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Abstract

By

Bruno Zamorano-Senderos

Advisor: Professor Niell Elvin

Co-Advisor: Professor Benjamin Liaw

Several novel passive methods for detecting high speed impact damage in composite panels will
be presented. These methods analyze the signal from the impact induced structural wave
arriving at a network of piezoelectric sensors to estimate the position of the impact and to
determine the extent of damage caused by the impact. We will first present the manufacturing
technique used to embed an array of brittle piezoelectric ceramic sensors into custom built
epoxy-fiberglass [0°/90°] composite panels. We will then compare both classical triangulation
techniques and a newly developed technique using arrays of sensors to determine the position of
high speed impacts within these panels. The last part of the thesis will focus on a novel
technique for estimating the extent of damage within the composite under impacts at various

speeds.
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C speed of the secondary wave

¢ speed of sound in wave equation

ATOA difference of time of arrival

di Dirac's delta.

D stiffness tensor

Djjy stiffness tensor component.

D;jj; complex stiffness tensor for hysteresis absorption model
D';j; imaginary part of complex stiffness tensor

D;;j stiffness tensor in two index notation on directions i

d, distance from impact to sensor i

E Young modulus

E, absorbed energy

E; Young modulus on direction 1

E,,, envelope of function V()

f (@)arbitrary angular absorption function
G 3 shear modulus on directing 2,3

H Hilbert transform

h,(t) V function's Hilbert transform
J,(r)Bessel function on r

k data number k of V()
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ko data corresponting a ¢y on V(?)

k; data correspondint to ¢; on V(2)

m projectile mass

7l unitary vector on the wave propagation direction

n;component of unitary vector on direction 1

®(¢) arbitrary function of the angle ¢ for separation of variables
¢y, arbitrary wave function on direction k

¢ angle from z axis to the position direction

¢ absortion

v Poisson ratio

v;j Poisson ratio on direction i with a strain on direction j

p density

0 angle from fibers direction

0,,angle of the line between sensor 1 and 2 to the fiber direction.
Brangle between the front of the wave and direction of propagation
R(r) function that depends only on r for separation of variables
r radial distance

rate adquisitoni sampling rate of signal V(%)

g;jcomponent of stress direction i,J

S;j compliance tensor in two index notation on direction i j

T tension

T (t) arbitrary function of time #

t time

tp initial time for the SP calculation

t; final time for the SP calculation

Ty time of impact

TOA;, time of arrival to sensor 1

UNCLASSIFIED



u generic displacement

uy displacement on direction k

V (t) measured voltage signal

vp inital projectile speed

vg residual speed after impact of projectile
X position vector

X, y impact position

X, ¥, position of sensor i

Z(z) arbitrary function of z.

z coordinate in z direction.
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1 Objectives and accomplishments
The objective of this work was the development of high speed impact resistance intelligent

panels and the measurement techniques to:

e Provide good impact resistance

e incorporate integrated sensors

e Provide means to locate the impact location
o With simplified cable routing
o With less computational cost

e C(Calculate the extent of the damage
o With simplified cable routing

o With less computational cost

In the course of this research it will be proved that all these objectives have been successfully

accomplished. Furthermore, the following secondary accomplishments are also noted:

e The development of a technique to measure the speed of the sound in composite material
e An approximate formulation for the damping/dispersion of the wave on composite panels
e An experimental technique to measure the damping /dispersion in composite panels

¢ An optical method to measure the extent of damage in translucent composite materials
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2 Introduction

The industrial and commercial use of composite materials has been steadily growing over the
past decades; some industries that have experienced significant growth include the defense, civil,
aerospace and sport-equipment sectors. Using the aerospace sector as an example of the
acceptance of composite materials, the ratio of composite materials to total weight has risen
from 25% for the A380 and AV8 (introduced in 1985), to approximately 33% in the F22
(introduced in 2005); the A350 (planned for 2014) is expected to consist of more than 50%
composite materials. In the automotive sector, the desire of developing greener cars has led to
the need for weight reduction and therefore the increased use of composite materials. The U.S.
government has stated that the cost of fuel in the battlefield is a substantial burden; energy
absorbing composite materials can potentially be lighter than steel or aluminum for the same

threat level and therefore can reduce fuel requirements.

Composite materials have a number of potential advantages over conventional materials since
they can be designed to increase performance in a number of applications including: specific
stiffness, specific strength, and immunity to corrosion. The use of composite material becomes
especially attractive to sectors where weight reduction has a significant impact on the overall

performance of the structure.

The use of composite material however presents some disadvantages. Loads during service as
well as environmental effects can introduce damage in the composite component. Tensile or
compressive failure (overload), impact, fatigue, creep, and chemical material degradation, are
some of the mechanisms that can produce damage in the material (Zhao, Gao and Zhang, 2007).
Composite materials have complex failure modes at multiple scales including: fiber breakage or

matrix cracking, delamination, interface debonding, fatigue failure, and fiber kinking (Saponara,
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Horsley and Lestari, 2011). One of the major disadvantages of composite materials remains that
they tend to have reinforcement within the plane of the lamina and thus are weak in their
thickness direction. This coupled with the inherent anisotropy of each layer means that damage
in these materials tends to occur between the layers (so called delamination). By definition,
delamination damage occurs below the surface of the material and in general cannot be detected
using traditional visual inspection techniques. These delaminations can then grow due to fatigue

under service loads causing early component failure.

One of the more common causes of delamination in composite structures is due to impact. These
impacts can create very high localized stresses (especially shear and transverse stresses) in the
material and can be caused by a number of different sources with a wide range of velocities. For
example, dropping a tool onto a composite structure can be considered to be a low velocity
impact with low associated energy. Speeds for low velocity impacts are typically between 5 and
15m/s (with 1 to 10J of energy). Intermediate speed impacts can be produced during hail damage
or collision with birds in flight. Higher speed impact examples include high speed impacts where
speed is in the range of 300-900 m/s and energies in the 100-5000J range depending on the
projectile’s initial speed and mass. Hyper-speed impacts typically occur in space structures such
as when space debris collides with an orbiting satellite; these velocities can be as high as

10,000m/s.

As previously mentioned, subsurface delamination damage often remains hidden to visual
inspection requiring non-destructive evaluation (NDE) methods to assess the location and
severity of the damage. These NDE methods range from X-ray techniques to ultrasonic
inspection. All NDE methods have a major drawback in that the composite components require

periodic inspection which not only include placing the parts out of service but also require highly
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qualified personnel to perform the inspection. The inspection process adds significant operating
expenses that make the use of composite materials less attractive. One major challenge in NDE is
to reliably assess the structural health of a component without taking it out of service. Real time
structural health monitoring (SHM) can answer this challenge by reducing the number of
inspections and providing useful in-service information on the remaining life of the component.
Ideally the SHM system will be able to provide the following information: (1) location of the

damage, (2) extent of the damage, (3) type of damage, and (4) the remaining life of the structure.

In the list above, each step significantly increases the complexity of the SHM system. For
example, locating the position of damage alone is significantly simpler than assessing the extent
of damage, while estimating remaining life of a component remains a research challenge even
for the simplest types of damage. Increasing complexity in the SHM system typically increases
both the number of required sensors, and the overall electrical energy expenditure and
computation requirements for the sensor network. Thus it is not always technically viable in all
applications to assess all SHM parameters for a given structure. For real-time monitoring it is
thus important to identify the in-service critical parameters that need to be measured by the

system which might only include basic damage assessment.

In any SHM method, the first step is to determine the position of the damage. This step alone
might alert the user for the need of more detailed inspection and the associated possible
component substitution, and in some cases might enhance critical in-service operational
awareness such as the fact that a high velocity impact has occurred. Furthermore it is generally
impossible to determine the remaining structural life of a component without knowledge of the
damage location. Thus knowing this basic information (i.e. that a possibly damaging event has

occurred), and the location of the damage, can reduce the number of periodic inspections (i.e.
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only to times when they are actually needed), and as a direct consequence also increase the

overall safety of the structure.

Once the location of the damage is known, the next step of the SHM system is to evaluate the
extent of the damage. It is clear that a small delamination in a particular location in a structure
will have a smaller effect on the safety of the structure than a larger delamination. The evaluation
of the extent of damage will typically require more sophisticated analysis than the previous
location detection step, and will typically require information about the damage position. It may
also require more sensors increasing the overall complexity of the system. Provided the extent of
the damage is known, the SHM system can then move onto estimating the safety of the

structure/component and to further facilitate in-service decision making.

It is well known that manufacturing using multilayer composite materials is significantly more
expensive than using traditional materials such as steel. Thus one of the key challenges faced in
the manufacturing of multifunctional panels that are able to provide SHM, is to control the
overall manufacturing cost. At the same time, electrical cable routing through a structure (needed
to transmit data or power) is a challenging issue due to the high associated cost, which is mainly
due to the fact that these cables are manually routed (Van der Velden 2007). The use of
multifunctional self-sensing panels with their associated sensors will further exacerbate this
problem. Typically any damage detection technique will require a distributed network of sensors
throughout the entire structure. More sensors generally improves the accuracy of any damage
detection technique while at the same time making the routing and integration of the sensors into

the structure, more difficult and expensive.
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One last consideration when manufacturing multifunctional materials is the energy consumptions
associated with the calculations required to obtain useable data (such as damage location and
position) from the measurements. Overall energy consumption of the system should be
maintained to a minimum and the algorithms developed for damage detection should be simple
enough to be implemented; ideally in small low-power integrated circuits. For example, military
personnel might carry up to 20% of their total load in battery power'. Is clear that in this
application, reduction of computational energy cost, is a requirement for any new system that is

introduced in an already energetically burdened environment.

This dissertation will covers the following topics in the development of a novel multifunctional

system for high speed impact damage detection:

¢ A novel sensor embedding technique which
o improves the survivability of sensors
o provides sensor integration
o minimizing cable routing and integration cost
e A novel damage location calculation offering
o simpler cable routing
o reduced computational cost
e Presents an algorithm to calculate the extent of the damage from high speed,
impacts,using a newly developed damage parameter. This system:
o uses the same sensor network as for the impact location measurement

o isrelatively easy implementation on an integrated circuit

!http://www.army.mil/article/53283/
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3 State of the art

This chapter covers some of the previous research done in multifunctional composite materials
with a specific focus on manufacturing of panels with embedded sensors, impact damage
location and SHM in composite materials. Though the present research focuses on passive
damage detection, most of the advances in damage detection in composite materials have been in
the field of active (i.e. ultrasonic) methods. Some of these active methods are directly applicable

to the present research and thus have been covered in this overview chapter.

3.1 Multifunctional panel manufacturing
Almost by definition any multifunctional SHM structure needs and integrated sensing and

associated electronics to process the associated data.

Integrated sensing for composite materials has been studied by a number of authors and the
techniques range from piezoelectric “reinforcement” (Tressler, 1999) to fiber reinforced
composite with integrated discrete piezoelectric sensors (Coleman, 1998). The selection of
appropriate materials and associated sensing techniques is closely coupled with manufacturing
methods for these multifunctional structures. A more detailed literature overview relevant to the
manufacturing of these panels will be more fully described in the introduction of the next

chapter.

3.2 Damage location detection

Location detection using wave propagation (either electromagnetic or acoustic) is a well-
established technique. The techniques can be either active (as used by RADAR) or passive (as
used in SONAR). This thesis focuses on passive impact location detection. In the context of this

work, passive detection means that the structural waves generated by the impact themselves are
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used to find its location. A key challenge that arises in passive wave propagation in composite
materials is that these materials tend to be anisotropic and highly attenuating. This in turn means
that the wave front is complex (i.e. not circular as in isotropic materials), wave speeds are
different in different orientations within the material, waves are dispersive (i.e. waves with
different frequencies travel at different speeds) and that waves can travel different distances

before being fully attenuated again dependent on the direction of propagation.

The most commonly used method for impact location is triangulation based on the impact
generated wave (Coverley and Staszewski, 2003; Schéfer and Janovsky, 2007; Dehghan Niri and
Salomone, 2012; De Marchi et al., 2011; Saponara, Horsley and Lestari, 2011). Advances on this
known calculation has been made, like the technique developed by Staszewski (2002) and
Coverley and Staszewski (2003), consisting of conventional triangulation together with a genetic
algorithm to locate the damage position. In their paper, a network of sensors covering the surface
of the structure was used; a signal envelope was employed to determine the time of arrival of the
impact wave. Genetic algorithms have been proposed as well for impact force detection (Yan
and Zhou, 2009). A network of sensors and triangulation was also used by LeClerc et al. (2007)
and successfully applied to predict the impact location in a complex composite structure (i.e. an
aircraft component). Acoustic emission sensors with a triangulation technique applied to
aluminum honeycomb panels were used to detect impact locations for impacts in the
hypervelocity range (Schéfer and Janovsky, 2007). Dehghan Niri and Salamone (2012) used a
triangulation technique with a probabilistic method for impact discrimination together with a
wavelet time of flight measurement, this is an interesting advance since uses particular
frequencies through the wavelets arrival time. De Marchi et al. (2011) used a triangulation

detection technique to detect Lamb waves with surface mounted piezoelectric sensors; the waves
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were generated by the impact of a pencil with a thin aluminum panel. This research took into
account the distortion of the Lamb-waves propagating through the panel. Lamb waves are always
dispersive due to the difference between wave and phase speed (or in other words different speed
with frequency). Note that this wave distortion is more important in anisotropic composite
materials. Piezoelectric sensors combined with a triangulation technique were also used by
Saponara, Horsley and Lestari (2011) in a composite material similar to the one employed on this
work. Other techniques have also been explored like time reversal techniques using a single
sensor and the wave reflection history to reconstruct the impact position (Ciampa and Meo,
2011). Though of great interest, Ciampa and Meo’s (2011) work required a large number of tests
to train the neural network; such training could be impractical to perform for impacts in the high

speed range.

All previously mentioned triangulation techniques used a network of sensors that are placed so
that the impact location is within the area circumscribed by the sensors (except for Ciampa and
Meo, (2011) where a single sensor and a time reversal technique was utilized). Another
technique for impact detection used the angle between two known sensor positions and the
impact locations to calculate the position of the impact. This technique was used by Betz et al.
(2007) where fiber optical Bragg grating sensors where employed, and by Lanza si Scalea et al.
(2011) and Salomone et al. (2010) where piezoelectric fiber composite sensors were employed.
The impact angle technique developed in those papers used an array of three sensors (i.e. a
rosette) to measure the relative amplitudes of the impact wave at the same location from which
angle to the impact could then be determined. The inherent directionality of the response of the
sensors is used, since the sensors measurement depends of the angle of the strain to the sensors,

the angle can be calculated by comparison between sensors in different directions, but close by.
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Since they are close the response can only depend on the angle so comparison is possible. Two
rosette groups were then used to calculate the intersection of the lines formed by the impact
direction and thus the impact position could be calculated. Since the relative amplitude and
shape of the impact signal is used for this calculation, this technique does not rely on measuring
the time of arrival of the impact and are thus fundamentally different to the triangulation
techniques. These orientation based techniques are the foundation for the new technique
proposed in this work, which uses a time of arrival calculation similar to the classical

triangulation technique to obtain the impact location.

