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Abstract

Continuous monitoring of high pressure and high temperature in energy system applica-
tions has been a developing research area in today’s energy sector. Multifunctional materials
have the potential to provide real-time monitoring of structures where temperature and pres-
sure sensing is critical to its performance and efficiency. In this study, multifunctional mate-
rials are studied by embedding piezoelectric materials with two ongoing technologies, woven
fabric composites and additive manufacturing (AM). The AM technology allows the flexibil-
ity of embedding a sensor within the structure, all while not compromising the mechanical
performance requirements. The "smart parts” are fabricated modifying the standard addi-
tive manufacturing process, using Electron Beam Melting and Selective Laser Melting, into a
two stage fabrication in which a piezoelectric material is embedded in specific locations. Two
case studies of "smart parts” are modeled, fabricated and analyzed in different conditions
where the piezoelectric and pyroelectric response for pressure and temperature sensing are
recorded. The design and performance of "smart parts” are compared to ideal conditions
modeled in ABAQUS. The structural composition of smart parts showed a transition zone
in the microstructure, indicating a change in mechanical behavior due to the ”stop-and-
go” process. Tensile results in cylindrical samples fabricated using ”stop-and-go” process
failed by brittle fracture near the interface where the second fabrication starts. However,
the evaluation showed a voltage response that reached up to 6 V for the smart cylinders,
and it generated 0.25 pA from the pyroelectric response on the smart tube. The smart parts
demonstrate reliable methodologies that can be implemented as sensing components using
the dielectric and pyroelectric response as temperature sensing mechanism, as well as piezo-
electric response as pressure sensing mechanism. On the other side, the reinforcement with
piezoelectric particles of woven fabric composites is achieved by a modified autoclave molding
fabrication. The composites are fabricated with different weight percentages of PZT from
0% to 20%. These structures are analyzed in their mechanical integrity by three-point bend
experiments which show a decrease in strength from 400 MPa to 250 MPa. The dispersion
of particles verified the accumulation of epoxy in the depressions resulted from the intersec-

tion of the yarn and warp threads in these types of composites and was also confirmed by a

vi



dispersion index. The electrical characterization shows a piezoelectric response up to 1.5 V,

and current generation from cyclic heating and cooling up to 0.74 1C/m? nA.
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Chapter 1

Introduction

The energy consumption has increased over the last decades with fossil fuel dependence
of 66.8% by 2015. According to EIA, approximately 73% of U.S. coal-fired power plants will
aged 35 years or older by the end of the decade. The overall efficiency in these power plants
ranges from 32% to 42%, being a target for scientific research and engineering development to
increase the effectiveness of the components used during this energy generation. An increase
in efficiency would result in economic savings and reduction in greenhouse emissions. For
this reason, one of the primary fields for engineering development is high temperature and
high pressure sensing devices.

Continuous monitoring of state variables, such as pressure and temperature, is neces-
sary to guarantee safe work environments and prevent disasters. Energy industry compo-
nents (e.g., pressure tubes, air fuel pre-mixers, etc.), oil and gas industry components (e.g.,
drill bit, downhole piping), and civil engineering constructions (e.g., smart structure) [1]
can be benefited by obtaining real-time performance feedback and continuous in-situ mon-
itoring. Accurate temperature measurement can become technically and economically ex-
pensive. Nowadays, the applications where continuous temperature measurement is needed,
the demand for use in the environment, smart homes, healthcare, agriculture and traffic
surveillance, among others is increasing [2].

In general, sensors can be classified as active and passive sensors. Active power sen-
sors require an external power supply and passive sensors are battery free. Active power
sensors are limited by their electronic components and their maintenance can become ex-
pensive depending on the application. Contrarily, passive sensors eliminate the need for
onboard power, their elements can withstand harsh environments and higher temperatures.
Piezoelectric ceramics are used as both passive and active sensor components.

Additionally, the environmental energy harvesting to power low-energy consumption
systems is becoming a growing topic for the large deployment of wireless sensor networks and
increase of integration and functional density of electronics. Among the existing mechanisms

for energy harvesting methods include vibrations (piezoelectric, electromagnetic induction,



electrostatic method), thermoelectric materials (Seebecks effect), pyroelectrics (thermal en-
ergy variation), and photovoltaic effect (solar cells) [3]. Among these mechanisms, pyro-
electricity has revealed useful in sensing applications for a long and useful source of energy.
Although pyroelectrics have been displayed low efficiencies, studies have shown that pyro-
electric cells can produce currents in the order of 10-7 A, and charges in the order of 10-5
°C for temperature fluctuations from 300 K to 360K [4].

For this research, multifunctional structures are fabricated by additive manufacturing
technology and traditional methods for fiber reinforced polymer fabrication. During the
fabrication, piezoelectric ceramics are embedded and they function as sensor devices for
continuous monitoring of temperature and pressure. Functional capabilities are enhanced
and aggregated in the ultimate behavior of these smart structures.

The multifunctional structures, fabricated by additive manufacturing, or ”smart parts”
are designed, fabricated and characterized for energy systems that will be exposed to harsh
conditions. Commercially available software is used for the design and estimation of the
sensor response under different conditions, as well as an understanding of the fabrication
quality. The software includes ABAQUS for the structural analysis and coding algorithms
of shell scripting and python to implement and optimize the parametric studies of the smart
parts. Backward calculations and numerical analysis on the main properties of the smart
parts are used for calibration and practical usage of the smart parts. Additionally, the
enhanced composites with particulates of piezoelectric PZT, are characterized mechanically

and electrically.

1.1 Research Objectives

The goal of this work is to produce multifunctional structures with sensing capabilities
embedding in its structure through the use of piezoelectric ceramics. Traditionally, passive
sensing devices are mounted on the surface or require complex coupling to be adapted,
severely modifying the design and the original structure of the component. By combining
the additive manufacturing technology and piezoelectric ceramics as sensing materials, a
"smart part” will be capable of minimizing the changes of the original structure’s design and

adding monitoring capabilities of temperature and pressure. The additive manufacturing



technology allows strategic placement of the sensor following the areas of interest depending
on the application that ultimately would help to increase the efficiency of the power plants
and allowing health and fatigue monitoring of the energy system components. In contrast,
the fabric composites with particulate reinforcement, have been developed for enhancing the
sensing capabilities and applied for structural health monitoring. The objectives of this work

are:

1. The fabrication of energy system related components with embedded sensors. The
fabrication of the smart parts was done by EBM and SLM technology. The fabrica-
tion is modified in a multistep ”stop-and-go” process to allow the embedding of the

piezoelectric ceramic.

2. Mechanical and sensing evaluation of the components. Piezoelectric, pyroelectric and
dielectric sensing is tested and reported. The sensing capabilities of the ”smart parts”

including pressure and temperature will be demonstrated.

3. Assess the quality and performance of the fabrication of the smart parts. FEA software

is used to analyze ideal conditions and comparison with actual behavior.

4. Fabricate and design fiber reinforced polymer composites with piezoelectric particulate

reinforcement.

5. Mechanical and electrical characterization of the composites structures. The piezoelec-
tric response after poling the composite and charge generation using cyclic heat will

be determined.

1.1.1 Summary of Document

This document is divided into five chapters. Chapter 1 addresses the impact and
objectives for developing multifunctional structures that will allow the implementation of
sensing components within inert structures used in energy system applications.

Chapter 2 includes the literature background of multifunctional materials, following the

explanation of the core elements to create these: piezoelectricity and additive manufacturing.



Chapter 3 is composed of the experimental methods and procedures for testing and
characterize the multifunctional materials.

Chapter 4 presents the developed of ”smart parts”. It includes the fabrication methods,
the manufacturing designs, the sensing evaluation and the performance analysis using FEA
software.

Chapter 5 presents the fabrication and characterization of the fabric woven composites
with piezoelectric particulate composites. Mechanical characterization, dispersion analysis,
and piezoelectrical analysis are presented.

