounted for by (4), where the corresponding mesh voltage is u and V, is the
electrode voltage. The FEM discretization of (1) with the corresponding boundary conditions (3) and (4) is
solved in matrix form for each current injection for the corresponding voltage distribution and the boundary
electrode boundaries simultaneously [56].

To perform the EIT conductivity reconstruction, the absolute or differential distributed
conductivity image can be reconstructed. Absolute imaging uses one set of electrode voltage measurement
to reconstruct the actual conductivity within the sensing area of the measurement. Differential imaging uses
two sets of EIT voltage measurements in time to reconstruct the change in the conductivity reconstruction.
Previous work has shown that differential imaging is more stable [64] and for the purposes of SHM is more
applicable than absolute imaging because decreases in conductivity are typically indicative of the onset of
damage.

In this work, we discuss a normalized differential imaging reconstruction method called Maximum

a Posteriori (MAP), developed by Adler and Guardo [50]. In general, MAP is a one-step linear
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reconstruction method that requires relative changes in conductivity to be less than a £100 % change in
conductivity, for the reconstruction to be accurate. The advantage of using this method is a lower
dependence of the reconstruction on the knowledge of the exact boundary electrode contact resistances and
the current used for the injections. To perform this type of imaging, two sets of boundary voltage
measurements are required, where the difference of the measurements is divided by the initial voltage
measurements for normalized differential voltage values. These values are used in conjunction with the

MAP reconstruction equation in (3.5), to determine the normalized change in conductivity:

HTWH + AR) " HTW [?/—VJ

0

ba_(
%o (3.5)
The matrix H is the sensitivity matrix that correlates the normalized change in boundary electrode voltage
to a change in the spatial normalized change in the conductivity. The calculation of the sensitivity matrix is

fully outlined by Adler and Guardo [50]. To incorporate the effect of Gaussian white noise in the voltage

measurements, the variance of these measurements are used in the W matrix where:

i (3.6)
The variable o is the variance of the corresponding boundary voltage measurement i. Due to the ill-posed
nature of the reconstruction; regularization is implemented for stabilization of the calculation, in the form
of a regularization matrix R and a regularization hyperparameter A. The regularization matrix typically
implements some sort of smoothing in the reconstruction, using approaches such as Tikhonov [65],
NOSER [52], discrete Laplacian filtering [66], and Gaussian high-pass filtering [50]. In this study, the
Gaussian high-pass filter regularization matrix will be used due to the proven efficacy in conjunction with
the MAP algorithm. To determine the scalar value of the regularization hyperparameter, the noise figure
(NF) metric will be implemented. First discussed by Adler and Guardo [50] and refined by Graham and
Adler [64], the NF metric mandates that the signal-to-noise ratio of the reconstructed normalized
differential conductivity distribution be a specified multiple of the signal-to-noise ratio of the normalized
differential voltage measurements used for the reconstruction. This calculation is performed for a
representative system for which future reconstructions will be performed with a small contrast of 50 % in

the center of the sensing area. This contrast can be negative to positive; whichever best relates to the
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sensing that will be conducted. In this study, an NF of 1 was used. Upon the determination of the
regularization hyperparameter, the MAP linear reconstruction equation is fully determined and
reconstruction for the sensing system defined by its components can now be conducted.
3.4  Experimental Methods

In order for EIT to be used for SHM purposes with non-conductive materials, a conductive
material must be deposited, as is the case with glass fiber reinforced polymer (GFRP) composites. The
present work utilized a conductive MWNT-PVDF latex-based film that was spray-deposited on large
surface areas. The capability of the EIT method was then tested for sensitivity to complex shaped
conductivity distributions, as a method for validation of the distributed sensing. Finally, applied films on
GFRP specimens were characterized for their strain sensitivity in conjunction with the EIT methodology.

341 MWNT-PVDF Latex Coating

The MWNT-PVDF films were based on a two-part system that allowed for shelf stable solutions.
When combined, it led to a robust, conductive film. The first part of the solution contained the polymer
matrix that was bought as a latex solution of 150 nm particles of PVDF (Kynar Aquatec RC-10,206,
Arkema Inc.). This solution was adjusted with water to ensure that the resulting mixed paint had a specific
weight percentage of solids to water. The other solution contains the conductive MWNTs (SWM100,
SWeNT) that were stably suspended in water using poly(sodium 4-styrenesulfonate) (PSS) (~1 MW,
Sigma-Aldrich) and the addition of the polar solvent N-methyl-2-pyrrolidone (NMP) (Sigma-Aldrich).
NMP acts as a coalescing agent of the PVDF, that facilitates the forming of the film when used in an
amount of 3 wt.% compared to the total mass of the PVDF particles. The amount of MWNTS is determined
by a specified weight percentage of MWNTS in the fully dried film. In this study, 5 wt.% of MWNTSs was
used.