Another method proposed by Ciampa, Meo and Barbieri (2012) used pairs of acoustic emission
sensors to locate impacts that are close to perpendicular to the line between the sensor pairs. A
number of the sensor pairs can then be used to estimate the impact location, with the advantage
that no speed of sound knowledge is required. Kundu, Nakatani and Takeda (2012) employed a
group of three acoustic emission sensors to calculate the angle of the impact location in a similar
way to the present research, for each 3 sensors they are able to obtain angle information. Since
the distance from the impact to the sensors was large compared with the distance between
sensors, Kundu, Nakatani and Takeda (2012), used a constant speed of sound approximation.
The more general case in which the speed of sound is assumed to be angle dependent (as would
be the case in anisotropic materials when the distance between the sensors cannot be assumed to
be small compared to the distance to the impact location) is investigated in the present research.
Another difference is that one single angle is created for each pair of sensors this allow to obtain

more redundant information, or reduce number of sensors and therefore with less cable routing.
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3.3 Damage extents

After the position of damage has been detected, generally any SHM method will then be
concerned in determining the extent of this damage. The most common approach in determining
the extent of damage is to use active detection. A number of different ultrasonic active
techniques have been studies in the past. Most of these techniques use so called guided Lamb
waves which can propagate long distances within thin structures such as plates and thus are ideal
for interrogating large areas of structures. The passive method proposed in this research also
relies on Lamb waves that are generated during the impact. Other waves will generally be
absorbed quickly and thus will be assumed not to reach the location of the sensors. The
underlying assumption in the present research is that the impact location is far away to ensure

that only guided Lamb waves are measured at the position of the sensors.

Lamb waves have been some characteristics that make them attractive for damage detection.
They have two modes (symmetric and anti-symmetric) as shown in Figure 3.1. These two
modes can allow for the detection of both surface defects and sub-surface defects Su (2006) .
Changes of thickness of the plate (as caused by surface damage) change the propagation speed
for a given frequency and can be considered to act as a boundary/discontinuity in the material.
Both a reflected and refracted wave will be generated at this damage zone, therefore allowing
detection. Lamb waves typically travel long distances in the material with little loss of energy, a
range between 3000mm to 85mm in composite panels from the source has been previously
reported (Su, Ye, & Lu, 2006). Propagation distances estimates in composite materials vary
depending on the particular study and material but a conservative estimate of 100mm (Zhao,
Gao, & Zhang, (2007)) can be used for sensor design purposes. Birt, (2000) also studied the

propagation of Lamb waves showing attenuation over a distance of 150 to 600mm for the SO
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propagation mode. This work also compared the performance of three piezoelectric types:
PVDF, PZT and a 0-3 composite PZT transducers. The conclusion of this comparison was that
PVDF is approximately and order of magnitude less sensitive than of PZT, and that the 0-3
composite PZT transducer is about twice as sensitive as the PVDF transducer but with an angle
dependence on the measurement. For the present work, due to the impact geometry, the
generated waves are expected to be anti-symmetric dominant. These waves are typically
absorbed at a faster rate and thus the use of the more sensitive piezoceramic material appears to
be justified. Measured attenuation in previous research are generally measured using relatively
low power ultrasonic sources; high speed impact energies tend to be significantly greater so

even longer propagation distances are expected for this case.

Anti symmetric wave.

Symmetric wave.

Figure 3.1 Representation of Ansti symmetric and symmetric waves.
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Many methods have been used in the past to generate Lamb waves including: ultrasonic probes,
lasers, piezoelectric elements, or interdigitated transducers (Su, Ye, & Lu, 2006). Piezoceramic
materials are sensitive, have adequate frequency response and generally require no external
power source so are well suited for Lamb-wave damage detection and have been used in a
number of previous studies ((Birt, Badcock, & A, 2000) (Moulin, Assaad, Delebarre,

Kaczmarek, & Balageas, 1997) (Moulin, Assaad, Delebarre, Kaczmarek, & Balageas, 1997)).

Work related to the absorption of Lamb waves is of importance in SHM and a number of studies
have addressed this issue. One example is the research of Torres-Arredondo (2011) where
different models of absorptions were proposed and wave absorptions curves were then

calculated.

Maznev (2003) worked on a theoretical solution to the problem of surface wave propagation
form a point source. The main result of from that work that is pertinent to the present research is

that in the far field approximation, the integrals that are associated with the calculation of the

wave are weighted with a factor of 1/4/r. This 1/+/r approximation will be used in the present

work to correct the signal arriving from the impact source.

As previously mentioned, high speed impacts have velocities comparable to the speed of sound
in the material and the waves propagating from the impact carry high stresses away from the
impact point to the rest of the structure. During the last decades a significant effort has been
made in the scientific community to developed analytical models to understand the mechanics
underlying high speed impact. Taylor (1942) develops a model for a single fiber subjected to
high speed impact in a direction perpendicular to its length. Roylance (1973) generalizes this

model to transverse impact using the Finite Element Method (FEM) and Morrinson (1984) and
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Prevorsek (1991) studied different types of yarns and their behavior under high speed impacts.
Roylance (1980) showed that a lightweight material with a high elastic modulus, (i.e. high wave
speeds), distributes tension better thereby reducing the dynamic stresses and allowing more

energy absorption.

The extension of modeling efforts from 1D to 2D was first done by Vinson and Zukas (1975),
and a multilayer soft armor model was developed by Parga-Landa and Hernandez-Olivares
(1995). Energetic models that consider wave propagation and multiple failure mechanisms have
been developed by Morye et al. (2000); in this work the development of an impact cone model is
proposed and measured using high speed photography as shown schematically in Figure 3.2.
Naik (2004) generalized this model to a multilayer material and shear plugging energy was also
introduced to the impact model. Later a similar model was proposed by Mamivand (2010) where
the formation of the damage cone was again proposed; this model introduced parameters that
took into account the inertial changes in the speed of the projectile due to the deformation of the

layers of material.

The importance of those papers for the present work is that they show the initial impact profile is
likely to generate waves that are mostly anti-symmetric in nature and also they provide an
approximate method of calculating contact forces during impact. In general a good overview of
prior work was done by Cheeseman (2003). In general the impact cone is formed by the
propagation of the transverse waves. The steeper the slope of the impact cone, the higher the
strain levels in the fibers. The results from Morrinson (1984) and Prevorsek (1991) show the
effect of stress rate on the properties of the fiber. Stress on the fiber is related to the strain rate at
high speeds. On some of the fibers under high speed impacts, it appears that the faster the shot

the higher the stress on the fiber for a same cone height. Though those papers focus on
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determining V50 of the projectile, an interesting result for this research is that if the projectile is
stopped, the cone base continues propagating and therefore the maximum stress on the fibers will
be before the projectile has completely stopped. This result will be used to estimate the upper
limit of the contact force that is needed to develop the novel damage parameter developed in this

thesis.

Projectile
Impact cone

—

~
7N Cdd

Projectile speed Transverse Longitudinal wave

J wave

Figure 3.2 Cone formation on a composite material due to the high speed impact. Note that the
poison contraction due to the longitudinal wave as been exaggerated.

The contact force during impact is closely related to the generated waves; thus knowledge of the
contact force history can provide a very useful insight into the nature of the waves that can be
expected to arrive at the sensor location. Though beyond the scope of this thesis, using the
methods of Maznev (2003) it would be possible to calculate an approximate wave propagation
profile; (the propagation profile is approximate since the damage in the material caused by the

impacts will change the nature of the wave itself). It should be noted that there are a number of
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research articles published for the case of low speed impact. However low speed impacts are
different from high speed impacts in the sense that the later are wave dominated while the former
can be considered quasi-static or boundary dominated. Even considering that high and low speed
impacts are different, some of the work carried out in this field on low velocity impacts are
relevant to the present work since they show that contact force pattern can change with material
damage. Chang and Sun (1989) used a Green function approach and signal deconvolution to
predict the impact force using remotely located sensors. Chandrashekhara (1997) uses a FEM
trained neural network to calculate the contact force for low speed impacts, the contact forces
were presumed to be Hertzian in nature. Yang and Sun (1981) have shown that due to permanent
deformations during indentation, the Hertzian contact law is not adequate for carbon fiber
reinforced composites and as a consequence of this permanent indentation, the unloading path is
different that the loading path. Props et al. (2010) used fiber Bragg grating sensors to detect low
impact damage characteristics. That work used a full spectral interrogation method to show
important details that would be hidden using single frequency interrogation and thus showing the
importance of the contributions the different frequency on the impact event. In the case of low
speed impact, knowing the impact force history is equivalent to knowing the impact energy, and
therefore all information about the damage, assuming a complete characterization of the material
has been carried out. Unfortunately direct measurements of contact forces in high speed events
are not possible at this moment. Future advances on micro-instrumented projectiles could change

this in the near future (Sandia labs self guided bullet)®.

Some attempts have been made to measure the contact force in composite materials under high

speed impacts. Starratt et al. (2000) measured the force displacement curves for high speed tests

? https://share.sandia.gov/news/resources/news_releases/bullet/#.U06Z98Ssh8F
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on Kevlar 129 fabric and found that when penetration of the projectile occurs, the maximum
force occurs before the maximum displacement of the fabric is reached. However when the
projectile does not penetrate the fabric, the maximum force occurs at the same time as the
maximum displacement. For both cases however, the total contact duration is reached at
approximately at the same displacement. Contact forces in that research was measured in an
indirect way by measuring the acceleration of the projectile (and assuming no deformation). The
results of this paper are in fair agreement with the prediction made using energetic impact

models.

To the best of our knowledge no published research exists on the use of passive techniques to

detect the amplitude of the damage for high speed impact.
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4  Multifunctional Panel manufacturing

4.1 Introduction

As the name indicates, multifunctional materials are materials that are able to perform more than
one function at the same time; for example, materials with sensing capabilities while maintaining
their structural properties. In this study a multifunctional material has been developed that
provides high speed protection while measuring both damage position and extent. To provide
this functionality, the sensors have to be seamlessly integrated within the structure in order to be

able to measure the required damage parameters.

Embedding sensors within a host composite panel has its own set of unique challenges. The
performance of the sensing device, including sensitivity and longevity, will depend on how well
the sensor is attached to the host material. As previously stated, a high speed impact is an event
where the projectile speed is on the order of the speed of the sound and therefore being able to
measure the structural wave propagation through the material is of critical importance.
Accordingly, the acoustic impedance coupling will be a key factor in determining the sensitivity
of the system to the impact process. As a consequence, both the manufacture of the structural
host and sensors, and damage detection techniques are strongly coupled. Manufacturing of the

host panel with embedded sensors is thus a critical part of the proposed work for this thesis.

Manufacturing and sensor integration have the following challenges (Lin & Chang, 2002):

(1) Providing adequate electrical insulation to the sensors.

(2) Reduced structural integrity of the host structure; integrated sensors can introduce stress

concentrations or defects.
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(3) Consistency and repeatability between different sensors.

(4) Modification of structural properties (e.g. stiffness) of the host structure due to the presence

of the sensors.

(5) Added cost of sensor integration.

Previously these challenges have been addressed in a number of different ways, however two

main solutions are possible: (a) embedded sensors or (b) surface mounted sensors.

4.2 Advantages and disadvantages of surface mounted and embedded sensors

Surface mounted sensors have three key advantages: (a) since sensors are attached after the
manufacturing of the host structure, the sensors can be precisely placed on the structure, (b) the
application of the sensor array does not introduce defects in the panel, and (c) sensor integration
is less time consuming for prototype manufacturing. Disadvantages of surface mounting include
the dependence of the mounting technique and sensor response on the adhesion method, and the

survivability of the sensors due to external environmental elements such as impact.

Embedded sensors typically offer a better mechanical coupling with the host material, thereby
improving the inherent measurement sensitivity. Embedding the sensors also significantly
improves the survivability of the sensors due to the inherent protection provided by the host
material. During testing associated with this research, surface mounted sensors have in many
cases shattered or delaminated from the structure during the impact of the projectile even when
located relatively far from the impact site. This is in stark contrast to the performance of
embedded sensors. During similar testing, embedded sensors have been shown to maintain
partial to full functionality even when in they are located within the delamination area caused by

a high speed impact. Some disadvantages of sensor embedding include: (a) the challenge of
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accurate sensor placement (i.e. sensors might move during the manufacturing process), and (b)
the man-hours required for manufacturing these panels. The main disadvantage of embedded
sensors is that they act as an inclusion within the host materials and can be a source of damage

either during manufacturing or under subsequent loading.

Another consideration is the sensitivity of embedded sensor when compared with surface
mounted sensors. This relationship between the host and sensor has been previously studied in
the case of piezoelectric materials (Soh, Annamdas, & Kiong, 2007); the main conclusion that
emerged from these studies is that surface mounting the piezoelectric material performs better if
the elastic modulus of the piezoelectric is higher than that of the host structure, the opposite is
true for embedded sensors where a stiffer host is preferred (Soh, Annamdas, & Kiong, 2007).
The piezoelectric sensor chosen for this research (PZT-5A) has an elastic modulus of 60GPa’
which has an important influence on the minimum fiber density for the specific composite that is
being used. High fiber densities are needed to achieve this relatively high modulus (i.e. 66GPa);
for example carbon epoxy pre-peg has a modulus of approximately 66 GPa, while fiber glass
pre-peg has an approximate modulus of 22 GPa. Another important reason to chose sensor
embedding is that the composite layers prevent the electromechanical fatigue degradation of the

PZT (Sung-ChoongWoo & Goo, 2009) .

PZT-5A material was chosen for this study because the piezoelectric and dielectric properties of
this material have a good balance between sensing and actuating as compared to other
piezoelectric materials with high electromechanical coupling. PZT-5A is a "hard" piezoelectric
material with both high piezoelectric and high dielectric constants. This PZT material has a Curie

temperature (350°C), which is above the curing temperature of most thermoset polymers. This

? http://www.piezo.com/prodmaterialprop.html
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allows for the sensor embedded panels to be thermally cured while maintaining the piezoelectric
properties of the sensors. The use of PVDF is not recommended because of both its relatively
low piezoelectric coupling coefficient and its low Curie temperature (i.e. the thermal curing of
the composite materials will depolarize the PVDF and thus essentially eliminating its
piezoelectric coupling. Re-poling the PVDF after curing is possible but adds a significant
manufacturing overhead to the process) . Note however that PZT-5A is more rigid than the host
structure and therefore is not the best selection for embedding within a lower modulus host
material (Soh, Annamdas, & Kiong, 2007). The high capacitance of these PZT sensors allows for
the use of a less complicated signal conditioner in the sensing stage than if a PVDF material

were to be used.