Finally, Chapter 6 summarizes the conclusions and suggests future work for further

development of smart composites.



Chapter 2

Literature Background

2.1 Multifunctional Materials

Multifunctional materials can be defined as those designed for specific requirements in
the area of electronics, magnetic, optical, thermal, mechanical or other to satisfy previously
unattainable performance. These materials are unique composites in which constituents
combine the functionality of their constituents.

Nature provides the ultimate multifunctional materials. In reality, every biological
material system provides a combination of actuation, sensing, and self-healing capabilities.
[5]. Thus, the multifunctionality of a material follows the nature design from micro to
macroscales.

The development of these materials has evolved in the last two decades. Although the
glass and carbon composites materials are reliable and modern replacements for lightweight
and strength applications, these can only achieve limited combination of properties. New
engineering challenging applications and mixtures are being developed to include self-healing
characteristics, electromagnetic shielding, sensing capabilities of state variables such as pres-
sure and temperature, among others. Figure 2.1 shows the synthesis of multifunctional
composites structures and the future trend to mimicking the evolved design of nature. The
remarkable advancements in material science and manufacturing process have enabled the
fabrication of multifunctional composites materials. The rapid increase in the number of
research in this topic is a clear indication of the increasing demand for this kind of materials
6].

The method for designing these materials involve the incorporation of sensors for mon-
itoring its situation (self-damage detection and assessment). Typically, the damage is de-
termined by using non-destructive techniques such as radiography or ultrasonic testing that
cannot provide continuous monitoring during service. The inclusion of non-structural ele-
ments such as piezoelectric materials or optical fibers allows to overcome the need for periodic

assessment and convert out structures into a self-continuous monitoring system. The func-



Multifunctional composite structures

Figure 2.1: Design of multifunctional materials [7].

tionality that can be embedded within the structure is simplified in Figure 2.1. Depending

Stress/strain
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Figure 2.2: Areas to explore of multifunctional materials [7]. The addition of func-
tionality in a material forms the multifunctional structure composite.

on the designing requirements, materials with specific functionality are combined to create



multifunctional materials. Continuous monitoring of strain is valuable for vibration control.
These have been achieved in carbon fiber reinforced epoxy composites since the impedance
through the thickness or in the longitudinal direction changes reversible with the deforma-
tion of fiber misalignment. Additionally, these composites have been proven to work as
thermistors and thermocouples, since the interface between the lamina changes its electrical
resistivity with temperature changes [8]. Alternatively, Fiber Bragg Grating (FBG) sensors
have been used for internal and surface monitors of strain [9]. Besides, the FBG sensors and
optical fibers provide continuous monitoring during production and over the lifetime of the

structure [10]. Self-healing composites have been developed to provide emergency assessment

»
Red fluorescent optical fiber

Gas bubbles

Figure 2.3: Applications of smart parts [11],[12], [13].

and temporary solutions to catastrophic failure of composites in service. These composites
arrest the crack propagation and preserve the structural integrity. Two categories exist:
self-healing without and with healing agents [14]. Composites without healing agents rely on

the highly cross-linked polymeric material with multi-furan and multi-maleimide via Diels-



Alde reaction. When the temperature reaches a critical point, the ”intermonomer” linkages
disconnect, reconnecting however upon cooling. This process is reversible and can be used to
restore fracture parts of polymeric structures. The use of healing agents in composites, con-
tains a liquid encapsulated and embedded into the composites matrix. As soon as the crack
destroys the capsules, the liquid fills the cracks due to the capillary effect. These techniques
have been implemented in fiber reinforced polymers using micro-capsulated healing agents
and a solid chemical catalyst dispersed within the matrix [15]. When the crack propagates,
and microcapsules are broken, the polymerization of the healing agent is trigged by contact
with the catalyst, bonding the crack phases and achieving 90% recovery of the virgin fracture
toughness.

Other smart structures developments include constructing an integrated optical net-
work embedded into carbon fiber composites. In principle, this embedding of transponders
and sensor networks into structures could significantly reduce the vehicle manufacturing and
design costs. Composites of carbon nanotube reinforced polystyrene foam composites have
been shown to effectively shielding against electromagnetic interference. These composites
have shown to be very effective and lightweight [12]. Dong and Li [13] developed cement
with piezoelectric particles to create actuation within the composites.

Similarly, the piezoelectric materials are widespread used for shape control and vibra-
tion attenuation. For microelectromechanical systems (MEMS), a challenge in processing
structures is to create a thin film with the desired properties and structure. [16]. This pro-
cessing is achieved by physical and chemical vapor deposition and solution deposition. In

the following section, piezoelectric materials principles are reviewed.

2.2 Piezoelectric Materials

Piezoelectricity is the phenomena that model the electromechanical interaction between
the mechanical and electrical state in crystals without a center of symmetry. Out of the in-
creasing number of piezoelectric materials only a restricted number have been proven suitable
for transduction elements in piezoelectric sensors, these include natural and synthetic single
crystals, piezoelectric ceramics, textures and thin films [17]. Regarding engineering design,

ideally, a piezoelectric material must have high piezoelectric sensitivity, high mechanical



strength and rigidity, a stable and very high impedance at high temperatures, and minimal
hysteresis, among others.

The physical behavior of piezoelectric ceramics involves heat, mechanical and electrical
effects. The best representation of these variables is simplified in the Heckman diagram
(see Figure 2.4). In this figure, electrical field (£), temperature (®), and stress (7') are
interrelated with charge flux (D), entropy (o), and strain (S). From the interaction among

these variables the piezoelectric, pyroelectric, and thermomechanical effects are represented.

Electric Field — Electrical Flux Density

Thermomechanical Properties
Stress Strain Temperature - Entropy

Figure 2.4: Representation of piezoelectric variables.

The matrix form of the piezoelectric constant is shown in Figure 2.5.
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Figure 2.5: Piezoelectric relations.



The Curie temperature of a piezoelectric/piezoceramic material is the temperature
at which the polarization of the material breaks down, thus losing its piezo/pyro-electric
properties. In ferroelectric materials, the asymmetry in the structure that allows the piezo-
electric response, usually does not exist except below its Curie temperature. However, a
poly-crystalline structure can minimize the response if the ferroelectric domains are not
aligned into a single direction. In most cases, a poling procedure is required to imprint the

macroscopic asymmetry by proper orientation of these domains.

C Unpoled
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Figure 2.6: Polarization and stress hysteresis loops of tetragonal PZT. The upper
right figure shows the microstructure before poling. The lower right
figure indicates that any shift of 90°domain walls due to an applied
electric field results in a change of polarization and deformation [18].

Ferroelectric piezoelectric response is formed from two effects:

1. The atomic displacement within the individual unit cells of the material. It will domi-
nates as long as the domain configuration remains unaffected by the applied electrical

field or mechanical stress (intrinsic response).

2. Results from the non-180°domain wall movements driven by the application of an
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external electric field or a high enough mechanical stress (eztrinsic response).

The response becomes increasingly nonlinear associated with a considerable hysteretic be-
havior .

Poling of piezoelectric PZT can be done under different circumstances of temperature
and electric field. A study investigating the influence of poling temperature and electric field
amplitude was done by Prewitt [19]. The study analyzes the piezoelectric constant under
temperature range between 25°C and 175 °C, and electric field ranging between 0 kV/mm
and 2 kV/mm. At room temperature, the piezoelectric constant can be recovered 93% at 2

kV/mm. The summary of the study is shown in Figure 2.7.
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Figure 2.7: Piezoelectric coefficient of PZT (ds3) as a function of electric field and
temperature during poling [19].

2.2.1 Applications of piezoelectric materials

Piezoelectric sensors require external energy to obtain an output signal. In these mate-

rials, the sensing and transduction element are the same. The applications of the piezoelectric
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materials range and explore the different implementations and commercial application for
the sensing or actuation mode.