The conductive solution was formed starting with a 2 wt.% solution of PSS that was tip-sonicated
for 10 min, or until completely dissolved. To the PSS solution, NMP and powder-form MWNTs were
added prior to 30 min of tip-sonication. During tip-sonication, the PSS polymer wraps [67] the MWNTSs to
ensure an enduring dispersion and suspension, while the NMP also acts as a dispersing agent for MWNTs

[68]. The PVDF latex solution was produced by combining the PVDF latex solution and an appropriate
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)
Figure 3.1. An illustration of the segregated MWNT network within
the PVDF latex solution prior to film formation.

amount of DI water diluent to make a resulting combined paint that is 13 wt.% solid content, including the
PVDF and the MWNTSs. To produce the final paint solution, the conductive ink and the PVDF solution are
combined and thoroughly mixed. The resulting paint started to immediately thicken due to shear thickening
by the MWNTSs, and the onset of coalescence from the NMP. This mixing created a segregated network of
the MWNTSs between the PVDF particles, as illustrated in Figure 3.1. At this point, the conductive paint
was sprayed onto a substrate using an airbrush (VL, Paasche). Once sprayed, the paint rapidly begins to dry
due to evaporation. The painted specimens were placed in a 60 °C oven for 10 minutes, to fully evaporate
the water. As the water evaporated, the NMP fully coalesced the PVDF particles, locking in the MWNT
network. The resulting film and representative MWNT network is shown in the scanning electron
microscopy (SEM) image in Figure 3.2.

3.4.2 EIT Measurements

In order to conduct the EIT measurements, current needs to be injected into one electrode, another
electrode needs to be set to ground, and the remaining electrodes need to be measured for the
corresponding voltage response. To do this, each electrode around a sensing skin is connected to a matrix
switch (34923A, Agilent Technologies) which is attached to a data acquisition unit (34980A, Agilent
Technologies). To provide current and ground, a Keithley 6221 AC and DC Current Source was used in
conjunction with the analog inputs of the 34980A. The current injection pattern for all of the EIT
measurements in this study are between two electrodes directly across from one another, as shown in
Figure 3.3, where each blue line represents one injection-ground pair. A full EIT measurement consists of
the boundary voltage measurements corresponding to subsequent application of these pairs. To prevent
voltage measurements that are affected by electrode contact resistance, voltage measurements involving the

injecting or grounded electrodes are not included in measurements.
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Figure 3.2. A scanning electron microscopy image of the Figure 3.3. The current injection pattern used in this study,
surface of a MWNT-PVDF film. where the blue lines indicate the generalized current path.

3.43 EIT Validation

As a way to validate the responses from the MAP reconstruction algorithm, several conductivity
patterns were spray-deposited with the airbrush onto pre-cured GFRP substrates, using masked patterns.
The GFRP substrates were prepared with a 100 grit diamond abrasion pad and cleaned with isopropanol
and then acetone. The masks for the electrodes, sensing area, and conductivity patterns were cut from
overhead transparency film, using a CNC laser cutter. Specifically, the masked area included eight 3 mm
square electrode pads extended from each edge of the 78x78 mm? sensing area, as shown in Figure 3.4. The
electrodes were placed 6 mm apart from each other. These electrodes pads facilitated easier placement of
the electrodes during specimen preparation. The masks were applied to the substrates using double-backed
masking tape. All of the substrates contained conductivity pattern masks except for one substrate. This
homogeneous conductivity pattern was used as the baseline measurement for the normalized differential
imaging. All of the substrates were lined up, and the MWNT-PVDF paint was spray-deposited on all of the
substrates at one time, to ensure a consistent coating as possible. After 50% of the paint was spray-
deposited, all the conductivity pattern masks were removed, and the remaining 50% paint was applied. The
specimens were then dried in a 60 °C oven for 10 minutes. After the film coalesced, 30 AWG wires were
attached to each electrode pad using colloidal silver paint (Ted Pella). As can be seen in Figure 3.4, this
specimen has been masked with a 6 mm wide cross that is 54 mm long in the vertical and horizontal

directions.
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Figure 3.4. A photograph of an EIT validation specimen that has a 6
mm-wide cross contrast in the center. The lines indicate the grid where
4-pt probe resistance measurements were taken.