The embedding of sensors has been studied by many authors. The integration of PZT sensors on
a fiberglass structure is at the end to integrate a hard ceramic composite host. This was studied
by Hansen and Vizzini (1997). They used glass slides on graphite epoxy composite material to
simulate the sensors, and studied the effect on the life of the component on tensile and fatigue
testing. This study presents a limitation, which is that even though the effect on the host can be
addressed, the effect in the sensor cannot. The glass insert on those test though were quite big,
covering the entire wide of the specimen (50mm) and with a thickness of 8 plies. On this study a
cut off method where the sensor position was free of fiber though cutting was shown to give
better tensile properties, but sustained more delamination damage. This case non comparable to
our, and showed a significant drop on the properties. Coleman (1998) paper introduced a PZT
insert on a composite panel (AS4/3501-6 graphite/epoxy) dimension of the PZT insert were in
this case 50.8 X25.4 X0.254 mm. The wide of the specimen in this case in this case was 50.8mm.

Sensors where inserted using a cut off method. In this case no significant variation of the
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mechanical properties due to the embedding of the sensors was detected, though bigger extent of
the damage on fatigue testing was detected. The kapton protected sensors was well integrated
into the structure. No effect of fatigue was detected on the PZT output on this paper when strains
under the strain limit of the PZT where applied. On high strain rates a sudden drop of voltage
was detected..Lin & Chang, (2002). propose another solution, the smart layer, where sensors are
integrated in a kapton flexible circuit that can be introduced attached of embedded on the
structure The flexible circuit approach allows for an accurate placement of the sensors, a
consistent response between sensors and alleviates the difficulty of routing the wiring through
the host material by insuring that the wiring is integrated within the sensing layer. These
advantages are achieved at the price of introducing an extented defect within the host material. In
both cases, initial results showed that these smart composite panels did not suffer a significant
change in their failure behavior due to the presence of the PZT, or smart layer. However, later
studies showed a reduction in the strength of these composite panels of up to 15%. Thus, there is
a significant dependence between the embedding method and the material property behavior
(Ghezzo, Huangz, & Nemat-Nasser, 2009). Fabrizia Ghezzo et al. (Ghezzo, Huangz, & Nemat-
Nasser, 2009) tested different embedding methods to embed the sensors. They proposed a multi
stage process where the fibers are cut, displaced or interlaced (i.e. surround) the sensor. Of these
three embedding methods, it was found that cutting the fibers had the most significant effect on
the strength of the panel. On the other hand, the fiber interlacing method offered the least
strength reduction. Another interesting conclusion of this work is that thin piezoelectric layers do
not have a big impact in the mechanical behavior of the host. As a conclusion, for the present

research, a thin PZT of small dimension was chosen to be inserted between the fiber glass fabric
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in an interlacing pattern, minimizing the impact of the embedded sensors on the strength of the

structure.

4.3 Panel manufacturing

Fiber reinforced composite materials are usually built using layers of high strength fibers that are
joined together by a matrix material; in the present case a polymeric matrix was used. This
matrix serves a number of structural purposes including filling the space between layers of the
composite and also provides these materials with interlayer mechanical strength and stiffness.
Interaction between fiber and polymer also has a important effect on the general properties of the

material. The most general composite manufacturing techniques are:

e Pultrusion

¢ Resin transfer molding (RTM)

e Vacuum assisted resin transfer molding (VARTM)

e Hand Lay-up

e Autoclaving

e Compression molding

e Vacuum infusion

¢ Filament winding
Of these methods, both RTM and vacuum infusion have been successfully used for sensor
embedding. Vacuum infusion has been used extensively in the fabrication of samples for sensor

embedding research (see for example (Ghezzo, Huangz, & Nemat-Nasser, 2009)). This

technique is well established and has the advantage of using small pressures and temperatures
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compared with autoclaving or RTM, and thus considerably reducing the chances of damaging the

sensor in the process.

4.4 Vacuum infusion (VI)

Due to the above mentioned advantages for the ease of use, the VI technique has been selected
for the present work. VI has been used for many years to manufacture various composite
materials which are widly used for sports equipment, various components of ships and is now
being used in the aerospace market. This techniques been applied for small aircrafts and is now
been applied to some large aircraft components where RTM has been traditionally used.
Vacuum infusion has been successfully used for components with volumes exceeding 10 m’,
which include rotor blades and yacht hulls (20-30m in length). One of the main advantages of
VI over RTM is that only one side of the mould is needed for VI since the vacuum bag acts as

the opposite side of the mould.

From the point of view of cost, VI is the second cheapest manufacturing method after hand lay-
up. As compared to the hand lay-up technique, the resin is contained in the vacuum bag and the
process is thus significantly environmentally cleaner and healthier. VI is also generally more
reliable than the hand lay-up method and shows good consistency from batch to batch with

respect to mechanical properties.

Vacuum infusion does not generate the high pressures that appear in compression molding or in
the autoclave technique and thus improve the survivability of the PZT sensors. To obtain a better
impact resistant panel, it is known that a high fiber to resin ratio is desirable. Therefore it would

be convenient to use a technique that increases this ratio. Vacuum infusion provides in general
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low fiber ratios compared with compression molding or autoclaving, but for this research

survival of the sensors during the manufacturing process was considered to out-weigh this factor.

Thus VI appears to be a promising, simple method to develop a reliable embedded sensor system

and was thus used throughout this research project.

4.5 Vacuum infusion composite panels manufacture with embedded sensors

4.5.1 Panel manufacture

The development of a reliable technique of embedding sensors within its host composite material
has been a critical step in the present work and is thus detailed in this chapter of the dissertation.
The vacuum infusion process is well known in the composite community but is included in this
section for completeness. A list of the materials used in the panel manufacture can be seen on

Appendix A.

In order to developed the manufacturing technique some trial and error was carried out with the
process. In the course of those attempts, the following issues were detected: Sensors placed on
the top surface of the panel tended to break during manufacturing while those placed one fiber
layer or more below the surface survived. Thus it was decided to place all the sensors under the
first layer of materials. As a consequence, cable routing though the fiber was of critical
importance and a robust method of preventing these cables from being damaged while
maintaining electrical accesses had to be developed.. Furthermore, the initial position of the PZT
sensors could change during manufacturing, either due to the applied vacuum or due to the resin
flow. To solve this problem a number of solutions where proposed: (1) stitching the PZT to the
composite fiber, (2) gluing the PZT in place and (3) securing the PZT by tying the attached

electric cables to the fiber. Stitching was both very labor intensive and failed to provide adequate
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restraint to the movement of the sensors during matrix infusion. Tying the electric cables to the
fiber provided adequate restraint against sensor movement but lead to failure of some sensors.
Of the three methods, gluing the PZT sensors in the desired position was the least labor intensive
and appeared to provide adequate constrain against movement; this method was thus adopted for

the remainder of the work in this thesis.

The manufacturing of the sensors can be divided in the following steps:
1) Wire preparation. Cable ends are exposed from the insulation
2) Sensor cutting. Sensors are laser cut (or purchased with the desired shape)
3) Sensor wiring
4) Attaching the PZT sensors to the composite fiber
5) Cable routing through the fiber
6) Fiber stack building
7) Vacuum bag assembling
8) Vacuum infusion process

a. Debagging
9) Test specimens preparation
10) Thermal treatment i.e. curing

Steps 1 and 2 are straight forward and do not require any extra explanation. Circular
piezoelectric lead-zirconate-titanate (PZT) sensors are used in this work; the size of the sensors
was 6.4mm diameter by 0.191mm thickness (1/4" diameter by 0.0075" thickness). A picture of

the sensor can be seen on Figure 3-1.

Sensor wiring. The PZT sensors are coated with sputtered nickel alloy which form the
electrodes on both the top and bottom faces of the disk (i.e. the poling direction is through the

thickness). . In order to attach the wires to the electrodes, the nickel oxide layer has to be treated
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using solder flux (#67 Liquid flux). One of the lead wires is then held next to the cleaned area of
the sensor and a small amount of solder is used to connect the wires to the face of the PZT (as
shown in Figure 3-4). It was found that directly copying this process to connect the second wire
to the other side of the PZT did not work because the heat of the soldering iron would cause the
solder of the first wire to re-melt and release the initial lead wire. This problem was solved by
holding the first lead wire in place using a pair of self-locking tweezers of which the tips were
covered in electrical tape to prevent them from damaging the sensors. As shown in Figure 4-3
and Figure 4-4. Once the wire leads have been fixed to both sides, the cables are then braided in
order to improve survivability in the debagging process and making cable routing easier; the
braided cables are shown in Figure 4-5. It is important for the survival of the sensors during the
embedding process to control the solder thickness used to attach the wire leads. This is because
the fiberglass will be forced to follow the contour of the solder and could perturb the flat
interface of the vacuum bag. This can create high stresses in the PZT when pressure is applied
from the vacuum bag causing damage in the PZT during the vacuum infusion. In order to ensure
that the sign of the voltage output from each sensor is consistent, it is also important to keep

track of the piezoelectric polarity of the sensor during the manufacturing process
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Figure 4-1 PZT sensor used on this work.

Figure 4-2 PZT sensor with part of the nickel plating removed.
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Figure 4-3 Pliers protected with electrical tape are used to hold the PZT sensor.

Figure 4-4 A small amount of solder is applied to the sensor to connect the wire leads.
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Figure 4-5 A completed PZT sensor with braided wire leads.

Attaching the PZT sensor to the fiber glass mesh. A fast drying epoxy is mixed and placed on
the fiber-glass fabric in the desired position. It is recommended to wait until the epoxy has
started to cure and is thus more viscous before placing the PZT onto the fiber glass (Figure 4-6).
This will ensure that the PZT has minimal movement during the mounting process. Note that
cyanoacrylate adhesives are not a good option since they are not compatible with the heat
treatment of the panel after manufacture. Figure 4-7 shows the PZT sensor after the epoxy is

cured.
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Figure 4-6 Placement of the fast-drying epoxy in the desired position for the PZT. It is important

to note that the fiberglass will absorb some of the epoxy in this process.

Figure 4-7 Sensor attached to the fiber glass fabric.

has been mention above, in order to improve the sensors survivability,

As

Cable routing

to ensure that the sensor leads are

3

sensors are placed under the first layer of material. Therefore
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not fully encased in the panel, the electrical leads must be threaded through the fiberglass. This
process can be seen in Figure 4-8 and Figure 4-9. To allow for the leads to be threaded, a small
hole must first be made in the covering glass fiber layer. The leads are then guided through this
hole and oriented in the desired direction. Figure 4-10 shows the sensor and fabric after this
process is complete. Note that the distance between sensor and the routing hole is important
since it will reduce the tension (so called stress relief) in the cable during the vacuum infusion

Process

Figure 4-8 Preparation of the hole for the wire leads to be threaded through.
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Figure 4-10 View of the sensor leads on the opposing side fiber mesh to which the PZT sensor is

attached.

Fiber Stack Assembly. A stack of fiber is then built according to the desired geometric
specifications (i.e. fiber orientation, thickness, width and length). In the present study 20 plies of

fiber glass (S2-6187 - HEXCEL) with a [0/90];¢s stacking was used for all panels.
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Vacuum bag assembly. Figure 4-11 shows the vacuum infusion setup used for the manufacture
of the panel. Two layers of vacuum bag are used, the bottom bag being at a higher vacuum than
the top. This bottom bag is used to allow for the base aluminum plate to be easily reused without
having to clean off residue epoxy. The fiber-glass layers are then stacked on this bottom bag. The
overall stacking of materials is as follows: lower bag, fiber glass, peel of ply, flow media and top
bag. When sensors are present, the loose part of the electrical cables should not be in contact
with the fiber glass (or they will inadvertently embedded) nor in contact to the flow media (or
they will get broken in the debagging process). In those cases, the cable is therefore routed from
the fiber through the peel ply; to avoid contact with the flow media, a second layer of peel ply is
locally applied to cover the cables. Masking tape has been found to be of great help to hold
everything in place during the vacuum infusion process, but direct contact of the tape with the

fiber should be avoided.

Fiber Glass
Resin Input
Flow Media
Vacuum bag w Sensor Cable  Peel Off Ply v/,.yum

Sealant PZT Sensor Pum

N/ =71
_+ y — —
=\

Aluminum Plate

Figure 4-11 Vacuum bagging schematic.
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Vacuum Infusion. Once the vacuum level as been checked, the resin/hardener is then placed in
a vacuum chamber to remove a majority of the air in the mixture, The tubing on the left of Figure
4-11 is connected to the resin/hardener which will start flowing into the panel when exposed to
the vacuum. When the resin/hardener starts to flow into the outlet tube, the process should be

stopped and all inlet and outlet tubes should be clamped closed.

Debagging. After the manufacture recommended curing period is complete, the bag can be cut
and the composite panel can be extracted. In our case the curing time is one week. Debagging
needs to be done carefully to avoid damage to the sensors cables. The sensors first have to be
released from the peel of ply (POP) covering the wire leads. Subsequently, the main layer of

POP is then removed to expose the main glass-fiber epoxy.

Test specimen preparation and thermal treatment. After the panel has been removed from the
bags and the cables safely separated from the panel, the panel can be cut into the desired shape.
The test specimens can then be additionally cured in an oven to improve the performance. For
the resin/hardener used in this thesis, it is recommended that the panel is cured at 120 C for 2
hours. Thermal curing is critical since it greatly improves high speed impact strength as can be
seen in Figure 3-12. Here the panel was subjected to two high speed impacts before thermal
treatment as can be seen by the two large delamination areas and then to four high speed impacts
after thermal treatment. It can be clearly seen that the thermal treatment significantly reduces the
extent of delamination from a high speed impact event. (The thermal treatment used in this thesis

as not been optimized and could further improve the impact resistance of the panel).
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Figure 4-12 Panel SP19 subjected to high speed impacts; the thermal treatment improves the
resistance to the delamination damage as can be seen by the two pairs of impacts with the same
projectile speed. Impacts were performed with a .22 caliber FSP projectile at speeds around 300

m/s.
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5 Damage location detection

It has been mention in the state of the art chapter that the first step for structural heal monitoring
is to locate the position of the damage. On this work a novel detection technique has been
developed. The novel technique focus on solving some of the problems related to the
implementation of the techniques. Power consumption and cable routing are two real problems in
the industry. Simplifying the calculations algorithms and place the sensors in such a way that

simplifies the routing can have a real impact on the industrial applications of the techniques.