Piezoelectric ceramics allows the development of both passive sensing and active sensing
(external power from battery required). Passive sensing research is based on radio-frequency
signals that are transmitted to the piezoelectric and bounce back to a reading antenna. The
change in temperature or pressure within the material affects the velocity at which the wave
travels from one end to the other. These devices are known surface and bulk acoustic wave
devices (SAW and BAW sensors). Additionally, these devices provide accurate frequency
control and signal processing.

As active sensing, the piezoelectric can be used for actuators and motors (actuation
mode) or as sensors for pressure, or mass flow for automotive and medical applications. A
summary of today’s technology where piezoelectric materials are used is presented in Table

2.1.
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Table 2.1: Summary of main application of piezoelectric materials.

field and main applications.

Innovation

Category Innovation Field Main Application

Frequency Frequency-/time standards, Me-]Precise and inexpensive frequency
control  and Jchanical frequency filters, SAW and jcontrol and filtering. Passive signal
signal pro- | BAW devices processing for wireless communica-
cessing tions, identification, sensing, etc.

Sound and ul-
trasound

Buzzer, microphones and speakers,
ultrasound imaging, hydrophonics,
high power transducers, shock wave
generation, atomizer, and air ultra-
sound

Sonic alerts, alarms, telephone,
blood pressure, medical diagnos-
tics, sound detectors for sound,
;machining, US cleaning, oil atom-
izer, humidifiers, aerosols

Actuators and
motors

Printers, motors and transformers
and bimorph actuators

Needle drives and ink jet, minia-
turized, compact motors and trans-

formers, pneumatics, micropumps,

braille for the blind

Sensors Acceleration sensors, pressure and]Automative, automation, medical
shock-wave sensors , flow sensors,
and mass sensitive sensors
Ignition Ignition, Adaptive devices Gas and fuel ignition Active noise
Adaptronics and vibration cancellation, adap-

tive control, airtail filter control

2.3 Additive Manufacturing

Additive manufacturing (AM) technology, is state-of-art fabrication which consists of
building components using a layer by layer process. Over the past three decades, research
community has developed novel AM processes and applied them in the aerospace [20], auto-
motive [21], biomedical [22], and other fields. The fields that AM covers includes processing,
material development, software, equipment innovation and rapid tooling applications. Cur-
rently, the direct fabrication of functional end-use products has become the main trend of
AM technology.

The ASTM F42 Committeee [23] classifies the AM processes into seven areas. However,

Guo [24] made a classification according to the starting material used: liquid, filament/paste,

13



powder, and solid sheet. The working principles of AM technology are summarized in Figure

2.8. The technology used in this research is powder based AM. The machines used to

State of starting

il Process Material preparation Layer creation technique Phase change Typical matenals Applications
Liquid SLA Liquid resin in a vat Laser scanning/ Photopoly-merization UV curable resin, Prototypes, casting
light projection ceramic suspension patterns, soft tooling
MIM Liquid polymer in jet Ink-jet printing Cooling & photopoly- UV curable acrylic Prototypes, casting
merization plastic, wax patterns
RFP Liquid droplet in nozzle  On-demand droplet Solidification Water Prototypes, casting
deposition by freezing patterns
Filament/ FDM Filament melted Continuous extrusion Solidification Thermoplastics, Prototypes, casting
Paste in nozzle and deposition by cooling Wwaxes patterns
Robocasting Paste in nozzle Continuous extrusion - Ceramic paste Functional parts
FEF Paste in nozzle Continuous extrusion Solidification Ceramic paste Functional parts
by freezing
Powder SLS Powder in bed Laser scanning Partial melting Thermoplastics, Prototypes. casting
waxes, metal pattermns, metal and
powder, ceramic ceramic preforms (to be
powder sintered and infiltrated)
SLM Powder in bed Laser scanning Full melting Metal Tooling, functional parts
EBM Powder in bed Electron beam scanning Full melting Metal Tooling, functional parts
LMD Powder mjection On-demand powder Full melting Metal Tooling, metal part
through nozzle injection and repair, functional parts
melted by laser
3DP Powder in bed Drop-on-demand =4 Polymer, Metal, ceramic,  Prototypes. casting
binder printing other powders shells, tooling
Solid sheet LOM Laser cutting Feeding and binding of = Paper, plastic, metal Prototypes, casting
sheets with adhesives models

Figure 2.8: Working principles of additive manufacturing technology [24].

develop the smart parts were Selective Laser Melting (SLM) and Electron Beam Melting.
The selective laser melting (SLM) completely melts the powder with a high power laser beam
to form a metallic part almost entirely dense. The technique reduces the residual stresses,
and these parts do not require post-processing for direct implementation. The mechanical
integrity of these parts is comparable or better than those of rolled metal sheets. The SLM
process is more difficult to control due to the large energy input to melt metal particles which
causes problems such as balling, residual stress development, and part deformation [25].

In contrast, the electron beam melting (EBM), uses an electron beam rather than a laser
beam as its energy source. The operation is under high vacuum chamber. The fabricated
parts are almost fully dense, free of voids, and extremely strong. Compared to SLM, EBM

has superior build rate because of its higher energy density and higher scanning speed;
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however, the surface roughness is not as good as machined counterparts. The development
of AM offers a great potential for customization and fabrication of very complex geometries.
Applications in aerospace, automobile, biomedical and energy fields have been increasing the
demand of using AM as cost-effective fabrication process.

Additionally, AM can be used to embed sensors while not compromising the parts com-
plex geometries. Historically, AM is well appreciated in the field of biomedical, automotive,
and aerospace industries due to various material options, material properties, ability to fabri-
cate complex shape parts. Currently, energy system components mostly use surface mounted
sensors which may experience high pressure and temperature and corrosive exposure that
would decrease sensor lifetime and accuracy [26]. Shape alteration is not desirable in appli-
cations such as the wind turbine, where a change in wind flow may alter its aerodynamic
performance. Also, the outside wall sensor may not provide desired information regarding
the interior of the parts. For example, for a pressure tube, a surface sensor may not show the
internal pressure created by the fluid. Hence, EBM fabricated smart part with embedded
piezoelectric ceramic material at the desired location is a potential solution to alleviate this
issue. Previously, different sensors including fiber grating sensors, and thermo-mechanical
sensors were used in smart parts fabrication [27, 28, 29, 30, 31] , though the core materials

were not suitable for high temperature applications.

2.4 Fiber Reinforced Polymer Composites

In the last two decades, the use of composite materials in structural applications ranging
from aircraft and space structures to automotive and biomedical as well as ballistic armor
applications has been growing interest [32]. These polymer based composites are being used
due to their higher stiffness and strength per unit weight in comparison with aluminum and
titanium alloys.

The classification of polymer matrix composites can be divided into two main cate-
gories: particulate reinforcement or fiber reinforcement [33]. The fiber reinforcement can
be short or long fiber to create single or multilayer (angle-ply) composites, and orienta-
tion may vary from random to perfectly aligned. A combination of long fiber composites

and multi-directions are the crossply (plain fabric composite shown in Figure 2.4) or the
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multidirectional fiber composites.

Figure 2.9: Woven fabric composites [34] and unidirectional composites comparison [35].

The characterization of polymer matrix composites involved the consideration of the
anisotropy that affects the determination of properties such as stiffness, Poisson’s ratio,
strength, thermal expansion, moisture expansion, thermal and electrical conductivity, among
others. In particular, the woven fabric and multidirectional composites, provides structural
stability in both directions of the plane, and reducing the shear developed between the lamina
for laminates with [0/90], configuration.

The woven fabric composites consist of orthogonal interlaced threads, known as the
warp and fill or weft threads [36]. The threading of the woven fabric composites is done by
repeating a pattern in every direction. For a pattern that is interlaced every other yarn, it
is called plain (for every third yarn it is called twill).