EIT measurements were taken for each specimen using a current injection magnitude of 100 pA.
After the EIT measurements were completed, grids of 6 mm by 6 mm squares were drawn on each
specimen (as shown in Figure 3.4), and 4-pt probe resistance measurements were taken in each square.
Using the resistance values, the conductivity distribution for each specimen was measured and normalized
difference values were calculated for each specimen in respect the homogeneous MWNT-PVDF film.
These measured conductivity distributions serve as the validation for the EIT reconstructions.

3.44  MWNT-PVDF Piezoresistivity Characterization

Prior to characterizing the strain sensitivity of the MWNT-PVDF with EIT, the strain sensitivity of
the films was characterized using 2-pt probe resistance measurements as a point of comparison. MWNT-
PVDF thin films were formulated with 3 wt.% MWNTSs and spray deposited on cured GFRP substrates.
These substrates were manufactured using a hand-layup process, where a single layer of quasi-
unidirectional glass fiber weave (type 7715, Applied Vehicle Technology) was infused with a two-part
epoxy (125/237, Pro-Set Inc.). The composite was cured for 15 h at 27 °C and then for 8 h at 80 °C. Once
the deposited films were coalesced, the substrates were cut into 3 mm by 75 mm strips with the 0° in the
longitudinal direction. This follows the 1:11 width-to-length ratio recommended by the ASTM D 3039
standard for tensile testing composites. To create electrical connections to the specimens, two 30 AWG
wires were attached to the surface of the film, spaced 28 mm apart, using conductive colloidal silver paint

(Ted Pella). While loading these specimens in tension, serrated grips were used to transfer the load to the
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Figure 3.5. A 4-pt. bending specimen placed in the flexure fixture.

specimens. To protect the specimens from the grips, G-10 GFRP tabs were adhered using aircraft-grade
epoxy (Hysol 903, Henkel Corp.). The tabs were adhered so as to create a 25 mm gauge length.

To measure the change in the 2-pt resistance measurements, each specimen was connected to a
digital multimeter (34401A, Agilent Technologies) for DC resistance measurements. A load frame (150R,
TestResources Inc.) was used to place the specimens in tension. The displacement of the load frame was
verified using two laser displacement sensors (Microtrak 1, MTI Instruments). To allow for the resistance
measurements to be taken at prescribed strain values, a stepped-displacement profile was used. For a higher
resolution at lower-strain values, the load frame was paused for 60 s every 1,000 ue from 0 to 10,000 e
and every 5,000 pe until failure. This strain profile allowed for characterizing the full strain response of the
DC resistance properties.

3.45 4-pt Bending Test Procedure

In order to characterize the ability of the EIT reconstruction to capturing the change in
conductivity due to applied tensile and compression strains, an 18 mm by 18 mm sensing area was
subjected to these strains, using 4-pt bending tests. These bending tests allow the specimens to be subjected
to constant tensile or compression strain throughout the gauge length (between the inner supports of the
fixture). The GFRP substrates were manufactured using a vacuum assisted resin transfer molding
(VARTM) process, where unidirectional glass fiber mats (E-LR 0908, Vectorply) were infused with a two-

part epoxy resin system (117LV/237, Pro-Set Inc.). The stack sequence for these panels was [0°]s. The
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Figure 3.6. The noise figure is calculated for hyperparameters ~ Figure 3.7. The EIT reconstruction for 6 mm center contrast
for a range from 10* to 10°. The hyperparameter and corresponds to the hyperparameter with a noise figure of
corresponding to an NF of 1 is equal to 4.54x10% 1.

infused panels were cured for 15 h at 27 °C and then for 8 h at 80 °C. Once cured, the specimens were cut
into 25 mm by 127 mm specimens with the 0° fibers oriented in the longitudinal direction of the cut
specimens. An 18x18 mm? area, with 2 mm square electrodes spaced 2 mm apart, were masked on the
center of each specimen and sprayed with the MWNT-PVDF film. The electrodes were applied and
attached to 30 AWG wire wrap using a silver-loaded epoxy (Hysol TRA-DUCT 2902, Henkel).