5.1 Conventional triangulation algorithm (CT)
The theory behind this classical technique is well known (Saponara, Horsley and Lestari, 2011;
De Marchi et al., 2011) and is based on finding the distance (d;) of the damage from sensor i

based on the time of arrival (7OA) of the impact induced wave to the sensor, given by:

d,=(x—x,) +(y-y,) =(104 -T,)-C(6) (5-1)

Where, TOA;, x; and y; are known (i.e. measured) and 7, x, y are unknown variables that need to
be calculated. TOA;, x;, y;, Ty, x, v, and C are the time of arrival of the impact wave to sensor i,
the x; and y; coordinates of sensor i, time of impact, x and y coordinates of the impact, and speed
of the sound respectively. Since the time of impact (7)) is not known a-priori, it can be
eliminated from the system of equations by subtracting the distance equation from two sensors i

andj to give

Jo—x P +-yF Jor—x, F+lr-»,F

C(9) C(@,)

=(T04,~TOA4,) (5-2)
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This equation defines an isotemporal curve (or a group of curves) in the plane of the composite
with identical difference of time of arrival (A70O4 = TOA; - TOA;). The intersection of those
curves from various pairs of sensors then defines the impact position. A schematic of this
method is shown on Figure 5-1with four sensors (S; to Ss). After impact the waves propagates
from the impact position until it reaches the first and subsequent sensors (i.e. the wave first
arrives at sensor 2 and then sensor 1 in Figure 5-1). These arrival times will define the time of
arrival TOA, and TOA,; etc. The isotemporal curves from each pair of sensors are shown for
sensors 1-2, 1-3 and 2-3. In this case, the intersection of one pair of curves can be used to define
the impact position. In general the intersection of the curves with experimentally measured
TOAs will have some error and will give a collection of intersection points with more than one
possible point of impact. Thus for real TOAs, redundant measurements are required to improve

the reliability of locating the actual point of impact.

Figure 5-1 A series of figures showing the calculation process for the CT technique; on the left
figure first the wave (shown in blue) from the impact (shown as a star) arrives at the closest
sensors (s2) thus defining TOA2; then in the middle figure the impact wave arrives at sensor sl
defining TOA1. Using TOA1 and TOAZ2, the possible positions for the impact are defined along
the isotemporal line C1-2 (in red) from Equation (5.1). This process is then repeated for all
possible pairs of sensors leading to 6 isotemporal curves. The intersection of these curves are
used to calculate the impact position; (only 3 curves have been represented in the right figure for
clarity).
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Critical to finding the isothermal lines defined in Equation (5.2) is the understanding of how
waves propagate in anisotropic material and the associated wave speed dependence on
propagation angle to the fiber direction - i.e. C(6). For the isotropic case, the speed of sound for

the P wave is constant and is given by Equation (5.3):

_ E (1+v) )
Cp = \’p(1+v)(1—2 V) (5-3)

Where C, is the speed of the sound for the pressure wave, E is the Young modulus of the

material, p is the density of the material and v is the Poisson ratio.

There are another two solutions that give shear waves (particle displacement perpendicular to the

direction of propagation). The two solutions are the same and are given by Equation (5.4):

E
CS - \‘Zp(1+ V) (5_4)

Note that the pressure wave is always faster that the shear wave.

For a non-dispersive anisotropic material, and using a plane wave approximation, we can

represent a plane wave by Graff (1975):

2T s
w, = Py (7” Ax — Ct)) (5-5)
Where u;, is the displacement in direction &, ¢ is an arbitrary wave function and defines the
initial shape of the wave, 7 is a vector normal to the direction of the plane wave, X is the

position vector where the displacements are to be calculated, ¢ is time and C is the speed of

sound. Note that the direction of the plane wave given by i does not have to be parallel to the
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displacement of the particles given by u. This can be substituted into the material wave

equation obtaining the following 3 equations:

(Dijuminy — p C?84 )"k = 0 (5-6)
Where D;y; is the correspondent component of the anisotropic stiffness tensor and &y, is the
Dirac delta function. For this problem to have a solution the following condition must be

imposed:

det(D;junin; — p C?8y) =0 (5-7)

This eigenvalue problem gives 3 solutions for C* corresponding to the dilatational and
distortional waves. The C* solutions incorporate wave that move in the 7 direction and in the
opposite direction i.e. —fi. It can be proven that the dilatational wave is faster than the
distortional waves An example of the wave speed dependence on angle in a composite laminate
(with details given in Table 1 and the Experimental Section) are shown in Figure 5-2. The
associated wave fronts are also shown in Figure 5-2. For an isotropic material, the wave speed

would be constant and the wave fronts would be circular.

The free boundary conditions of the plate only allow certain linear combinations of the solutions
of equation 4.7, which generate guided waves (so called Lamb waves). For thick plates and/or
high wave frequencies, the Lamb wave speed converges to the Rayleigh wave speed (Lamb
1915, Graff 1975). As can be seen in Figure 5-2, there is an increase in wave speed with
increasing wave frequency which is typical for the A0 Lamb wave mode. The relatively small
increase in wave speed with frequency shows that the guided wave is propagating close to the
Rayleigh wave speed. Throughout this chapter the A0 Lamb wave velocity are assumed to be

equal to the Rayleigh wave speed which greatly simplifies the calculations of the impact location
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and also decreases the associated computational cost. This approximation is not valid for thin
plates or for waves with low frequencies. Furthermore, experimental and modeling results from

Morye et al. (2000) also imply that the A0 mode is likely to be dominant during high speed

impact.
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Figure 5-2 The speed of sound dependence on angle for wave propagation in an anisotropic
material. The experimental results are shown as circles. The right figure shows the associated
wavefront. The material parameters for these cases are given in Tablel.

Once the speed of sound is known, the isotemporal curves given by Equation (5.2) can then be
calculated. Figure 5-2 shows the isotemporal curves for the composite material with parameters
given in Table 1. more detain in the measurement technique used can be seen in the experimental

methods section.

Note that Equation (5.2) is non-linear which means as shown in Figure 5-3, that the isotemporal

curves form a complex pattern and that any two curves from different pairs of sensors can
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intersect at 2 or more locations. Thus at least 4 pairs of ATOAs (and thus a minimum of 4
sensors in total) are needed to obtain a unique impact location. For the isotropic case, Equation
(5.2) is simplified but also produces a set of non-linear impact location curves that can intersect
at two points. A third independent ATOA4 is needed to find a unique impact location. (The third
ATOA calculated in a 3 sensor case does not provide a unique intersection point and thus at least

4 sensors are needed to unambiguously find the impact location).
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Figure 5-3 Isotemporal curves for identical difference of time of arrival (ATOA) for two sensors
(shown in blue) mounted on a composite plate; the sensors are 40mm apart. For the figure of the
left, the sensors are at 0 degrees to the fiber direction. For the right figure, the sensors are at 30
degrees to the fiber direction. Note that for some ATOAs (such as 3.5us on the right figure) there
are multiple isotemporal curves with the same ATOA. Times in the figures above are in us.

5.2 Some Issues with the CT Method
The nature of the conventional triangulation (CT) method requires finding the isotemporal curves for at
least four sensor pairs and to calculate the intersection of these curves to determine the unique impact

location point. This requires a two dimensional search and identification of the intersection of these
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curves. When dealing with real-time i.e. continuous monitoring of the structure, this two dimensional

search can be both time consuming and require substantial electrical energy. Furthermore, the inherent
anisotropy of composite material means that the shape and characteristics of the wave front
changes with impact location (Zhao, Gao and Zhang, 2007), i.e. the speed of sound is a function
of angle. This makes the development of a generic CT detection algorithm complicated.
Dispersion and absorption of the propagating wave in composite materials (and thin plates) also
means that some frequencies will arrive before others effectively changing the shape of the wave
front; therefore the TOA algorithm results are dependent on the distance of the sensor from the
impact location. There have been some recent attempts to take into account wave dispersion for
certain cases; for example De Marchi et al. (2007) analyzed the dispersion of propagating wave
in thin aluminum plates and showed that different frequencies arrive at different times and thus
demonstrated the problem caused by wave dispersion for calculating time of arrival. Since
multiple Lamb modes are generated during high speed impact, the effect of wave dispersion is

likely to be greater for the cases studied in this work.

For accurate measurement of impact location, the CT method requires the sensors to be located
relatively far apart. Figure 5-4 shows the theoretical sensitivity of the CT method to a small
(0.25us) assumed error in TOA. It can be clearly seen from this figure that the error increases
significantly when the location of impact is outside the area circumscribed by the sensor
perimeter. However, when the impact is within this area, the error in position of impact is
relatively small unless the impact position is very close to one of the sensors; this case however
would be relatively easy to detect since the sensor will likely be damaged during the impact
event. Thus as limited by practical concerns (such as wave attenuation), the sensors in the CT

method should be spaced as far apart as possible to provide the greatest accuracy and coverage
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area. This in turn means that the sensors have to be individually placed within the composite

panels and electrical data/power wiring has to be carefully laid to each sensor location.

mm

Figure 5-4 Error in position location (in mm) for an assumed 0.25us error in TOA. The right
figure is detailed view of the sensor area. It can be seen that the error grows rapidly from
approximately 4.5mm at the center of the 4 sensor area to 16mm close to the sensors and to
100mm at a distance comparable to the sensor spacing.

5.3 Group Angle Detection (GAD) method

In order to overcome the above mentioned issues with the CT method, a novel location detection method
similar to the one studied by Kundu, Nakatani and Takeda (2012) is proposed. The main idea behind
this method is to group the sensors together and to locate the direction of the impact from the ATOA
within each pair of sensors of a group as shown in Figure 5-5. Since the sensors are closely
grouped together it is assumed that wave dispersion due to the wave propagation distance is the
same for all sensors within a group. Furthermore, it is hoped that since the sensors are grouped
together, placement of the sensors and the routing of data/power wires will be easier and
cheaper. The GAD method is supported by previous work carried out using angle dependent

impact measurement techniques i.e. fiber optic Bragg grating sensors (Betz et al., 2007) and lead
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zirconate titanate (PZT) or macrofiber piezocomposite rosettes (Salomone et al., 2010, Lanza di
Scalea et al., 2011). These previous techniques used inherently directional sensors (i.e. sensitive
only in one direction) to calculate the angle of the impact by comparing the magnitude of the
measurement of 3 sensors. Our proposed technique differs to these techniques since it uses plane
isotropic sensors and time of arrival to calculate the angle. Therefore the previous techniques
provide one measurement for every 3 sensors while the GAD technique presented in this thesis
provides 3 impact location angles from 3 sensors, potentially averaging out any errors.
Furthermore the proposed technique does not depend on magnitude measurement which could be
dependent on the attenuation and dispersion within the material. The work outlined in this thesis
builds on prior research by Ciampa and Meo (2010), Ciampa, Meo and Barbieri (2012) and
Kundu, Nakatani and Takeda (2012) that used sensors that are closely spaced compared with the
distance to the impact. Thus in previous work the angle to the sensors is calculated assuming
that the speed of the sound is constant for all sensors within a group. Furthermore, three closely
spaced sensors are needed to obtain the impact angle; however wave speed is not required for
these methods. The technique proposed in this work takes into account the second order
correction that comes from the different speed of sound arriving at each sensor due to the
inherent anisotropy within composite materials. This correction considers the effect of angle
between the wave front and the direction of wave propagation. Furthermore, a novel
computationally efficient algorithm that can be more readily performed on mobile electronic
systems is introduced for finding the impact location. Since the speed of sound and positions of
sensors are known a-priori in the current technique, each pair of sensors can be used for the
calculation of the impact angle; this in turn increases the flexibility in the possible sensor

placement within a panel.
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Figure 5-5 A schematic depiction of the sensor group (GAD) technique. The wave first arrives at
sensors 2 with TOA2. The wave then arrives at sensor 1 (middle figure) with TOAI1. Using
ATOA1-2 the lines L1-2 are calculated corresponding to the direction of the impact. Note that
from just one ATOA1-2 measurement, two directions are possible as seen by the bottom line. In
the right figure, another pair of sensors (3 and 4) (located outside the figure) are used to calculate
the line L3-4. The intersection of these lines gives the impact location.

In this case the calculation of the position of impact can be greatly simplified as shown in Figure
5-6. The relationship that governs the angle of the impact location from the sensors (6) is given

by relatively straightforward trigonometric considerations (as shown in Figure 5-6) as:
dy, cos(6 — 6,) + dy, sin(0 — 6;,) tan(6;) = (TOA,C(0;) — TOA,C(6,)) =

= (TOA, —TOA,) C(0) (5-8)
Where d;, is the distance between the sensors, 6;, is the angle between the line joining the
sensors and the composite fiber direction, 6f is the angle between the normal direction to the

wave front and the line joining the sensors and the impact position and is function of 8, C(6)is
the speed of the sound in the direction theta, and TOA; is the time of arrival of the signal to

sensor 1. The second term in the left side is in effect a second order correction on the wave speed
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and is equivalent to having a different speed for each sensor within a pair. In an isotropic

material 6 is zero, but is non-zero in anisotropic composite materials and can be calculated from

composite material theory using simple trigonometry.

Note that in the GAD formulation, only the angle 8 between the sensors and the impact point is
unknown, therefore the computational cost when compared to the CT method (where the x and y

location of the impact are unknowns) should be reduced.

40

d,,cos(8 —8,,)
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Figure 5-6 Schematic of the GAD technique. The impact location is at 200mm from the sensors
(not shown). The solid (green) straight lines are the direction between the impact position and the
sensors, the dotted (blue) lines are the approximate angle, the purple line is the isotemporal
ATOA curve for the two sensors. The (dark blue) curved lines are the wave fronts when they
reach the sensors.
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Figure 5-7 shows the effect of impact angle (6) on the predicted difference in time of arrival
(ATOA) for a wave propagating in a composite material (parameters taken from Table 1). The
distance between the sensors is 40mm and the sensors lie along the fiber direction. As expected,
ATOA is maximum when 6= 0 degrees (i.e. sensors are perpendicular to the wave front) and
zero when the impact is atd = 90 degrees (i.e. sensors are parallel to the wave front). Note that
when the impact angle is 0 or 180 degrees, small errors in measuring ATOA can lead to large
errors in calculated impact angle, while at 50 to 120 degrees the same error in ATOA leads to
relatively small errors in calculated impact angle. The dependence of impact angle on ATOA is
material dependent and is also dependent on the orientation of the sensors to the fiber angle as
can be seen in Figure 5-8 where the sensors are located at 30 degrees to the fiber direction.
(Hereafter these large error regions in ATOA impact orientation are referred to as ‘the large
error regions’). Furthermore, for some ATOA values, there can be two, four or six impact
directions; for example given ATOA = 8us (in Figure 5-7) there are 6 possible impact directions.
(Hereafter these multiple solutions in ATOA impact orientation are referred to as ‘the multiple

solution regions’).
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Figure 5-7 Dependence of ATOA on impact direction for two sensors spaced 40mm apart and
aligned at 00 to the fiber direction. Material parameters are taken from Table 1.
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Figure 5-8 Dependence of ATOA on impact direction for two sensors spaced 40mm apart and
aligned at 300 to the fiber direction.
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5.4 Comparison of CT and GAD Algorithms

The CT algorithm consists of the following Steps:

1. TOA calculation.

2. 2 dimensional isotemporal curves calculation. Note that due to the anisotropy of the
composite panel a maximum of 3 individual curves can be generated by a pair of sensors
as can be seen in Figure 5-8, where the highlighted curves are for ATOA = 7.5us.