To understand the mechanics of the woven fabric composites, assumptions for the
degree of anisotropy have helped researchers to simplify the equations governing properties
such as stiffness, strength, and Poisson’s ration [37, 38]. Orthotropic assumption, although
not completely accurate, has been a very good approximation when studying plain woven
fabric composites. Experimental results from carbon and glass woven fabric has shown a
difference between the longitudinal and transverse direction of less than 3% [39]. Generalized

model to study the effects of parameters of the fabric geometry has been done by Naik and
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Shembekar [35]; and a homogenized micromechanics has been done by [40]. The theoretical
basis of these studies is the classical laminated plate theory [41, 42]. The constitutive

equations are given by:

Ni Az BZ e?
= 7 ! (2.1)
Mi Bij Dij Klj
where
4 hm
(Aij, Bij, Dij) = > . Y (1,2,2%)Qi;dZ (2.2)
m—1hpy—1

where A;;, B;;, and D;; are the stiffness matrices for laminates and

E meEm 0
1—vyzvzy 1—vyzvzy
Qi = Vye By Vay By 0 (23)
J 1—vyzvay 1—vyzvzy
0 0 Gy

In Eq. 2.2 the );; is evaluated based upon the corresponding stiffness properties within
the layer defined by h,, (ondulation of the fill thread) and h,,_; (ondulation of the warp
thread). Also, N; is membrane stress resultant, M; is the membrane moment resultant, €] 18
the strain, and &, is the curvature of the laminate geometrical mid-plane.

The high strength, high stiffness, and low density characteristics make composites
desirable in primary and secondary structures in many fields of industry. The Boeing 787
contains 50% of weight from composite materials. A breakdown of composites used in
aerospace industry is shown in Figure 2.10. In actuality, small aircraft are fabricated with
their primary structural component being composites sandwich with glass fabric/epoxy skins
and PVC foam core [43]. The stealth characteristics are highly desirable for military aircraft,
such that of the B-2 bomber [44].

As composites are becoming essential to our modern life, research and technology have
been oriented towards the development of multifunctional matrix reinforced composites. The
functionality such as transducing and sensing capabilities would allow the improvement of
thermal, mechanical, optical and electrical properties within the overall structure.

The inclusion of pyroelectrics and piezoelectrics in woven fabric composites would al-

low low-energy harvesting in different applications such as the construction, aircraft, and
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Figure 2.10: Applications of composites. Pipeline riser with composite reinforce-
ment Boeing 787 and percentages of composites used in its structure.

[45].

automobile industry. This energy would allow the development of more intelligent systems
since low-power sensors would be implemented in areas where maintenance and location are
not cost-effective for extended periods of time. These inclusions have been attempted by
artificially position ceramics within the composites [46] or by spreading PZT powder in the
interface between prepreg layers. The enhancement of the sensitivity of piezoelectric parti-
cles has been used in the active sensing for structural health. Figure 2.11 shows an example
on how the structural monitoring by placement of sensors near a damaged area can indicate
a critical damage and differentiate from damage in which the structure still survives [47].
The following chapter addresses the methodology for the characterization of the smart

structures. Details on procedures and machines used for this investigation are provided.
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Figure 2.11: Structural health monitoring. Placement of the sensing piezoelectrics

produces a shift in the impedance response depending on the damage
applied to the structure [47].
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Chapter 3

Methodology and Instrumentation

The characterization of the multifunctional structures was performed using different
techniques. For this work, mechanical, electrical, material composition, and sensor perfor-
mance were the main interest to determine from the smart structures. The methodology

includes:

1. Mechanical:Strength and stiffness were measured using three-point bend experi-
ments. Nanoindentation was used for those materials unsuitable for mounting on
tensile/fatigue machines. ASTM standards were followed to measure density and vol-

ume fractions of composites.

2. Electrical: LCR meter was used to measure impedance and capacitance. Temperature

dependence is shown depending on the application.

3. Material composition: Microscopy procedures such as SEM and optical microscopy
was used to study the dispersion and visual quality of the materials. EDS determines

the material composition of the analyzed surfaces.

4. Sensor performance: A synchronization of mechanical and electrical procedures
with the use of DAQ systems allow the monitoring of the piezoelectric, pyroelectric

and dielectric response of the smart structures.

In the following pages, details of the methodology and overview of the experimental proce-

dures are explained.

3.1 Dispersion Analysis

Dispersion is one of the key parameters for the fabrication of particle reinforced poly-
mers. Some of the techniques to achieve dispersion, most commonly used, of reinforced
polymers are mechanical stirring and sonication (vibrational energy by sound waves). The

measurement has been developed in the last two decades. Traditionally, optical methods
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are used to evaluate the quality of dispersion. Kim et. al [48] investigated and measure
the particle distribution of carbon nanotubes reinforced composites by the use of differential
scanning calorimetry (DSC). This technique measured the obstacles to the cross-linking re-
action of the polymeric matrix. Apart from these methods, a mathematical study of particle
dispersion was presented by Yourdkhani and Hubert [48]. A simplification of their study
can be observed in Figure 3.1. This figure simplifies the clustering and ideal dispersion by

determining a dispersion parameter (DI). The clustered dispersion results in higher values

than unity.
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Figure 3.1: Dispersion analysis.

The algorithm to find the dispersion index DI involves to image processing. The steps

of the study are summarized as follow:
1. Tmage processing to black/white to quantify particle count.

2. Calculate all neighboring distances d; of each particle and obtain the mean 4. Assume

periodic boundary conditions for elements on the edge of the micrograph.

N,

where N,, is the number of matrix elements,
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3. Calculate an idealized mean p; where the number of particles are perfectly arranged

in the given area of the micrograph.

N,
S d;
Uy = Zz&l ¥ (32)
4. Calculate the dispersion index DI
DI = Mi (3.3)

This technique allows a mathematical estimation to determine dispersion. Nonetheless, this
technique assumes particle uniformity on their size. To address the particle size, an estima-
tion of uniformity is done to perform the analysis, since clustering are very well represented
in the DI results. This work presents optical dispersion analysis and it implements the

algorithm to compare dispersion of piezoelectric particles.

3.2 Three-point Bend Testing

An approximate measure of the strength, bending modulus, and fracture toughness
on flexural conditions can be found following ASTM standard. For fiber reinforced plastic
composites, the span-to-thickness ratio is 32:1, and head velocity of 1 mm/min. The bar
rests on two supports and is loaded by means of a loading nose midway between the supports

as shown in Figure 3.2[49]. An Instron 8801 Fatigue System was selected for the tests. The

P
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Figure 3.2: Procedure schematic for three point bending experiment [49].
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flexural modulus of elasticity is the ratio of stress to corresponding strain at any given point

on the stress-strain curve. For highly orthotropic composites, the equation is

secant __ LSm
TS

(3.4)

where Ey is the flexural secant modulus of elasticity, L is the support span, b is the width
of the beam, h is the thickness of the beam, and m is the slop of the secant of the force-
deflection curve.

The stress of any point on the load-deflection curve, is obtained by:

3PL

Sz (3.5)

O3pt =

where P is the applied force, and o3, is the stress at the outer surface in the load span
region. The maximum stain at the outer surface also occurs at mid span, and it may be

calculated by:

60h
€3pt = 7 (36)

where €3, is the maximum strain at the outer surface, and 4 is the mid-span deflection. The

fracture toughness is calculated by integrating the area under the load deflection curve per

% P.ds
E - i .
nerqy /0 DhZL (3 7)

volume and thickness.

3.3 Volume Fraction and Density Determination

The volume fraction and density determination for fiber reinforced polymer composites
followed ASTM standards D792-00 (density [50]), and D2584-02 (fiber volume ratio [51]).
The procedure for the density determination of composite materials consists of the following

steps:
1. Weigh the specimen in dry conditions.

2. Attach the specimen to a wire, and slightly fully submerged the sample attached to
the wire. The liquid is distilled water.
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3. Weigh the wire alone, partially immersed to the same point as the previous step.