The ASTM D 7264 standard was consulted for the 4-pt flexural tests. The outer supports of the
flexural fixture were placed 101.6 mm apart, while the inner supports were placed 50.8 mm apart. To put
the MWNT-PVDF films in compression, the specimen was placed in the fixture with the film on the top
face, as shown in Figure 3.5. To apply tensile strain, the specimens were placed in the fixture with the film
facing down. The load frame (Satec 22EMF, Instron) was commanded to at a rate of 5 mm-min™. The
displacement was measured using a dilatometer connected to the load frame and placed at the center of the
span. The films were subjected to tensile strain from 0 to 5,000 pe in 1,000 pe increments, and then
subjected to compressive strain, at the same amplitudes. At each strain step, an EIT measurement was
taken, while the load frame was paused. After all of the EIT measurements were taken, they were

reconstructed with respect to the initial unstrained EIT measurement.

49



1

Normalized Conductivity Change
Y [mm]

Normalized Conductivity Change

X [mm)]

Figure 3.8. The EIT reconstruction for the conductivity Figure 3.9. The measured conductivity distribution using 4-pt
distribution with a 6 mm-wide cross contrast in the center of  probe measurements for the specimen with a 6 mm cross
the sensing area. contrast.

3.5  Results and Discussion
3.5.1 EIT Validation
3.5.1.1 Regularization Hyperparameter Determination

As stated previously, the regularization parameter is determined using a contrast between a
homogeneous film and one with a small area in the center with a 50% decrease in conductivity. In this case,
a 6 mm square at the center of a film was masked to act as the contrast area. The film looks like the
specimen in Figure 3.4, except only the very center square has been masked. To determine the appropriate
regularization hyperparameter, the reconstruction algorithm is run for a range of hyperparameters
logarithmically spaced between 10° and 10*°. For each reconstruction, the noise figure is calculated. These
responses are plotted on the logarithmic plot in Figure 3.6. The hyperparameter that corresponds to a noise
figure of 1 is labeled with a red circle, and its exact value is 4.54x10°. The reconstruction that corresponds
to this hyperparameter is shown in Figure 3.7. The contrast in the center can be easily seen.

3.5.1.2 EIT Reconstruction

Using the regularization parameter reported in section 3.5.1.1, all of the validation specimens were
reconstructed in reference to the homogeneous MWNT-PVDF film specimen. The resulting reconstruction
for the specimens with a masked cross in the center is shown in Figure 3.8. The first point regarding this
figure is the non-zero background. Because this reconstruction is a contrast between the homogeneous

specimen and that with the masked cross, the non-masked areas will still not have the same conductivity
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background, due to the non-uniform method of spray-deposition by hand. However, the conductivity
distribution taken using the 4-pt probe measurements is shown in Figure 3.9 and generally verifies the
conductivity pattern reconstructed by the EIT method. In Figure 3.9, there is a line of conductivity decrease
in the top right side at a y coordinate of about 60 mm. This is presumably due to an effect of the spray
deposition, as the sprayer is swept in a horizontal direction across the substrates. The same decrease in
conductivity is captured in the reconstruction. In addition, there are four areas of increased conductivity
change in the EIT reconstruction that are not present in the actual conductivity distribution map. These are
most possibly due to an effect that occurs with all EIT reconstructions, especially with sharp contrasts as in
these specimens. A small region of opposite conductivity change will bound an area of actual contrast with
a much lower magnitude. This small artifact is present in all reconstructions done for this study and is also
observed in other studies [50, 64]. In the case of the cross contrast reconstruction, it is thought that this
effect becomes exaggerated within the internal corners of the cross. Finally, the horizontal part of the cross
is better resolved than the vertical portion of the cross. This is thought to be due to effects of the high pass
filter with the triangular mesh as opposed to a square mesh. In the previously reviewed work, the example
reconstructions are always of round or square contrasts, so it is not known if these affects are present in
those reconstruction approaches as well. However despite these aspects of the reconstruction, this EIT
approach is highly capable of capturing the complex shape of the cross contrast, as well as other smaller
contrasts, like the 6 mm contrast used for determining the hyperparameter.
3.5.2 EIT Strain Response