3. Repeat Steps 2 for a minimum of four sensor pairs.

4. Calculation of intersection of isotemporal curves which is dependent on the number of
sensor pairs. For example: 28 pairs of sensors can be constructed with 8 sensors (n!/(n-
2)!/2!), which in turn means that no less than 28 isotemporal ATOA curves are generated
and therefore the number of intersection is no less than 756 (i.e. n-(n-1)=28-27=756)

5. Due to experimental error, the location of the impact calculated from two different pairs
of sensors may not coincide. A method is then needed to find the best estimate of the
impact position, for example by taking the mean of the impact calculations for each

Sensor pair.

In general Steps 2 and 3 require a two dimensional search to find all x, y positions of the
isotemporal curves and their intersections. Due to the multiple curves and intersections that can
be generated in the CT method, a reliable search method (for example a grid search) needs to be
performed in order not to miss any of the possible solutions. Figure 5-9 shows an example of

multiple curves for a pair of sensors.

The GAD algorithm consists of the following steps:
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1. TOA calculation

2. The angles that satisfy Equation (5.8) are calculated; in general there can be 2 to 6
possible solutions

3. The intersection of the straight lines defined by the angles in Step 2 are then calculated,
this is a simple algebraic calculation

4. Due to experimental error, the location of the impact calculated from two different pairs
of sensors may not coincide. A method is then needed to find the best estimate of the
impact position, for example by taking the mean of the impact calculations for each

sensor pair

For the GAD method, Step 2 is a one dimensional search for the impact angle. Since there can
be multiple impact angles that satisfy Equation (5.8) a reliable search algorithm (such as a one

dimensional grid search) is needed to find all possible solutions.

Since the GAD algorithm requires a one dimensional search and a straightforward intersection
calculation for the lines calculated for each sensor pair, it is expected that the GAD method will
have substantial computational savings over the CT technique which requires a two dimensional

search for the isotemporal curves as well as for the points of intersection of these curves.
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Figure 5-9 Plot of the ATOA isotemporal curves for a composite plate with parameters given in
Table 1. In some special cases there is more than one possible curve for the same ATOA as
shown by the multiple curves for ATOA=7.5us

5.5 Experimental Methods

Glass fiber (S2-6187 - HEXCEL) and an epoxy matrix (EPON 828 - MOMENTIVE) with a
[0/90]0s layup and with overall dimensions 12x12x1/4" (305x305x6.4mm) were manufactured
using a vacuum infusion technique. Circular lead-zirconate-titanate (PZT) piezoelectric sensors
where embedded under the first ply. The size of the sensors was 6.4mm diameter by 0.191mm
thick (1/4" diameter by 0.0075" thick). To be able to use the CT technique all panels had sensors
in each corner of the panel. For the GAD technique, four different sensor distributions where
tested. One more panel was also build where the sensors where placed with a smaller perimeter

to be able to measure the increased error of the CT technique outside the sensors array. Figure
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5-10 shows the configurations of panels used on these experiments. Note that not all panels were
exactly the planned 308mm size since allowance had to be made for the presence of the
embedded sensor wires during panel cutting. However a minimum distance of 25.4 mm from the
sensors to the side of the panels was maintain in all cases to avoid any reflected wave

interference.

Both location techniques used on this chapter require knowledge of the speed of the sound in the
composite material. The speed of the sound was measured using both a commercially available
ultrasound machine (Epoch 10001 - OLYMPUS) and using a PZT sensor array. A composite
panel had one centrally mounted PZT acting as an emitter and 13 PZT sensors in an angular
distribution surrounding the central PZT (see the inset in Figure 5-2). The commercially
available ultrasound machine (Epoch 10001) showed the same results as the PZT array for the 0

and 90 degree angles.

Since the laminate used in the experiment has tetragonal symmetry, the D tensor has a reduced
number of independent parameters. Using the conventional two index notation for the D tensor,

the tensor can be represented by a 6x6 matrix:

D11 D1z Di3 0 0 0 S11 S12 Sz 0 0 0
Di Diyw Diz 0 0 O ] [512 Su Si3 0 0 0 ]
P13 Diz D3z 0 0 0 -1 _|S13 Si3 S33 0 0 0 |
D = 0 0 0 Dy O 0 whereS =D+ = 0 0 0 S O 0
0 0 0 0 Dy O | 0 0 0 0 S, O |
0 0 0 0 0 D lo 0 o0 0 0 Sl
1 v v 1 1
Sii=—, 812 = = 513:f' S33 ’ 54'4:(; ’ 566_6_ (5-9)
3 23 33
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Because of the symmetry of the panel, only 6 parameters are unknown: E;, E3, V15, V413, G23, and
G,,. Since we are interested only in waves that propagate in the x direction of the panel, the

normal vector 7 has the values:
i = [cos @ , sinf ,0] (5-10)

Examining Equation (5.7), it is clear that Dgg has no contribution to the calculation and can be
omitted. Thus there are 5 parameters of interest: E;, v4,, and G,3 which were measured from 0°
and 45° static tensile tests. Finally, v;3 and E3 were calculated to minimize the least square
difference from the calculated speed of sound and the experimentally measured speed of sound.
These values are listed Table 4.1 below.

Table 5-1Compliance matrix parameters measured by tensile tests or calculated from a least square fit of the speed
of the sound measurements.

Parameter Value Technique
E4 25.8 GPa Tensile test
V12 0.11 Tensile test
Gy3 4.22 GPa Tensile test
E3 9.6 GPa Least square fit of speed of sound
V13 0.21 Least square fit of speed of sound

The composite plates were then subjected to high speed impacts (~310m/s) from a .300 caliber
single stage gas gun; steel projectiles of .22 caliber (5.56mm) and weighing 22 grains (1.42g)
were used. The projectiles (shown in Figure 5-11) were armor piercing (AP), and were designed

by Frontier Performance Polymers Inc. (Dover, NJ).

The speed of projectiles was kept at approximately 310m/s as measured by a high speed camera

(IMACON 200) which is the V50 speed for the particular panel and projectile.
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Every panel was shot 11 to 14 times starting at the top left corner and moving to the right
midpoint as can be seen for one of the panels in Figure 5-12. The distance between shots was
kept greater than 2 inches (50.8mm) to avoid interference of the delamination damage of
previous shots with the subsequent ones. This sequence of shots does not interfere with the
measurements for the GAD technique, since a clear line of sight is maintained between the
sensors and the impact but could lead to some degradation of the measurements for the CT

method.

A NI-PXI data acquisition system (National Instruments) with two simultaneous sampling DAQ
cards (8 channels total) at a 4Msps rate was used to acquire the signal from the PZT sensors. Due
to the high voltage output of the PZT sensors during high speed impacts, a voltage splitter was
used to lower the input voltage to the allowable =10V of the NI-PXI acquisition cards with one
of the sensor channels being used to trigger the acquisition. The capacitances of the sensors
between shots were measured to check that both sensors and cables remained undamaged.
Cracking on the PZT can be easily detected in this manner since the capacitance typically drops
if damage of the sensor occurs. However no damage of any of the PZT sensors was detected

during the tests.

Since the shots were carried out at subsonic speeds, in some cases a premature triggering of the
signal prevented data acquisition due to the shock wave arriving at the sensor before the impact
wave. As a consequence, data from some of the shots was unusable. Changes in material

properties due to damage was not taken into account in this work.
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Figure 5-10 Composite panel configurations: (a) P1 test panel - L shaped sensor groups (b) P2
test panel - two groups of three linear sensors, (c) P3 panel - linear distribution of sensors, (d) P4
- panel, three pairs of sensors in a line and (e) P5 panel -L shaped sensor groups with a smaller

perimeter.
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Figure 5-11 AP projectiles on the left and high speed images of the same projectile as it pierces a
composite panel.

Figure 5-12 Order of impacts carried out on panel P1.
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5.6 Results and Performance of CT and GAD Techniques

Table 2 shows the error in predicted impact position of the CT and GAD techniques for the five
composite panels (P1 to P5) subjected to a total of 52 impacts. As expected the GAD technique
shows a larger location error than the CT technique. There is a relatively small effect of sensor
topology (i.e. layout of the sensors) for the CT technique as shown by the average errors (15.3,
14.9, 22.0 and 14.9 mm) for the first four panels. As expected the CT error in the fifth panel was
higher since the impacts were located outside the perimeter of the sensors (53mm average error).
In general the GAD technique shows slightly less accurate results than the CT technique as
shown by the average error (19.9, 40.2, 34.0, 13.0 and 40.5mm). For the GAD technique the
sensor topology seems to play a more important role with the P1 topology being somewhat better
than the others. Note that the sensor spacing in the P1 panel is smaller than for the other panels
and since ATOA error is dependent on the spacing between sensor pairs, the P1 sensor topology
has a better overall relative error. For the GAD technique there is a less significant effect on
location error (as opposed to the CT technique) when the impacts are outside the sensor
perimeter (i.e. panel P5); again the error in panel P5 is double that of panel P1 since the distance

between the sensor groups in P5 is half of distance between the sensors in P1 (see Figure 5-10).

For both the CT and GAD techniques a simple cross-correlation technique was used in order to
determine the TOA, the cross correlation signal was taken using a portion of one of the signals;
the segment was chosen to including some of the pre-arrival signal and part of the signal after
arrival. In most cases this simple cross correlation technique was adequate for accurate
determination of TOA but in certain cases as previously mentioned, the shock wave of the
projectile arrived at a sensor/s before the impact wave (these cases have been eliminated from

Table 2) and in some cases the shock wave arrived approximately at the same time in which case
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an error in TOA can be expected. This for example is believed to be the reason for the relatively
large location errors in the CT algorithm for shot 4 in panels P2 and P4. (Digital filtering of the
signal was applied but did not improve the results; an analog band-pass filter could possibly be

used to eliminate this effect but was not performed in these experiments).

Table 5-2 The error in impact location for the CT and GAD Techniques.

Location Error (mm)

Impact P1 P2 P3 P4 PS5
Number CT GAD CT GAD CT GAD CT GAD CT GAD
1 9.3 16.6 7.0 15.2 78.0 26.4 6.2 17.0 - -

2 7.8 19.8 - - - - 6.5 9.8 116.2 34

3 36.7 3.2 19.6 323 12.9 7.7 4.2 6.7 43.9 -

4 59 254 69.5 23.9 15.6 32.2 89.6 24.8 86.6 85.0

5 - - 15.3 74.4 20.6 35.2 13.2 11.2 68.0 19.0

6 - - 7.1 52.9 - - 8.6 15.9 57.3 773

7 5.8 59.2 6.2 44.6 4.9 99.1 2.7 7.0 21.0 76.8

8 - - 2.1 17.7 1.7 44.1 12.7 5.1 53.2 14.8

9 - - 10.2 86.2 4.6 30.0 9.7 9.9 15.4 46.4
10 - - 7.7 36.3 - - 15.3 9.2 66.1 9.8

11 - - 13.6 26.6 12.9 63.3 4.8 24.5 2.35 2.6

12 15.7 7.1 - - 10.7 28.7 8.7 18.5 - -

13 26.0 7.8 5.7 31.7 18.3 4.3 4.1 9.5 - -

14 - - - - 6.0 3.5 22.0 36.13 - -
Average 15.3 19.9 14.9 40.2 22.0 34.0 14.9 13.0 53.0 40.5

For both the CT and GAD techniques a simple cross-correlation technique was used in order to
determine the TOA, the cross correlation signal was taken using a portion of one of the signals;
the segment was chosen to including some of the pre-arrival signal and part of the signal after
arrival. In most cases this simple cross correlation technique was adequate for accurate
determination of TOA but in certain cases as previously mentioned, the shock wave of the
projectile arrived at a sensor/s before the impact wave (these cases have been eliminated from
Table 2) and in some cases the shock wave arrived approximately at the same time in which case

an error in TOA can be expected. This for example is believed to be the reason for the relatively
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large location errors in the CT algorithm for shot 4 in panels P2 and P4. (Digital filtering of the
signal was applied but did not improve the results; an analog band-pass filter could possibly be

used to eliminate this effect but was not performed in these experiments).

For the GAD technique, Figure 5-13 shows four typical results. Figure 5-13(a) shows a
relatively accurate determination of the location of the impact (P1 — shot 1 with location error of
16.6mm). Figure 5-13(b) shows a relatively large error in impact location using the GAD
technique (P1- shot 7 with location error of 59.2mm); this error is likely due to measurement
error in TOA in some of the sensor pairs. Note that the CT technique does not suffer from the
same problem since it also uses information from the sensors above the impact location. Figure
5-13(c) shows that there is a loss of accuracy for the GAD technique as the angle of the impact to
the sensors increase (P3- shot 11 with an error of 63.3mm). This phenomena was explained in
Figure 5-7, where it was shown that at impact angles greater than 120 degrees to the sensors, the
GAD method becomes error prone (i.e. small changes in ATOA lead to large changes in angle).
However as can be seen in Figure 5-13(d), this effect can be mitigated provided that there are

sufficient intersections of the location angles which average out the ATOA error.
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B GADposition # CT position % Impact position

Figure 5-13 The results of the CT and GAD techniques for calculating the position of 4 different
impacts. The black lines show the orientation lines calculated by the GAD technique (a) P1 (shot
1) shows an accurate calculation, (b) P1 (shot 7) shows an error in locating the impact due to
TOA measurement error and multiple solutions error, (c) P3 (shot 11) shows an error in locating
the impact due to measurements in the large error regions from the sensors on the right, and (d)
P4 (shot 10) showing a relatively accurate impact location even though angles to some sensors
are in the large error regions. Some lines that do participate in the calculation but whose
intersections are discarded (like complementary angles with intersections on the negative y-axis)
are not shown for clarity.

The large error regions in the GAD technique can be further understood by considering the
location error distribution and the L-shaped sensor geometry and impact position shown in

Figure 5-13b). For this time of arrival, three possible solutions are generated by one of the
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sensor pairs in the group on the left (For the other two sensor pairs in the left hand group, the
TOAs lie in the large error regions and are thus inaccurate). However, the average of the
solutions of the right sensor group approximately crosses the impact damage location; thus a
better solution (i.e. without multiple solutions or using more sensor pairs) could compensate for
the error on this case. Figure 5-14 shows the sensitivity to a 1/4pus error for the GAD technique
and a panel of approximate shape as the panel in Figure 5-13(b). The areas of higher error that
are seen in this figure corresponds to multiple impact orientations for the same ATOA as can be
seen from Figure 9; thus a small error on ATOA can cause the calculated orientation to jump
from one isotemporal part of the curve to another and therefore introduce a large error in the
orientation calculation. Note that the error is greater at the center of the panel as opposed to the
CT technique where the error is less in the center of the panel. Figure 5-14can thus be used to
explain the high error detected on some of the GAD results in Table 2. For example, shot 7 in
panels P1-4 is approximately in the center of the panel and those impacts have locations error
that are above average for panels P1-P4. Shot 7 for P4 has a smaller than average location error
but this could be because the average ATOA error was smaller for that particular case. This
source of error could be reduced by using more populated groups, whereby the isotemporal lines
with multiple angle solutions could be discarded. Due to limitations on the number of sensors
this was not possible in the present work. Note that this error introduced by multiple solutions of
the isotemporal curves does not affect the error of the CT technique when the impact location is
within the sensors array. However multiple solutions are responsible of the higher error outside
the sensor area as can be seen in Figure 5-4. This result can also be explained by the fact that
when the impact is outside the sensor area, the sensors for the CT technique can be considered to

act as a single sensor group.
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Figure 5-14 Error in the GAD technique associated to 1/4ps error in TOA. Sensor positions are
shown as red circles.