Once the measurements are done, the density is determined as follow:

a

— —5(0.9975) (3.8)

p=
where a is the dry weight, b is the combined apparent wet weight, and w is the apparent
weight of the wire. The density of distilled water is 0.9975 gr/cm? at 23°C.

Several methods exist for the determination of the fiber volume, optical analysis of the cross
section and burnout method [39] are used in this work.

For composites with less than 1% porosity, the volume ratio can be obtained directly from

the constituents and the gravimetric relation:

V= Pec — Pm (3.9)

Pf = P
where the subscripts ¢, m, and m correspond to composite, matrix and fiber respectively.

An alternate approach is the burnout method performed at a temperature where carbon
vaporizes, usually higher than 400 °C. This method performs for inorganic fibers reinforcing
organic fibers, such as glass/epoxy. A sample of the composite is oven dried, weighed, and
then heated in the crucible until the matrix is completely burnt. The residue is washed off

the ashes dried, and weighed. The volume fraction for this method is obtained by:

W
V. — /Py

= W./pe (3.10)

where Wg, and W, are the weight of the composite and fibers, respectively.
An alternative approach for woven fabric composites is to calculate a ”tow volume fraction”,
where a micrograph is digitalized, and the pixels corresponding to the fiber section are

counted and divided by the portion of the matrix.
3.4 SEM and Optical Analysis

Hitachi S-4800 Scanning Electron Microscope was used to characterize the samples.

Optical analysis was also performed using an Leica Reichert MEF4 a/m optical microscope
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along the cross section of the smart structures. The SEM facility can be observed in Figure

3.4.

Figure 3.3: EDS and SEM performed in Hitachi S-4800 Scanning Electron Microscope.

3.5 LCR Meter

An HP 4284A LCR meter at 1 V., with parallel equivalent circuit setup that has
a frequency range from 100 Hz to 1 MHz. The LCR meter is connected to a LabView
application that allows the automation of recording data for the different configurations of
the system. Figure 3.5 shows the LCR meter located at the mechanical engineering facilities.
The programs used to record impedance and capacitance involved: real time at one
determined frequency level (1 kHz), and point measurement with varying frequency with

steps restricted to no less than 10 Hz.

3.6 Temperature Sensing Evaluation

The piezoelectric ceramics used for the fabrication of the smart structures allows having
two different mechanisms of temperature effects: dielectric variation and current generated

from the pyroelectric phenomena. Both techniques were used in this work.

25



SO - e T <
G5l 176.54G6nF 0
D1 8.83183

B L e <—

ol hrL

Figure 3.4: HP LCR Meter - Automated.

3.6.1 Dynamic pyroelectric response as sensing mechanism

The pyroelectric effect is responsible for generating current under changes in temper-
ature over time across the sample. Wireless and wired sensors have been developed using
the pyroelectricity principle of these materials [52, 53]. The pyroelectric effect is responsible
for generating current under changes in temperature over time across the sample. To study
and get the signal from the ”smart part”, a picoammeter is connected to the poles of the
pyroelectric ceramic. The sample is heated in furnaces or hot plates, and a thermocouple is
attached to compare the response. For very precise and controlled heating, a tube furnace
(Figure 3.5) is used as a heating source.

The generated current (/) through an homogenous pyroelectric material with temper-

ature (7') at any time (¢) is presented in Eq. 3.11:

40 dT
=% a% 311
a - Py (3.11)

where () is generated charge due to temperature change, p is pyroelectric coefficient of the
material, A is the surface area of the electrodes and % is the rate of temperature change of
the material with respect to time. Equation 3.11 can be rewrite into 3.12 to calculate the

temperature of pyroelectric material at any time considering the initial temperature as room
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Tube Furnace

Figure 3.5: Pyroelectric testing furnace.

temperature.

1 /tf
Ty =—— | Idt+T, 3.12
’ oA |, (3.12)

Here, T} is the initial temperature of the pyroelectric ceramic material at time ¢;, which is
considered as room temperature. T is final temperature of the material at any time #;. By
measuring the room temperature (T; ), pyroelectric coefficient (p), electrode area (A), and
the total amount of current (/) generated by the material within a certain period of time (¢

to tf), the final temperature (7% can be calculated at any time ().

3.6.2 Dielectric properties as temperature sensing mechanism

The second temperature sensing mechanism for dielectric components is to calibrate
the response with temperature variation using the dielectric change with temperature. Many
wireless [54, 55| sensing mechanisms used the variation of dielectric properties with respect
to temperature to obtain a shift in the interrogation signal that shows resonance peaks.
For this study, the dielectric permittivity can be calculated directly from the wires attached to
the smart structure and the capacitance using the LCR meter. The measuring of capacitance
and dielectric loss is done by connecting the LCR meter and programming a LabView routine

to easily stored the measuring data. A calibration of the material is desired before the
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development of the ”smart part”.

3.7 Pressure Sensing Evaluation

The ”smart parts” were tested in a Low-Capacity 8800 Servohydraulic Fatigue Test-
ing Instron machine (see Figure 3.6). Preliminary testing was done to find the relationship
between load and displacement. Displacement control was selected to define the testing pa-
rameters. The experiments methodology included a single step displacement control method,
compression-compression test, at different frequencies (0.5 Hz, 1 Hz, 5 Hz, 10 Hz, 15 Hz,
20 Hz, and 25 Hz) for 100 s. To record the voltage response, a clamp was connected to
electrodes of the piezoelectric material. A DAQ system from LabView or instuNet was used

for recording the voltage response.

Compression — compression testing

Figure 3.6: Compression compression testing.

The force range depended on the materials that are present in the ”smart parts”.
Higher stiffness and strong materials, required a higher force to obtain a response from the

piezoelectric ceramic. The parameter that characterizes the response and the effectiveness
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of the design is:
AV .- C
’d33|design — AF (313)

in which AV is the voltage range response of the compression-compression testing, AF' is the
force range response, and C' is the capacitance measured in Farads. This equation follows

the piezoelectric principle showing in Figure 2.5:
D; =d, - T, (3.14)

where D; is charge density (CV/Area), d;, is the piezoelectric coefficient matrix, and 7), is

the stress tensor.

3.8 Nanoindentation

Nanoindentation experiments were performed on polished samples to obtain Young’s
modulus estimation following the procedure of Oliver and Pharr [56]. The standard proce-
dures were followed for the setup and calibrations outlined in the user manual of Nanoin-
denter TI 750 Ubi User Manual. The setup for nanoindentation includes a definition of
the contact area, loading condition, and location of indentation. Details are given in the

following paragraphs.

e Experimental Setup
The contact area definition was empirically obtained from calibration procedures of
nanoindenter using a sample of fused quartz or polycarbonate for softer samples. The

area is fitted using:

A(h¢) = CohZ + Cihe + Cohl? + Cuhd* + ...+ Cshi"* (3.15)

where () is defined for the indentor head. For Berkovich head, this value is 24.5.

The load function includes loading, holding and unloading. The maximum load was
150-200 uN to avoid breakage on ceramic materials. For very stiff metals and ceramic,

the deformation does not exceed 500 nm.
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A rectangular mesh pattern is selected for indentation locations. The distance between
adjacent indentations is 50 pm to ensure that no plastic deformation invades the stress
concentration of the neighbor points. A mesh size of 3x3 or 5x5 is selected accordingly

to the quality of the surface.

Analysis of Indentation: The analysis of indentation follows the procedure outlined
by Oliver and Pharr [56]. The unloading slope is calculated considering 10% of total
unloading displacement to perform the regression analysis. After calculating the con-
tact area from unloading slope and the projected intersection with the x-axis, FE, is

determined using Eq. 3.16
dpP

2
— = —\/A.E, 3.16
dh /7 (3.16)
In order to decoupled the effect of the indenter from the stiffness measurements, the
Eq. 3.17

E = ; + I (3.17)

is used with diamond properties E; = 1140 GPa, v; = 0.07.
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Chapter 4

Smart Parts Development

The first work for developing smart structures is the embedding of piezoelectric ceramic
in metal components using additive manufacturing for energy system applications. This
chapter includes the design, fabrication, sensing demonstration and sensing performance for
the smart structures developed for this research.