Prior to discussing the EIT strain sensitivity, the piezoresistivity of the films is examined from the
2-pt probe resistance measurements, as a point of comparison. To facilitate a more straight forward

comparison, the resistance measurements were converted to conductance using Equation 3.7:

-1
R (3.7)

Furthermore, the percent change of the conductance was calculated for each strain value using Equation
3.8:

AG=2"50 100
G

0 (3.8)
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Figure 3.10. The 2-pt conductance response of the MWNT-  Figure 3.11. A scanning electron microscopy image of a tear
PVDF film to applied strain over the strain regime which the the in a MWNT-PVDF film deposited on a GFRP substrate
EIT measurements were taken. The inset plot is the full strain  that has been subject to tensile strain to failure.

response of the 2-pt conductance measurements and has the

same axes as the larger plot.

These corresponding measurements are plotted as a function of strain in Figure 3.10. The main plot is the
low-strain response from 0 to 5,000 pe, which are the same tensile strain levels that the EIT measurements
were subjected to. The full strain conductance strain response is presented in the inset plot.

As illustrated in the inset plot in Figure 3.10, the strain responses of the MWNT-PVDF films are
bi-functional, with the lower strain response as linear until 4,000 ue. The calculated linear gauge factor of
these films is -0.481+0.163. At 4,000 pe, the response becomes non-linear, which has been seen previously
[37, 40, 41] as an indication that the film is undergoing cracking. To validate this, surface scanning electron
microscopy (SEM) images were taken of a tested film. A representative SEM image is presented in Figure
3.11. From the image, one can see that the underlying substrate has cracked, leading to a tear in the film.
However, a full characterization of this conductance strain response is out of the scope of the present text
and is reserved for the future.

To determine if the MAP reconstruction scheme is sufficiently sensitive to perform structural
health monitoring, low-level tensile and compressive strain were subjected to the MWNT-PVDF. The
corresponding EIT measurements were reconstructed in reference to the initial unstrained EIT

measurements for each test. The hyperparameter is determined using the methodology laid out in section
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Figure 3.12. The EIT reconstruction for a MWNT-PVDF film  Figure 3.13. The strain response as measured using the mean
subjected to 3,000 pe. value of the reconstructed conductivity distributions for a
range of compressive and tensile strain values.

3.5.1.1, using a 2 mm square contrast at the center of an 18 mm by 18 mm sensing area. From the
mechanical tests, a representative reconstruction response is shown in Figure 3.12. The center of the
reconstructed conductivity distribution is relatively similar, but deviations can be seen near the boundaries
of the reconstruction. This is partially due to the effects by strain on the electrodes that changes the contact
resistance. This can have a significant effect on the reconstruction, but in this case these effects are
relatively minor.

To characterize the MWNT-PVDF conductivity strain response using the EIT method, the mean
value of the conductivity distribution is calculated for each strain state. This is then plotted as a function of
strain as shown in Figure 3.13. As illustrated, the strain response is linear from about -5,000 pe to 4,000 pe.
Within this linear region, the gauge factor is calculated as -0.55. This closely compares to the strain gauge
calculated for the 2-pt probe responses to lower values of applied strain. After 4,000 pe, a non-linear
response is observed, as is consistent with the 2-pt conductance measurements discussed previously.

3.6 Conclusion

In this paper, spatially distributed sensing was performed using a spray-deposited MWNT-PVDF
film and electrical impedance tomography. The latex-based MWNT-PVDF film enabled the capacity for
sensing over much larger areas than was previously demonstrated. In addition, the application of the linear

reconstruction method called Maximum a Posteriori was discussed and characterized for detection of

53



changes in conductivity distributions of MWNT-PVDF films when applied to the surface of GFRP
composites. First, the capability of the algorithm was demonstrated by reconstructing the difference in
conductivity between a homogeneous conductivity and one with a tailored conductivity distribution due to
masking during the spray deposition. Finally, the MAP algorithm’s sensitivity to small changes in
conductivity due to applied strain to the MWNT-PVDF films was characterized. This sensitivity was
compared to that measured by 2-pt conductance measurements and proven to be as effective. In addition to
the spatial sensitivity, the MAP algorithm facilitated faster reconstruction times that previously
demonstrated for SHM purposes, enabling real-time sensing using EIT. This work provides a further step
towards facilitating a paradigm shift in SHM to the use of spatially distributed sensing based on electrical
impedance tomography.
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