5.7 Comparison of Speed of Algorithms

Both algorithms where implemented in Matlab® 2012 on a PC (Dell Inspiron 580, RAM 8Gb,
Intel® Core™ i5 CPU, 650@3.20GHz, 64 bits) computer. Internal Matlab timing commands
were used to measure the time of execution of each program (i.e. CT and GAD techniques). In
each algorithm the TOA calculation is common. In order to assess the effects of the number of
sensors used in each case, the total time for calculating impact position as a function of the
number of sensor pairs was determined for both algorithms. Note that there a maximum of 12
pairs can be constructed for the GAD technique, while 22 pairs were used as a maximum for the
CT algorithm. Panel P4 was used for this algorithm speed measurements; all 14 valid shots of

the panel where used in the calculation that was run 2 times (to obtain a statistical sample size);
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giving a total of 28 calculations for each sensor pair. Table 3 shows the average results of 28

executions of the software; algorithm run times were almost identical for each case.

From Table 3 it can be seen that the GAD technique’s algorithm scales linearly with the number
of sensor pairs since the time to calculate the orientation angle for each pair of sensors is fixed,
and this is the most computationally expensive step in the algorithm. Note that the line
intersection calculation is not linear since it involves the calculation of n(n -1)/2 crossings (where
n is the number of lines); this operation however is very fast - typically 3 orders of magnitude
faster than calculating the orientation angle and thus has a negligible effect on overall algorithm
run time. A similar effect was detected for the CT algorithm, where there is also little effect on
the algorithm speed with an increasing number of sensor pairs due to the efficiency of the
implemented 2D search. In the CT algorithm efficiency is greatly improved by using a multigrid
search method which combines the isotemporal line generation (step 2), the intersection
calculation (step 3) and selection of intersection (step 4) in a single step. Initially a coarse grid of
the probable impact area is selected covering the entire panel. A pair of sensors is then selected
and a theoretical ATOAy, is calculated at each grid pair for the specific sensor pair. The
experimental ATOA;; is then calculated for the sensor pair. The required curve will cross though
points with ATOA;; -ATOAy, = 0. All these differences for all the pairs are then summed. A
perfect intersection of curves will have a total difference equal to zero. Since there is typically an
error in the TOA calculation and since the grid is coarse, this will not be the case in practice.
Points on the grid with a sum smaller than a selected threshold are then chosen and a new refined
grid can be build containing only those points. The search is refined until the grid is deemed fine
enough (0.5mm in our case), at which point the local minimum positions give the required

intersection points. Note that a gradient search for the minimum positions was not used because
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there are many possible solutions for each intersection of curves (i.e. local minimums). Hence
for a gradient search more than one starting point would be necessary; this greatly reduced this

method’s efficiency.

Table 5-3 Measurements of algorithm time for the CT and GAD techniques as a function of the
number of sensor pairs.

22 pairs | 18 pairs | 12 pairs | 6 pairs | 3pairs

CTT 2.43s 2.19s 1.89s 1.55s -
GAD - - 0.17s 0.082s | 0.042s
CTT/GAD - - 11 19 -

speed ratio

5.8 Conclusion

In this work we have demonstrated a novel technique to determine the location of multiple high
velocity impacts (~300m/s) on fiber glass composite panels with embedded piezoelectric sensors.
Two techniques were compared, a classical triangulation (CT) technique and a novel technique
based on angle detection with groups of sensors (the so called the group angle detection method
or GAD technique). The GAD technique calculates the direction to the impact using the
difference of time of arrival of the impact waves between pairs of sensors within the group. For
the GAD technique, four sensor configurations where used including (1) two L shaped groups,
(2) two sensor groups with each group consisting of three sensors closely spaced in a line, (3) a
line of uniformly spaced sensors, and (4) three sensor groups with a pair in each. Since the
spacing between pairs of sensors determined the resolution in wave time of arrival, for the same
average distance between sensors inside a group, the L configuration gives the best relative

impact location accuracy.

One issue with a linear distribution of sensors (i.e. panels P2 to P4) is that GAD technique

always gives a pair of solutions — one on the positive side of the line and one on the negative
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side. Since these solutions are equally weighted, this naturally introduces an error into the
calculation. However in the L shaped sensor group, the asymmetry in the sensor topology
breaks this solution symmetry. In the specific case of the panels used in our research, this does
not present a major issue since the solutions on the negative side of the line can be discarded; this

might not be the case in a more general sensor/panel configuration.

Manufacturing of a panel with embedded sensors using the GAD technique presents some
advantages as compared to the CT technique. Electrical cable routing is easier in the GAD
technique since the cables are naturally grouped as opposed to being spread throughout the panel
for the CT technique. Embedded cabling should be minimized in general since it increases the
difficultly of mounting of the components, complicates panel manufacture and could have an
impact on the overall structural integrity of the panel. On the other hand, the GAD technique
allows a more concentrated distribution of sensors thereby simplifying cable routing and could
even allow the use of prebuilt sensor arrays as proposed by Lin and Chang (2002) to greatly

simplify the manufacture process.

A major source of error in locating the position of impact arises from the error in estimating the
time of arrival (TOA) of the impact wave at the sensor location. For the CT technique, an error
analysis shows that a relatively small error in impact location can be expected from a TOA error
if the impact is confined to lie within an area circumscribed by the sensors. For the GAD
technique however, there is as an intrinsic location error that comes from the multiple possible
orientation that give the same difference of TOA in Equation (5.2). This error source could be
reduced or eliminated by adding more sensors to the sensors groups, thereby allowing the time of

arrivals that produce multiple solutions to be discarded. A similar error associated with multiple
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isotemporal curves appears in the CT technique when the position of impact is outside the

Sensors array.

Increasing the number of sensors in each group will statistically improve the accuracy of the
GAD technique at the expense of computational (and manufacturing) cost. A further study is
needed to determine the trade-off between the number of sensors and the required impact
location accuracy. Furthermore, a method of discriminating the high-error angles in the GAD

technique could improve the position location but would generally require more sensor pairs.

Computational cost of the GAD technique was shown to be approximately an order of magnitude
faster than the CT technique. This is due largely to the expense of conducting a two dimensional
search for the CT technique. Both the CT and GAD technique speeds scale linearly with the
number of sensor pairs and thus increasing the number of sensor pairs is a viable computational

option if increased accuracy is required.

Classical triangulation was proven to be a robust technique that suffered no significant loss of
accuracy by the effect of previous shots in the panel. The average experimentally measured error
in the impact position was 16.8mm for the CT technique for all panels (panel P5 is not taken into
account in this calculation since the impacts were outside the optimal sensor area for the CT
technique). For the GAD technique the L-shape distribution gave the best relative error of
19.9mm. It should be noted that for the speeds used in these high speed impacts, the overall
diameter of the delamination damage was visually measured to be approximately 25mm. An
error of 20mm is thus most probably accurate enough for real-time assessment of impact location
since further (and more detailed) inspection of the impact zone would be performed during repair

of the component part.
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Note that since these techniques use the arrival of the first wave reflections from the side of the
panel have no effect; in a similar way, reflections and the changes in material properties from the
previous impacts have little effect on this technique. Since the boundaries are free, the reflected

wave will have an opposite sign to the wave travelling directly to the sensors.
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6 Passive detection of high speed impact damage - extent

6.1 About Impact wave propagation

Complete understanding of high speed impact wave generation and propagation in solids does
not exist at the moment. This work explores an experimental technique that can be used for
structural health monitoring after high speed impact events but does not necessarily address the

underlying physics of wave propagation from these complex events.

A single yarn/fiber subjected to an impulse will allow for the propagation of two waves: a
longitudinal wave which is faster and a transverse wave which is slower (Taylor, 1942). These
waves have been experimentally measured using high speed photography. This early observation
was generalized to panels by Morye et al. (2000). The model presented in that paper assumed
the propagation of the same two waves and predicted the shape and general dimensions of the
impact cone which was then experimentally shown using high speed photography. Morye et al.
(2000), Naik (2004) and Mamivand (2010) used a multilayer approach to solve the same
problem, and proposed an energetic model for calculating V50, based on the formation of a cone
due to the transverse wave generated by the penetration of the projectile. Of interest in these
models for the present work is that they show the importance of wave propagation on the
penetration process. The presence of that cone generated from those waves can be corroborated

as experimentally shown in Figure 6.1.

The exact nature and shape of the generated wave is influenced by many factors, will be
projectile and target material dependent, and will be influenced by the speed and angle of the
impact. During and after the impact, a wave is generated at the impact position, which then

propagates through the panel to the sensors. As an example, Parga-Landa (1999) calculated the
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response of a panel subjected to a triangular stress pulse and showed that different waves would
be generated simultaneously including: primary P waves, secondary (or shear S) waves, as well
as Rayleigh and Lamb waves. The P and S wave that do not contribute to the Lamb waves will
be absorbed in short distance (since they do not satisfy the plate boundary conditions) and only
guided Lamb waves will survive far from the impact position. Lamb waves are dispersive in
nature, so waves received at different distances from the impact position will have dissimilar
shapes in the time domain. The impact will generate a series of complex waves within the plate
though the shape of the damage cone will mean that the anti-symmetric modes are likely to be
dominant, with some smaller contribution from the faster symmetric modes. After the impact
cone has been fully developed, a lower frequency shear plate wave (which is one special type of
anti-symmetric Lamb wave of long wave length compared with the thickness) is then generated.
We propose to use the characteristics of the first (high frequency) wave to estimate the extent of
damage within the composite material. Some assumptions about the wave have been made in this

work:

e The wave generated will have amplitude proportional to the projectile speed

e The impact location is sufficiently far away that only Lamb waves are present at the
sensor location

e The Lamb wave with the highest amplitude corresponds to the A0 Lamb wave

e The Lamb waves attenuate with distance from the impact location.
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Figure 6.1 Impact of a FSP projectile, the cone formation at the back of the panel can be clearly
seen. Camera acquisition rate was 44K frames per second.

6.1.1 Wave propagation

The wave generated by the initial impact is in general very complex and will potentially consist
of a large number of different modes. The technique proposed in this research will use the
arrival of the first (high frequency) wave to estimate the extent of damage within the composite

material.

6.1.2 Wave absorption due to distance and angle

Since the waves are generated from the epicenter of the impact and then move in a radial
direction, in order to assure the conservation of the energy, the signal will be attenuated with
distance. At the same time, the material will dampen the propagated wave. This effect as been
documented in detail by Maznev (2003), Torres-Arrondo (2010) and other sources as mention in
the state on of the art chapter (Chapter 1). In this work a damage parameter that correlates sensor

measurements with damage will be developed. In order to compare measurements from sensors
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at different angles and distances, a correction factor has to be establish to take into account wave
dispersion and attenuation. The main thrust of this research effort is to develop an approximate

absorption function and to experimentally validate this function.

The following equation will be proposed as the attenuation function; (a rigorous justification to

this equation is beyond the scope of this work)

A,(6,1) = Zf(@)e™™ (6]

According to Maznev (2003), the calculation for far field and superficial waves in anisotropic
media yields that same 1/+/r dependence but also includes a rather complicated angular
dependence term. An exponential decay typical in damping problems has been added to this part.
Note that in general the exponent and angular function will also be dependent on the wave
frequency. In order to reduce the complexity of the wave attenuation function, it is possible to

filter the signal at a single frequency.

Note that in equation 6-1 it is assumed that the sensor are far from the impact position, in
practice this requirement does not pose a significant problem since in a real application, three
groups of sensors is typically required; thus if an impact occurs near one of the sensor groups,

those values would be discarded.

6.2 Experimental methods

The panels where manufacture by vacuum infusion using fiber glass fabric and an epoxy matrix
(S2-6187 - HEXCEL, EPON 828 - MOMENTIVE) with a [0/90],0s layout. The dimensions of
the panels are 12x12x1/4". The panels had 1/4x0.0075" circular lead-zirconate-titanate (PZT)
piezoelectric sensors embedded under the first ply following the same procedure as outlined in

Chapter 3. Sensors where placed in the four corners of the panels and another 4 sensors where
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placed in the two lower corners to form an L shape. (The L shape sensor grouping provided the
best result in the group angle location detection method as described in Chapter 4 and were thus
used for the tests in this chapter). A sensor was place for each corner to be able to make
comparative measurements using the CT location technique, but due to time constrains these

calculations were not performed. A scheme of this panel's configuration is shown on Figure 4.10

(a).

A 223 (5.56mm) FSP projectile was used for this study. The weight of the projectile was 1.1g as
indicated by the associated standard (STANAG 2920). A picture of the projectile can be seen on
Figure 6.2. A gas gun was used to achieve the desired speed of the projectiles as shown in Figure
6.3. The gun uses either compressed air of helium as the propellant and is triggered using an
electro-valve; the initial position of the projectile within the barrel and the pressure of the

compressed gas then allows for control of impact speed.

A pair of photoelectric sensors and laser diodes are used to measure the speed of the projectile at
the muzzle. The Photoelectric sensors and the sensors embedded within the panel are connected
to a data acquisition system running Labview® (National Instruments PXI-e 1062Q with 2
simultaneous sampling DAQ and an acquisition rate of 4Ms/s).The acquisition system also sends
the triggering signal to the computer that controls the digital camera (PCC station on the figure)
to acquire the high speed video of the impact. With helium and using a FSP projectile, a

maximum speed of approximately 600m/s was achieved by this system.
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Figure 6.2 FSP projectile
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Figure 6.3 Setup schematic for high speed impact testing.

Incident projectile speed was measured using two laser diodes at a known distance along the
trajectory of the projectile near the exit of the barrel. The speed of the projectile was also
measured as it impacted the panel using a high speed camera (IMACON 200). Acquisition rate

was set at 49k images/second. A ruler in the incident plane of the projectile was used to calibrate
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the digital images. Projectile speed was calculated using the calculated change in position of the
projectiles between successive images. An example of the speed measurement procedure can be
seen on Figure 6.4 where two successive digital images are shown. The left images are the actual
high speed camera photographs while in the right images are the digitally filtered improved
contrast grey. Projectile orientation was also measured to verify the normal alignment of the
incident projectile with the plate. Once the images were converted to black and white, both

alignment and position of the projectile centroid was measured for each camera frame, using

standard image processing techniques.

Figure 6.4 High speed video measurement images of two successive frames are shown on the left
and the same digitally filtered high contrast grey images used to calculate the speed of the
projectile are shown on the right.