The chapter starts with the design and fabrication methods, addressing the initial chal-
lenge to fabricate ”smart parts” successfully. It continues with the mechanical characteriza-
tion and sensing evaluation, in which detail of procedures can be found in the Methodology
section. Finally, performance evaluation of the sensing capabilities is presented where FEA

software becomes a tool for future designs and improvement.

4.1 Fabrication

The fabrication of smart parts was done using Electron Beam Melting (EBM) machine
and Selective Laser Melting (SLM). Powder of Ti-6Al-4V and Inconel was used as base
materials for the fabrication. These techniques were selected because of the reduced residual
stress, and the reduction time for annealing after the part is finished.

Ti-6Al-4V powder obtained from Arcam AB was used to fabricate the initial batch
of smart parts. The EBM (see Figure 4.1) is a powder bed fusion technology that has the
capability of fabricating metal parts from precursor powder in a layer by layer fashion. The
process is done in vacuum under pressures as low as 10 nbar, this pressure minimizes any
reactions of melted powder with the surrounding environment [57]. The building start with
a preheating stage of the powder bed to half point of the melting point of the material used.
After that, the building process starts by depositing a layer of metal powder and the electron
beam selectively melting the desired positions. After the melting process, the build platform
moves down to the height of the layer thickness (50 pm). A raking system spreads a new
layer of powder from the powder hopper on top of the previous layer. This process continues

until entire part is done. The first process of fabrication builds the base that contains the
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cavity. The system stops to insert the sensor and package components within the cavity.
If needed, a mask plate is used to hold the part in the powder bed while maintaining a

planar surface for the continuation of the fabrication. Alternatively, Selective laser melting

Electron beam
column
Filament

i_ | Anode

- Astigmatism coil

Focus lens

Deflection lens

Heat shield

Powder hopper

Raking mechanism

Build platform

Figure 4.1: EBM schematic of smart parts.

(SLM) was used to fabricate the injector and regain usability of the first design of sensor
packaging. The SLM does not operate under low pressures but in an inert atmosphere.
This technology has been recognized due to its flexibility in feedstocks and shapes [58]. The
process is also layer by layer fashion and the material used was Inconel. The maximum build
capacity of this machine is 5 x 5 x 3 in.

The residual stresses for these techniques vary depending on the direction of analysis.
For EBM parts, research has shown that residual stresses range from 0 to 180 MPa (20%
of the yield strength) in compression mode for both planes X-Y and Z-axis. In contrast,
SLM showed both tensile and compressive stress in the Z-plane and X-plane respectively.
In average, the EBM showed lower residual stresses ranging from 40-120 MPa compared to
SLM range 70-210 MPa in the X-plane directions [59]. For both techniques, ”"stop and go”

process was implemented to insert the sensor components in the designed cavity.
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4.1.1 Stop and go process

The fabrication of "smart parts” is a multi-step process, which is achieved by in-
terrupting the EBM/SLM fabrication after the desired position is sufficient to embed the
piezoelectric ceramic. Once the sensor components are embedded in the designed cavity, the
process continues to finish the fabrication by building the top part of the structure. This
entire fabrication process is referred as ”stop and go” process and it consists of six steps (see

Figure 4.2) :
1. Fabrication of the first or bottom part (with a cavity) using EBM system.
2. Cutting off the ”insert part” from Ti-6Al-4V bar.
3. Interruption of the fabrication and embedding of the piezoceramic sensor.

4. Machining of the mask plate using CNC Mini Mill 2 (HAAS Automatic Inc. USA)

machine.
5. Press fitting of the bottom part in the mask plate and aligning of the top surface.
6. Fabrication of the rest of the part (on top of the bottom part).

7. Cleaning of the finished smart part.

4.1.2 Piezoelectric ceramic

The piezoceramic chosen for this application is Lithium Niobate (LiNbO3) due to
its high Curie-temperature (1100 °C) and PZT-5A due to its high piezoelectric coefficient,
although its Curie temperature is 350 °C, it is widely used for piezoelectric applications and
ideal for low temperature applications. The PZT and LiNbO3 was commercially purchased
from Piezo Systems Inc. [60].

The ceramics contained a conductive surface to make a direct connection to the in-
tended application. For the EBM procedure, the conductive surface was removed by etching
the pieces of the ceramic in nitric acid. The removal of the conductive surface avoids oxida-

tion and vaporization of the metallic surface. For the SLM technique, the fabricated results
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Step 1: Fabricate the

bottom and insert part

Step 2: Assemble sensor,
wiring, and insert part

Step 3: CNC machine the

Step 6: Finish the “smart mask plate

part”

Step 5: Resume building

the top surface Step 4: Set up for the top

part

Figure 4.2: Stop-and-go process during EBM fabrication.

showed that the temperature and pressure does not cause the vaporization of the conductive

surfaces.

4.1.3 High temperature wiring

The purpose of high-temperature wiring is to get a sensing signal out from the piezo-
ceramic sensor at high-temperatures. The wiring needed for this type of application needs
to meet special demands. The wiring must be able to resist high-temperatures and harsh-
environments. Thus a metal with a high-melting point which is corrosion and oxidation
resistant is preferable. The wiring must also offer adequate electrical conductivity (low
electrical resistivity to better transmit and reduce noise of the sensing signal out from the
piezoceramic sensor). One popular wiring material that meets these requirements is Plat-
inum: a chemically stable metal at high-temperatures and harsh-environments with good
electrical conductivity. Titanium also has a high-melting point and is corrosion resistant; it
is also chemically similar to the building material used to manufacture the sensor structure
, and thus should not pose a powder contamination problem during the EBM build phase.

The electrical conductivity of Titanium is not as good as Platinum, but it is considerably
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Table 4.1: Comparison of materials suitable for electrode fabrication of smart parts.

Wiring Material Melting Point FElectrical Resistivity (20 °C)
Platinum 1768.3 °C 105 nQ2-m
Titanium 1668 °C 420 nQ2-m

Stainless Steel 1440 °C 690 nQ2-m
Tungsten 3370 °C 56.5 nf)-m

more inexpensive. Titanium will be considered to prove the concept that a sensing signal
can be transmitted out of the piezoceramic sensor. Tungsten provides highest melting tem-
perature and stability during fabrication inside the EBM. In contrast, stainless steel foil is
more flexible and durable compared to tungsten and titanium foils. Once parameters for the
manufacturing and parts fitting of the whole sensor structure have been refined, Platinum
will be used as the wiring material of choice. Melting point, and electrical resistivity values

are given in Table 4.1.

4.1.4 Initial design

The circular shape ”smart part” was fabricated in oppose to the rectangular one to
avoid registration issue during fabrication of the top part. The diameter of the circular shape
"smart part” was 24.35 mm and overall height was 15.15 mm. Because of the shrinkage and
some un-sintered powder left in the hole, the diameter of the cavity reduced by 12.8%.
The "smart cylinder” was fabricated using the "stop and go” process (shown Figure 4.3).
The process allows the insertion of piezoceramic sensor in the designed cavity. The sensor
components are protected by positioned an insert part that allows the leveling for the second
fabrication. Finally, a mask plate is used to secure the sensor structure to continue the
fabrication. The top part continues to build onto the bottom part. Misalignment between
the top and the bottom part was found after the fabrication due to the misalignment of the
electron beam. The fabrication process confirms the multiple step fabrication using electron
beam melting (EBM) system and the advantage of embedding smart components compared
to traditional methods of machining. Different materials were used to withstand the harsh

conditions during the second fabrication. Alumina clothing was used to protect the interior.
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Mask plate

Misalignment
of 435 pm

Figure 4.3: Fabricated 1st design. Schematic view of the assembly and the top view
of the smart part with sensor components before being placed on the
mask plate. The fabrication finished with misalignment of 435 pm.