Comparing the projectile speeds from the photoelectric sensors and the camera (Figure 6.5), it
can be seen that the photoelectric sensors measure slightly lower speed when the projectile speed
is under the speed of the sound and slightly higher speeds in the opposite case. In the case of
projectiles traveling above the speed of sound, the small reduction of speed measured by the two

methods could be explained by the effect of air friction.
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The incident speeds of the projectiles compared with residual speed can be seen on Figure 6.6,
for non-penetrating impacts (labeled np) most of these impacts bounce back after hitting the

panel and therefore the residual speed is negative.
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Figure 6.5 Comparison between measured projectile speeds using the high speed camera method
and using two closely spaced lasers at the bore end.
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Figure 6.6 Experimentally measured relationship between the incident speed and residual speed
of the projectile after impact with the panel.

6.3 Delamination Area Measurement

When a projectile with a certain critical energy impacts a panel, permanent damage primarily in
the form of delamination damage will appear in the material. The size of the damage will in
general be greater as impact energy increases, while the damage mode does not change. From the
point of view of the SHM, it is important to be able to measure the extent of this damage and
assess to what degree this damage reduces the component’s properties such as strength and
stiffness. In the particular case of damage caused by a high speed impact, the size of the

delamination area could be one of the critical parameters that will define if the panel has to be
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repaired or replaced. In a laboratory setting there are a number of techniques that can be used to
measure delamination area, two of these methods include: (1) cutting through the impact site to
measure the crack length and (2) performing an ultrasonic C-Scan of the impact location. The
first technique is more accurate, provided that the cut has been carefully made in the correct
location and has not introduced any further damage. The second ultrasonic technique however
can measure the damage area as opposed to only the damage diameter in the cutting method.
Both techniques are extremely time consuming and in the case of the first technique destructive.
Another approach was used in the course of this work. Since the composite material used
throughout this work is translucent, an alternative technique based on digital photography was
developed. In this technique, a diffusive light source located behind the panel is used to
illuminate the damaged areas. A mechanical rig is used to position the digital camera
perpendicular to the panel with its focal plane parallel to the component. Figure 6.9 shows the
photographs taken for each of the panels used in this study; the damage areas from multiple
impacts are clearly visible in all of these panels. A custom written MATLAB® code was
implemented to automatically measure the area of the impacts; (note that this is a similar code to
any other scanning technique used to measure damage area such as ultrasonic for ultrasonic C-
Scanning). Figure 6.7 show the calculation procedures: (1) the image is first cropped to include
only the damage area and then transformed to grey scale (Figure 6.7 framel), (2) using a simple
grey-scale threshold, the image is filtered so that the undamaged areas are rendered white while
the damaged areas are unmodified (Figure 6.7 frame 2), (3) the image is then inverted (Figure
6.7 frame 3), and (4) transformed to black and white (Figure 6.7 frame 4). Using standard
MATLAB® image processing routines, white areas smaller that a preset image noise size are

then deleted. The areas of the remaining white regions are then measured in square pixels and the
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location of their centroid is calculated. A second image processing iteration is then done refining
the results for individual impacts, greatly improving the precision of the method (Figure 6.8). In
order to compare photography taken from different panels the light intensity was selected to have
the same light on the non delaminated surface. Diffused white light was used for this

measurement.

.-0.. s @
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Figure 6.7 The digital image processing used to calculate damage area.
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Figure 6.8 Second iteration on the area calculation for shot 4 panel SP14.
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To validate the optical technique, some ultrasonic C-Scan measurements of the panels were also
performed (UltraPAC UPK-11/b, from Mistras group, UT Ultrasonic-Solutions). The C-Scan of
the damage area in panel SP14 can be seen on Figure 6.10. In order to be able to obtain a C-Scan
image with appropriate resolution of the damage areas typically requires careful alignment of the
panel with respect to the ultrasonic transducer, each scan then takes more than 14 hours. To
measure all the panels would require several weeks of work and that is the reason behind the

development of the much faster optical based technique.
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Figure 6.9 Photographic images of the translucent damaged panels using a diffusive light source.
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Figure 6.10 Ultrasonic C-Scan image of panel SP14 clearly showing multiple impact damage

locations. One of the sensors can be seen in the top right of the figure. (Note that the horizontal
axis is inverted compared with the corresponding image in Figure 6.9)

Figure 6.11 The boundaries of the damage areas calculated by the optical technique (solid red
line) and for the ultrasonic technique (dashed blue line) for panel SP14
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The same MATLAB® code for area measurement was used for both the C-scan and optical
method. The damage areas measured by the two techniques for panel SP14 as seen in Figure 6.11
shows a good agreement. The results from the optical method appear to show a slightly larger
damage area than the ultrasonic method for an impact speed range below 300m/s while the
opposite is true for impact speeds greater than 300m/s. Figure 6.12 further illustrates this point
by directly comparing the damage areas calculated by the two methods. Since these two
methods provide essentially the same results, for the purpose of this research the optical method

was deemed to be accurate enough to estimate the delamination area.
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Figure 6.12 Comparison of the damage area of each impact calculated from the ultrasonic C-
Scan and from the optical method.
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6.4 Energy and Damage area Relationship

Previously Morye (2000), Naik (2004) and Mavivan (2010) have developed models to predict
the absorbed energy associated with different damaged mechanism during high speed impact.
The main damage mechanisms identified from their work are: (a) fiber fracture under tension, (b)
delamination, and (c) shear plugging. In general the greater the energy absorbed by the material
the larger the expected damage area. At speeds over the V50 of the material, a drop in absorbed
impact energy is expected according to these models since the total length of strained fiber will
be reduced (due to a smaller penetration cone which is created before fracture). The speed of the
projectile before and after impact was used to calculate the absorbed energy:

E, = Em(vg —v})

The results for absorbed energy for all the impacts is shown in Figure 6.13. Note that since there
1s no guaranty that the trajectory of the projectile after the impact is in the camera's focal plane,
there could be an error in the measurement of the remnant speed intrinsic to the speed measuring
technique. The error is relatively small in the case of a penetrating projectile since the witness
plate located behind the panel allows for the measurements of the flight angle and to correct the
speed. In this way, the angle error is only applicable to the non-penetrating impacts where most
of the energy is absorbed by the panels. Note that for the non-penetrating impacts, the projectile
bounces back with a relatively small velocity compared with initial speed and therefore the angle

error is expected to be relatively small.
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Figure 6.13 Relationship between the energy absorbed by the panel and the incident projectile
speed. Here again np represent non penetrating impacts, while p are penetrating impacts.

Figure 6.14 shows the relation between absorbed energy and delamination area and initial speed
against delamination area. It appears as if there was a small reduction in delamination area above
the V50 speed. This effect however is relatively small compared with the experimental scatter at
these speeds and more tests should be performed to properly address this effect. Since this effect

is relatively minor in the context of the present research, extra test were not carried out.
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Figure 6.14 Delamination area plotted against both absorbed energy and initial speed. The p
label indicates penetration of the panel by the projectile and np denotes that the projectile did not
penetrate the panel.

The relationship between absorbed energy and initial projectile speed is shown in Figure 6.13.
The energetic models mentioned above predict a small drop in the energy absorbed at speeds
higher than V50. This effect is however not seen in Figure 6.13 where the absorbed energy
increases rapidly up to V50 but does not seem to fall at speeds above V50. (Once again this
effect could be due to experimental scatter but does not significantly affect the results in this

chapter).
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6.5 Damage parameter development

Due to the position of the sensors, the impact event can occur at different angles and distances
from the sensors. This in turn will affect the amplitude of the measured waves at the sensor due
to the absorption within the material. In this section we present methods to estimate the effect of

wave absorption due to both distances and angles from the impact to the sensors.

6.5.1 Measurement of the wave absorption function

The panel shown in Figure 6.15 was manufactured to measure both the speed of sound with
angle and to measure the effect of the angle on wave absorption. A wave pulse was sent from
the PZT sensor in the left lower corner and was measured by the 13 PZT sensors located on the
quarter circle at 6.9 degrees divisions. The magnitude of the measured signal normalized with the
0° angle orientation can be seen in Figure 6.16 for two transmission frequencies, i.e. 100KHz and
460KHz. The angular part of the wave absorption is higher at the center at higher frequencies as
can be seen in Figure 6.16 the absorption approximately follows a quadratic relationship with
propagation angle though the underlying physics is as yet not well understood. Wu and Chiu
(1991) obtained a similar angle-absorption relationship for a unidirectional composite material.
In the unidirectional case there is however only one plane of symmetry compared with the 2

perpendicular planes of symmetry on present case.

As previously mentioned, absorptions is in general frequency dependent. In the present study all
the calculations have been performed assuming a wave frequency of 100KHz as was measured
by a frequency decomposition of the sensor signals. In some impacts there were a number of
other characteristic higer frequencies; However since these higher frequencies could be

attenuated for various impact distances and angles, they were not used in the present study.
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Figure 6.15 Panel with embedded sensors used to measure both the speed of sound and
absorption as a function of propagation angle.

Once the angle component of Equation 6.1 is known, the contribution of the radial part can be
calculated. In order to make this measurement another panel was manufactured, as can be seen
on the right side of Figure 6.17. In this figure, ultrasonic pulses are sent from the center of the
panel and measured in the sensors surrounding them. Relative amplitude can be then be
calculated with respect to the closest sensor. Using Equation 6.1, the data was then fitted using a
least square approach giving the exponent term as 0.0044mm™" (radial distances given in mm) for
the 100KHz signal and 0.01 for the 350KHz signal. This means that absorption grows with
frequency. This was an expected result from bibliography since is a result obtained by all

sources.
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Figure 6.16 Attenuation of wave amplitude for different angles and frequencies.
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Figure 6.17 Plot of the absorption calculated for the 0 and 90 degrees direction in the panel
shown on the right. The circles are the experimentally measurement results while the curves are
the exponentially fitted curve given by Equation 6.1. There are 20 experimental results per
distance. The exponential constant is 0.01 for the 350KHz and 0.0044 for 100KHz, therefore
absorption grows with frequency.

6.5.2 Damage parameter definition

As the propagating wave arrives at the embedded PZT sensor, a voltage proportional to the strain
in the PZT is generated. Measuring this voltage will provide information of the elastic energy
stored on the composite due to the propagating wave. The following procedure to calculate the
damage parameter is proposed. The Hilbert transformation of the measured signal is calculated
and with it the analytic function. With the analytic functions the envelope of the incoming signal

was first calculated (see for example Feldman 2011).
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o V(t+1)-V(t—-1) dr

hy(£) = H(V()) = —1/mlime_, [ (6-2)

a,(t) = V(t) +ih,(t) (6-3)
Epny(t) = |a, (0)] (6-4)
Where H represents the Hilbert transform, h,,(t) is the Hilbert transform of the voltage function

V(t), a,(t) is the analytic function of the signal and E,,(t) is the envelope of the

function V (t). A signal parameter is then defined as:

SP = fttol E,,(t)%dt (6-5)
For digital signals this integral can be expressed as:

k,=t{*rate 2
SP = Env (k) (6'6)

rate?
ko=to*rate

Where rate is the sampling rate and E,,,(k) is the value of the envelope at sample k. The

integration time is a critical parameter and will be discussed in detail in the following section.

The signal parameter SP is then corrected for propagation distance and angle by Equation 6.1 to

give the damage parameter (DP):

k,=ty{*rate 2er i
DP — SP - Z £, (k) re i (6-7)
(Er@e) 1o
\r

ko=tg*rate

Since the magnitude of DP is arbitrary, all constants (i.e. acquisition rate and the constant
coefficient in Equation 6.7 have been set to unity. Note that this damage parameter has

dimension of 7t where V is the sensor voltage and ¢ is time. For piezoelectric materials the
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generated voltage is proportional to the average strain and thus the damage parameter DP is
proportional to the strain energy between times ty and t;. As previously mentioned this strain

energy is in turn directly proportional to the impact energy.

6.5.3 Contact time estimation

As has been mentioned previously, high speed impact is wave dominated. As soon as the
projectile first impacts the initially stationary panel’s surface, a stress wave traveling through the
thickness of the panel from the point if impact is generated. This process last approximately 2us
(for the panel thickness and wave speed used in this thesis) after which the formation of the

damage cone begins.

The maximum impact force typically occurs before the impact cone has fully developed both for
the case when the projectile has perforated the plate or it has been stopped by the plate as
explained in Chapter 2. The formation of the impact cone can be considered to provide an initial
displacement to the plate at the time of impact which in turn generates the structural waves
within the plate. As previously mentioned, integrating the sensor signal over all time will then
provide a measurement of the energy of the impact. Unfortunately this integrated measurement
will also include reflected waves from the panel edges which in turn will be influenced by the
boundary condition of the plate, absorption at the boundaries, sound radiation though air and
transmission of the wave to the rest of the structure, not to mention any other sources of
structural vibrations in the plate. Due to the boundary effects and in order to avoid long
integration times, we propose to analyze only that part of the wave that arrives at the sensor
before any boundary reflections. The major assumption in this work is that the integration of the
initial stress wave arriving at the sensors is proportional to the impact energy and that the

required integration time should be of the same order of magnitude or less than the time required
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to reach the maximum impact force. Note that this first arriving wave amplitude will be small in
comparison with the subsequent waves as predicted by the models of Morye (2000) Naik (2004)
and Mavivan (2010). Knowledge of a characteristic time of contact is therefore needed in order
to obtain an approximate integration time. Gower el al. (2008) measured back plate
displacements against time for tests performed at lower speeds (<250m/s) and Kevlar composite
panels. The maximum displacements in these tests was reached at approximately 300us, though
the maximum force occurred approximately in half that time; thus approximately 150us can be
considered as the upper limit for the wave integration. Another way of setting an upper limit can
be determined from high speed camera measurements. Figure 6.18 shows cropped frames from
the video showing the detail of the impact. It can be seen that the impact occurs between frames
3 and 4 and that the maximum displacement occurs between frames 4 and 6; this give an upper
bound to the contact time of 60us. Following the same reasoning than found in Grower et al.
(2008) a time of approximately 30us could be considered a reasonable upper limit to set for the
integration time. Another important factor in order to choose a proper integration time is the
maximum time occurs before the reflections from the sides of the panels arrive back to the
sensors. Since the sensors are situated at least 25mm from the panel boundaries the time of flight
of the structural waves should be greater than 12us. This calculation has been carried out using

the maximum speed of sound measured in Chapter 4 that can be seen in Figure 4.2.
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Figure 6.18 panel SP23 shot 8 example of time of contact measurement. The projectile in Frame
3 has not yet touched the panel. In frames 4 and 5 there is clear contact and in the frame 6 the
projectile is bouncing back. From these images a time of contact off less than 60us can be
expected. Note the impact cone on the right side of the panel in frame 5. The frame rate is 49000
frames per second.