Similarly, wires and foil of titanium and stainless steel were used in different occasions and
configurations. This simple design showed a systematic shortage of the piezoelectric ceramic
due to metallization within the cavity in the EBM machine. Such metallization did not
occur in the SLM machine.

This arrangement of sensor components was used for the fabrication of ”smart injector”
and ”"smart cylinders” using Selective Laser Melting (SLM).This fabrication method uses
inconel powder instead of Ti-6A1-4V, operates under lower temperature conditions and it was
confirmed that metallization does not occur within the piezoelectric thickness, nor diffusion

from metallic electrodes to its neighboring contact surfaces.

4.1.5 Assessment of fabrication procedures

To investigate the cause of sensing electrical shorting after the fabrication, the com-
pleted parts were sectioned from the top to access the sensor and components and observe
its condition. The parts exposed to the EBM were compared to the original parts, and a
visible dark coating was present in all parts as shown in Figure 4.4. The conductive coating
appears to be as metal coating that occurred during the second fabrication, when the powder
and the bed was heated to temperatures close to the melting point of the metal. The char-

acterization of the metallization was analyzed by conducting SEM and EDS. Two samples
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Figure 4.4: Parts included for embedding of sensor inside ”smart part”. Top images
are as-bought before EBM fabrication, where bottom images include
post EBM fabrication.

of alumina plate, as-bought and post-EBM were analyzed and compared under the SEM.
Figure 4.5(a) shows the SEM image of alumina plate as bought, where Figure 4.5(b) shows
the SEM image of alumina after the EBM second fabrication. Table 4.2 shows the differ-
ence in composition that is present for both as pre-EBM and post-EBM samples considering
only the surface of the alumina. The post-EBM sample has additional titanium that was
present, which may be the metal coating that is present on surface. One of the main issues
in metallization is assumed to be caused by metal vapor created during fabrication. As the
Ti-6Al-4V powder consists of three different components which have different vaporization
temperature, diffusion from metal vapor-to-solid and metal powder-solid were thought to be
the cause. The vaporization temperature is even low due to the vacuum fabrication process.
In consequence, any components of the Ti-6Al-4V fabricated parts may metalize the sensor
assembly. As a result, insulating components becomes conductive, and shortage of electrical

current occurs.
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Figure 4.5: Design B of "smart Part”.(a) Shows the bottom part with embedded
sensor (b) Top view of finished part (c) Side view of finished part.

Table 4.2: EDS results for the alumina plates. Comparison before and after second
fabrication.

Element Pre-EBM | Post-EBM
Aluminum 98.5% 89.3 %

Silicon 1.5% 3.6 %
Titanium 0% 4.2 %

4.1.6 Protective Housing development

New packaging procedures were developed to protect sensing parts from powder and
vapor diffusion. To minimize powder exposure, an isolation cap was designed and attached
to the mask plate. The fabricated isolation cap is shown in Figure 4.6. The mask plate
was machined to improve the sealing with the isolation cap to minimize metal powder and
vapor. Additionally, a development of an electrical insulation package was designed and
machined that acted as a barrier from contact with evaporated metals during the EBM
fabrication. Several designs were proposed to address ease of fabrication, maneuverability,
and efficiency. Three designs were developed using manual and computer numerical control
(CNC) milling machines. An optimized design addressed all the issues and time of fabrication

was minimized. The final design is shown in 4.7. The machining process for such small
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Figure 4.6: Modified mask plate using the bottom isolation cap to prevent powder
contact with the ”smart part”.
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Figure 4.7: Optimized design for a non-electrical conductive package of smart parts.

components of alumina involved the following;:

1. Cutting block of alumina using cut-off wheels to get strips of approximate final size.

2. Attach the strips of alumina into an aluminum block that serves as base and holder

for milling machines, by using cyanoacrylates adhesive (superglue).

3. Attachment on the top surface allows the proper facing in the height, length and width
for the final design.
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4. CNC milling machine is programmed and provides the final pieces.

5. After fabrication, the aluminum base, and the package is submerged in acetone to
remove the adhesive. Final and detail imperfections are sanded using sanding disks or

by hand.

Once the package is ready to handle, the sensor is build up inside the cavity (see Figure

4.8). The package was assembled and was ready to be inserted in the cavity of the bottom

Figure 4.8: Fabrication procedure of smart parts. Alumina housing machining.

part of the smart structure.

Exploring alternative methods of package fabrication was fundamental to explore opti-
mal designs for easier manufacturing. Techniques such as injection molding of paste alumina,
3D printing of alumina package, and protective electrical ceramic spray on metal based pack-
age were developed. The porosity of the alumina paste and the 3D printing ceramic was not
an effective barrier against diffusion. The voids within these materials worked as interstitial
positions and metallization were generalized throughout the part. In contrast, the metal
based package is immune to the diffusion, but the adhesive on the interface between the
protective coating and the metallic surface was not strong enough to withstand handling
at room temperatures. These alternatives are shown in Figure 4.9. The use of machinable
alumina instead of fired alumina decreases its overall strength. To make up for the machin-
able alumina, doubling the thickness is needed to withstand pressure and handling during

fabrication of the EBM. As a comparison, Figure 4.10 shows the nanoindentation modu-
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Figure 4.9: Alternative methods of packaging fabrication for smart parts using EBM.

lus of machinable and fired alumina. The stiffness is reduced by half when the machinable

counterpart is selected.
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Figure 4.10: Nanoindentation modulus of machinable and fired alumina used for
fabrication of smart parts. No. of points analyzed: 8.

4.1.7 Modified design

The need of a sensor package modified the geometry of the metallic components. The
bottom part, the cavity, and insert part were modified accordingly. The final smart cylinder
was designed to 24 mm in diameter and 28 mm in height. The schematic view of the assem-
bly process is shown in Figure 4.11. The schematic shows the assembly before the second
fabrication of the smart parts. The sensor is placed between the tungsten electrodes and they
are protected by the sensor housing. The cylinder is designed to act on the Z-direction or
building direction, therefore the stacking direction follows the same pattern. Once the insert
part is placed, the top face of the cylinder is leveled to continue on the second fabrication.
The building and fabrication of smart cylinder can be observed in Figure 4.13. Figure 4.13
indicates the insertion of the alumina package that contains the electrodes and the piezo-
electric ceramic, and the insert part to close and level the cavity for the second fabrication.
Figure 4.13b, shows the completion of the smart cylinder after the second fabrication. As

it can be seen, the alumina package was contaminated with metallic components and its
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Figure 4.11: Test cylinder schematic.

surface turn to a gray color. Once separated from the mask plate, the legs of the sensor
package are broken, and the electrodes are exposed to be connected to a DAQ system and
obtain the sensing signal (see Figure 4.13c).

Similarly, the smart tube was adapted to have a cavity suitable for the housing and
sensor components. The fabrication process, the base, and the insert part were changed
to built a tube with an embedding sensor. A schematic view of the test tube is shown in
4.1.7. The assembly direction of the sensor components is changed to the radial direction
with respect to the centerline of the tube. The stacking direction is perpendicular to the
building direction, and the insert part is modified to address the change of geometry of the
cavity. Similarly, as the the test cylinder, the insert part leveled the face in which the second
fabrication will continue on top of the test tube.

For the smart tube, a modified fabrication direction was selected to address the ge-
ometry of the hollow tube. The fabrication of the smart tube is shown in Figure 4.14.
The assembly of the bottom and insert part of the tube is observed in Figure 4.14. The
completed test tube shows the same contamination of the alumina package in Figure 4.14.