6.6 Data analysis

Once an upper integration time limit for the damage parameter calculation was established (see
previous section) an empirical method was used to find an integration time that minimizes the
dispersion of the DP as measured by each of the different sensors between all shots. After
sweeping up to the upper limit (30us) an optimal value of 12.5us was selected. This time was
also approximately the shortest possible reflection time. Note that the results of the calculations
are not very sensitive to longer integration times (with the exception of impact positions and
panels where the reflection can arrive within the longer integration window). Shorter
integrations times increase the dispersion between sensors from the same impact significantly.
This can be understood looking at Figure 6.19. It shows the measurement of three of the 3
sensors in group 1 for the first four impacts on Panel SP14. Figure 6.19 clearly shows that that
as the impact distances from the sensors increase, the signal arrives later and is smaller. This
signal attenuation can be clearly seen when comparing impacts S1 to S4 where the impact speeds

are approximately equivalent (~380m/s) but the distance for S4 is further and thus the signal
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amplitude is significantly smaller. In all cases the waves arrive later to sensor 1 than for the other
sensors due to its relative position to the impacts, and for the same reason the signal amplitude at
sensor 1 is slightly smaller in amplitude. In every case the initial signal arriving at the sensors
typically consists of a valley followed by a peak. After this initial time, the waves become more
complicated and are not identical in all cases, but as seen in Figure 6.19 signal amplitude is
smaller than the initial peak and therefore will not have a significant impact on the DP value.
Again this justifies the use an integration time that includes these two features (i.e. minimum and
maximum) but not to use the signal data after this initial time. Once more this implies the use of

an integration window of approximately 10us.
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Figure 6.19 Waves measured at sensor group 1 for panel SP14. The signals in shots S2 and S3
have been magnify for detail conbinience.]1.
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Figure 6.20 show the same shots and sensors as in Figure 6.19 but corrected for both angle and
distance attenuation. It can be immediately seen that the difference in amplitude from S2 and S3
has been reduced, and that the magnitude of the signal of impact S4 is approximately the same as
for impact S1. Is interesting to mention that the signal of S1 has a faster rise time indicating the
presence of higher frequency components which are no present in the other impact signal; again
this could be explained by recalling that higher frequencies are absorbed over shorter distances

than lower frequencies.
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Figure 6.20 Signals measured on group 1 panel SP14 for shots 1 to 4. The signals have been
corrected for angle and distance.

In Figure 6.23 the signals shown in Figure 6.21 are further corrected by dividing the magnitudes
of the signals by the square root of the energy of each impact; (recall that the signals in Figure

6.22 have already been corrected for angle and distance). For comparison all amplitudes are
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divided by the maximum amplitude of sensor 6 subjected to impact S1. It can be seen now that

all the values have the same approximate amplitude.
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Figure 6.23 Signals of group 1 panel SP14, a correction for distance and angle has been applied
and then divided by the square root of the energy absorbed in each impact (since the impact
speed is low this is almost identical to the impact energy), the last step is a normalizing using the
maximum value of the sensor 6 from impact S1.

Figure 6.24 shows a typical impact wave signal and the envelope of the signal in the same plot.
Three regions can be identified in this plot: (1) the arrival of the first wave of very small
amplitude and is likely the SO Lamb wave, since it is faster than the A0 wave. The difference in
the time of arrival between the A0 and SO Lamb waves also approximately corresponds to the
difference in wave speeds between these two waves; (the wave speed of the A0 mode, for this
angle, is approximately 3800m/s as shown on Figure 5-2 ,the 20us show on Figure 6.24) will

require an approximate speed of 5000m/s that makes sense for a SO wave on a panel with this
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thickness. (2) 30us after the initial wave, the main AO wave then arrives. (3) Approximately after
30us more another wave of opposite sign arrives at the sensor. This change of sign is
characteristic of a reflection from the free boundary and is identified as such in Figure 6.24. The
two vertical lines in this plot show the integration window for the damage parameter (DP). It can
be seen that the window starts when the envelope reaches a certain small threshold value and
stops close to the first minimum of the envelope signal. This is the case for almost all the signals
and for all the impacts. The exceptions are for the low speed impacts were this end of the

integration window clearly occurs before the first envelop minimum.
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Figure 6.24 Signal measured by Sensor 1 shot 5 for panel SP20. Two Lamb waves can be seen,
the symmetric SO Lamb wave which arrives first, followed by a direct A0 (antisymmetric) wave.
These waves are followed by the reflection of the panel boundary of the direct wave.
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Once the signal envelope and integration window have been found, calculation of the signal
parameter (SP) can be performed for all shots and all sensors. Recall that at this point the
assumption of Equation 6.1 as to be validated. The challenge in finding the exponential
correction is in isolating the effect of the shot amplitude due to impact velocity and wave
propagation amplitude. To be able to eliminate this speed of impact and amplitude ratio effect,
two panels (SP22 and SP23) were shot 8 times each at identical relative positions with
approximately the same speeds (~320m/s). From the 16 impacts, 10 signals were valid. (Of the
three impacts that could not be used for this validation, two impacts were not perpendicular to
the plate and one impact failed to reach the required speed of 320m/s). Using this comparable
data, the signal parameter (SP) was then calculated and corrected for angle, the 1/+/r and
exponential signal attenuation. There is a significant dispersion on the values of the DP for each
shot, this dispersion increases with the impact speed. Since the dispersion grows with impact
speed as well as the parameter itself both data could be used to calculate the incoming speed
form the sensors measurements. Taking an average of the measurement between all the sensors
in a panel produces a good correlation between speed and DP as will be shown on the following

subsection.

6.7 Results

Figure 6.25 shows the damage parameter (DP) plotted against impact speed and absorbed
energy. The correlation between DP and speed appears to be parabolic which as previously
discussed indicated that DP is related to the impact energy. When DP is compared directly with
energy though, it can be seen that there is a linear relationship up to penetration. At this point the
panels do not absorb more energy but the parameter continues growing. Though not fully

understood at this point, this relationship is beneficial from the point of view of structural health
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monitoring since it allows one to measure the impact speed for both penetrating and non-
penetrating impacts. Once the incident speed has been calculated and if the V50 of the panel has
been previously characterized, whether the projectile has penetrated the panel can then be readily
determined. From a SHM point of view, it is important to also correlate the DP to the damage
area caused by the impact. This relationship can be seen in Figure 6.26 where the damage
parameter is compared with the delamination area. As for the relationship between absorbed
energy and the DP, there is a correlation between DP and delamination area until penetration but

not after penetration. Note that the Damage parameter DP has dimensions of energy.
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Figure 6.25 Average by shots of proposed parameter measurement compared with the speed and
absorbed energy. The solid lines represent a parabolic fit for the speed to DP relationship (left)
and a linear fit for the non- penetrating impacts to DP relationship (right). The dashed red
represent the uncertainty in the fitted. Here again np represent non penetrating impacts, while p
are penetrating impacts.
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As previously discussed, at speeds greater than V50, the delamination area remains constant
while the DP continues to increase. In Figure 6.27 DP is compared with the estimated radius of
delamination assuming that the delamination area is circular. It is interesting to note that the
curve fit of the damage radius to DP relationship predicts the smallest damage area to be

approximately 2.5mm which corresponds to the radius of the projectile.
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Figure 6.26 Damage Parameter as a function of Delamination area. A 2nd order polynomial fit

is shown for the non-penetrating impacts (np).  Here again np represent non penetrating
impacts, while p are penetrating impacts.
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Figure 6.27 Damage Parameter as a function of equivalent delamination radius; np represent
non- penetrating impacts, while p are penetrating impacts.

6.8 Conclusions

The major contribution of this work is the derivation of a new high speed impact damage
parameter (DP) that is based on the energy of the first anti-symmetric (AO) Lamb wave as
measured by a sensor network. This novel DP parameter can be used to predict the speed of the
projectile, the absorbed impact energy and the delamination area caused by the impact for a fiber
glass panel over a wide range of impact speeds (160 to 600m/s). One unexpected characteristic
of the DP parameter is that it continues to increase with increasing speed even above the V50 of

the material even though the delamination areas above this speed remain approximately constant.
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The damage parameter also predicts a minimum equivalent damage radius that is approximately

the same as the contact radius of the projectile.

Previously, several damage parameters have been proposed to assess the damage level of a
structure or component in various systems, including techniques that use passive detection. An
example of this is the bearing health monitoring using spectral analysis, for example Farrar
(2007). To our knowledge the work presented in this thesis is the first successful use and
definition of such a damage parameter for a composite material under high speed impact loads.
One important limitation of the present work though is that only one material (fiber-glass epoxy)
and one type of projectile (FSP) has been studied. At this point the validity of the novel
technique for other material-projectile combinations is unclear and should be investigated further
in future studies. In the case under study, projectile is very stiff and suffers not deformation
during the impact. For example, the use of more deformable projectiles (or projectiles made from
multiple materials) could divert some of the impact energy to material deformation, and therefore

a change in the parameter definition might be required.

The proposed DP technique is relatively simple and can be readily implemented in an integrated
circuit. After data acquisition, the only calculation that needs to be performed is the integration
of the analytic function (Hilbert transform). This relatively easy calculation can be implemented
in an ultra-low power analogical circuit or in a relatively simple digital circuit. This is an
important conclusion since commercial use of this method would typically have a volume and

energy consumption requirement.

Another interesting result of this work is that the relatively simple approximation of the

absorption due to the point source propagation and absorption of the material (as proposed by
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Equation 6.1) has proven to be an adequate simplification for wave attenuation over the range of
distances and frequencies used in this work. As part of this work, an experimental technique was

developed to measure the angular absorption of the material.

As part of the present research, an optical technique using digital photography was developed to
calculate the delamination area in composite translucent panels and compared with a traditional
ultrasonic C-scan technique. The novel optical method has been shown to accurately predict
delamination when compared to the C-scan technique but has the advantage of being
significantly faster. Unfortunately most of the fiber reinforced materials are not translucent

limiting the applicability of this optical method.
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7  Accomplishments and future work

A passive structural health monitoring system capable of locating and quantifying damage from
high speed impacts has been developed and experimentally demonstrated in this thesis. This
includes three major accomplishments: (1) manufacturing of composite panels with embedded
sensors, (2) prediction of damage location, and (3) calculation of the extent of damage. These
techniques have been developed with real-world applicability in mind. Though potentially less
accurate than other proposed damage detection techniques, they have the advantages of easier
manufacturability and computational efficiency (and thus a faster response time with less

electrical power consumption).

7.1 Achievements

7.1.1 Panel manufacture
A vacuum infusion fiber glass/epoxy panel manufacturing technique has been developed, with

the following characteristics:

e Compatible with embedded sensors, including brittle sensors such as PZT

e Allows for precise sensors placement

e Has a high signal to noise ratio

e Is relatively inexpensive to manufacture (compared to other multistep methods)
e Has improved sensors survivability

e Has simplified cable routing

e s scalable to thick panels (up to 1.5" at the time of writing this document)

e Can be used for active damage detection

These developments make the technique a promising option for future applications. An

important drawback is that the sensors manufacture requires skilled personnel.
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7.1.2 Passive damage location detection
A novel high speed impact damage location detection technique has been developed as part of

this research. The advantages of this new technique are:

e Reduced computational load and thus reduced electrical energy consumption

e Fast computation time

e Grouping of sensors which reduces manufacturing complexity and thus cost

e Compatibility with active techniques

e Ease of integration in analog or digital circuitry

e Relies on measuring high frequency wave propagation which allows filtering of ambient

noise

The disadvantage of the technique is that that it appears to be less precise than the traditional
triangulation technique. However, it is believed that the precision demonstrated in this research

(< 30 mm error in impact location) is adequate for most real-world applications.

7.1.3 Passive detection of damage extent
A robust technique has been developed that allows for the estimation of impact speed, absorbed
energy and delamination damage energy for high speed impacts. To the knowledge of the author

this is the first such technique for high-speed impacts. Some of the technique highlights include:

e Uses the same group of sensors as for impact position detection

e Allows estimation of impact speed, absorbed energy and damage area

e Use groups of sensors with all the same manufacturing advantages as listed for impact
position detection above

e Uses a relatively simple algorithm and has similar advantages in computational speed and
low electrical power as for the novel impact location method above

e Compatible with active detection techniques
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e Uses only high frequency signals arising from the impact event thus allowing for the

filtering of ambient noise

The main drawback of this technique is that it has only been studied for one combination of

projectile (i.e. fragmentation simulating) and one composite material (fiber glass — epoxy).

7.2  Future work

There are some aspects of this research that would benefit of further research; these include:
deeper understanding of the mechanics of inelastic impact wave propagation and generation, (2)
the effects of different combinations of projectiles and target materials and geometries, and (3)
the effects on mechanical properties (such as strength and stiffness) of embedding sensors into

composite panels.

It is believed that a better understanding of the mechanics of wave propagation caused by high
speeds impact would greatly enhance the developed techniques in this thesis. The physics of the
wave propagation during damage inducing impact is not well understood at this time. A deeper
understanding of the underlying wave propagation physics could hopefully explain several
phenomena observed in the present research such as the quadratic dependence wave absorption
on propagation angle, and the selection of the appropriate integration time for calculating the

novel damage parameter.

Another important extension of the present work would be to extend both detection techniques
(i.e. impact location and damage extent) to various projectile materials and geometries and to

various composite materials. This step is critical for any future commercial use.

The effect of the sensor embedding on panel performance such as strength and stiffness has to

also be addressed in the future. This includes investigating the size and thickness of the sensors,
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as well as the position of the sensor/s within the composite panel. These studies are needed both
from a manufacturability standpoint and under testing from various mechanical loading. The

dependence of sensor size is also critical in determining sensor survivability.

Further development in the sensor embedding technique can make it not only less expensive but
also extend their applications to structures with more than one material (such as composite

ceramic, composite steel, or multi fiber composite).
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APPENDIX. A. List of materials for vacuum infusion multifunctional panel manufacture

The table bellow gives a complete list of the material needed for the vacuum infusion, when
appropriate specific model and supplier is given. Common equipment as not been specified,

since several brands and model has been used though this study.

Product Reference Supplier

PZT sensors 1/4"  diameter by 0.0075" | PIEZO
thickness PZT-5A

Wire 130-AWN Gauge 30 (0.254mm) | Vishay

Soldering Flux #67 Liquid flux PIEZO

Soldering Iron+solder

5 min epoxy

Fiber S2-6187 HEXCEL
Epoxy resin EPON 828 Momentive
Curing agent EPICURE 3230 Momentive
Vacuum bag SL800 Airtech
Flow media GREENFLOW Airtech
Peel of Ply Release Ease 234 TFP Airtech
Breather Airwave A Airtech
Sealant AT200Y Airtech
Masking tape

Resin trap. RB 451 Airtech

Vacuum pump

Tubing

Razor blades.

Kevlar cutting scissors.

Scissors.
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APPENDIX B List of Publications

Zamorano-Senderos B, Elvin N. 2013 "High-speed impact location detection on anisotropic
composite panels using embedded piezoelectric sensors". Journal of Intelligent Material

Systems and Structures. doi:10.1177/1045389X13512188
On preparation:
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