Similar procedure after fabrication was followed to evaluate the smart tube performance.
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Figure 4.12: Test tube schematic.
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Figure 4.13: Succesful building using machinable alumina and EBM (2nd design).
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Figure 4.14: Smart tube fabrication using machinable alumina package and modified
design of sensor packaging.
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4.2 Characterization of smart parts

The characterization of smart parts followed microstructure analysis of the stop-and-go
process and metal composition. To improve interface bonding, among different techniques,
hipping was selected to its proven effectiveness in increasing density and reducing voids. The
results showed the improvements and drawbacks of the technique. The sensing is character-
ized by analyzing the piezoelectric response, the pyroelectric response as a dynamic method

for temperature sensing, and capacitance analysis.

4.2.1 Microstructure analysis

After a successful fabrication using the EBM with the ”stop-and-go” process, the part
was cross-sectioned for nanoindentation and microstructure analysis. The first design was
sectioned using the Buehler Isomet 4000 Linear Precision Saw. The sectioned part was
then polished and etched using Kroll’'s Reagent. After etching, the part was looked under
the microscope. Figure 4.15 shows the top and bottom sections microstructures. Both
sections have a similar Widmanstatten or Lamellar-like microstructure with alternating o
and (B phases. The insert plate showed a more equiaxed o and (3 mixture microstructure,
which may have better isotropic properties when compared to the bottom and top sections.

The discontinuity at the interface affects the mechanical properties of the ”smart parts”. For

7

Lamellar
microstructure

Equiaxed
microstructure

Figure 4.15: Interface between the insert plate and the top section of the "smart
part” at 20X.

validation of mechanical stiffness of the fabricated parts, nanoindentation was performed on a
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piece of Ti64 after fabrication. The testing was done in a Hysitron TT 750 Ubi Triboindenter.
The results included 38 points with varying force ranging between 100 pN and 10 mN. The
results showed a samples strain Youngs modulus of 142.66+15.47 GPa with minimum and
maximum value yielding in 107.5 GPa and 183.5 GPa respectively. These results fall within
the range of reported Ti64 (annealed) and from the tensile test performed in parts fabricated
for this project. Similarly, the hardness averaged 6.70+£1.773 GPa. Hardness calculation
underestimates the true value since the contact area is much less than the final impression
after the test ends. Measurement of the final impression of indentation requires higher
capabilities of the machine.

Finally, after the successful building of the modified design for the smart cylinder, a
cross section was analyzed using optical microscopy. Figure 4.16 (a), and (b) shows the
microstructure of the bottom and the top part, which are within 1 mm from the first build,
and interface position, respectively. Since the bottom and top part followed the same fabri-
cation patterns, it was expected from both to have similar microstructure. The lamellar-like
microstructure, alternating o and 3 phases were observed in both the bottom and top sec-
tion. The grain size of the bottom section is longer than the top, which attributes to the
time of sintering during the first fabrication compared to the second fabrication. To fully
understand this behavior a full evaluation considering the thermal variation is needed. Fig-
ure 4.16 (c) shows the interface resulted from the ”stop-and-go” process. The image shows a
discontinuity between the bottom and top sections. At the interface, the bottom part shows
relatively larger grain growth when compared to the top part. This difference is caused due
to the extra preheating and heating during the second fabrication process. The structural

integrity is clearly affected at the interface of the smart structure.
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Figure 4.16: Microstructure analysis of smart part, (a)Reconstruction of the interfa-
cial region. The measurement in the grain size shows a mismatch from
1.36 pm to 0.45 pm from bottom to interfacial region. Measurements
were done optically with pixel proportionality.
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4.2.2 HIPping effects

The interface resulted from the ”stop-and-go” process caused a brittle like behavior
in metal samples. This brittle behavior occurs at the interface by sudden separation. To
address the weak boundary, techniques such double and triple melting during fabrication,
as well as Hot Isostatic Pressing (HIPping) technology were studied in cylindrically shaped
samples under tensile testing. Double and triple melting were selected to increase the heating
and sintering of the powder. Contrarily, HIPping technology has been proven to minimize or
eliminate pores [61]. The HIPping process is done under high pressures (up to 207 MPa) and
high temperatures (up to 1400 °C) in an inert atmosphere (argon) [62]. The process consists
in applying uniform "isostatic” pressure in all directions. No shear or failure occurs during
this process, but the surfaces of the voids diffusion bond together to effectively reduce the
defects. Mechanical properties are enhanced, and density increases.

After subjecting the smart parts to this process, tensile strain showed not a significant
improvement in the mechanical properties. Tensile strength improved by 20%, and Young’s
Modulus and ultimate strength enhanced by 8.2%. Results show that although density and
strength increase, the toughness parameter was not significantly improved. Failure mode
was very similar to fabricated parts. Figure 4.17 shows the results from the tensile testing

results as fabricated using the ”stop-an-go” process.
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Figure 4.17: Ultimate strength, young’s modulus and tensile strain of samples fab-
ricated using ”stop-and-go” process. Number of samples tested: 5
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4.2.3 Force-pressure characterization

The evaluation of the smart parts involved an initial assessment of the electrical com-
ponents, a re-poling of the piezoelectric material and a study of the piezoelectric response
under different loading conditions. The evaluation of the electrical components is performed
by measuring the open circuit condition of the piezoelectric ceramic among the electrodes.
The electrodes are exposed by carefully breaking the alumina protection that covers them
(legs in Figure 4.13), and adding a dielectric between the electrodes to avoid contact during
the experiment. The resistance is measured using a clamp and a multimeter; an open loop
condition provides the verification to continue the evaluation on the smart part.

Secondly, a re-poling of the piezoelectric material is necessary for those materials exceeding
the Curie temperature during fabrication (PZT, Curie temperature is 350°C [60]). The re-
poling is done by applying a constant electric field using a power supply and increasing the
temperature of the smart part to reduce the overall time. It has been shown that electric
fields as low as 1.3 kV/mm can almost entirely recover the piezoelectric coefficient (ds3) of
the PZT at room temperature or by any other combination of heat and time during re-poling
[19]. For this case, the smart part was heated at 120°C and the electric field of 1.4 kV/mm
during 4 hrs.

The smart part was loaded in the Instron machine (see Methodology for details) to test its
signal response. Because of the testing setup, a predefined stress was needed on the sensor
before testing. This stress was defined by choosing a safe value for the piezoelectric ceramic,
for this case 1 MPa allowed to a maximum force of 40 kN. A setup of the test in the smart
parts is in Figure 4.18.

The results obtained from the experiments showed good agreement in the frequency
and very low noise for the Instron machine outputs. Human error and noise levels were
presented in the voltage readings. The shifting caused by the human synchronization of
the DAQ was reduced by correcting the time axis of the voltage with the first peak of the
force output. Additionally, a smooth process and FFT signal cleaning were done in the
voltage signal to preserve true peaks heights and widths. Figure 4.19 shows the response

of the smart cylinder under different force frequencies. The agreement is accurate and
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Figure 4.18: Setup for smart cylinder position in Low-Capacity 8800 Servohydraulic
Fatigue Testing Instron machine.

the trend support documented frequency dependent response on the piezoelectric materials.
Furthermore, a combined analysis is focused on studying the ratio between amplitude of
force to voltage. The results from the smart part on considering different values of frequency
are summarized in Figure 4.20. The ratio of voltage-to-force was calculated in order to
compare different sensitivities among the tested frequencies. Results showed that there was
a clear trend between the amplitude of the voltage generated and the frequency of the force.
The sensitivity can be converted in an effective piezoelectric response using Eq. 3.13. By
multiplying the sensitivity by its capacitance, the effective piezoelectric response of this
cylinder becomes 0.3563 pC/N, 0.2858 pC/N, 0.2953 pC/N, and 0.2782 pC/N for 10 Hz, 15
Hz, 20 Hz, and 25 Hz, respectively.

An analysis for static pressure sensor was studied by subjecting a smart cylinder to
a stair force input. This excitation force builds up the stress within the cylinder, and the
voltage is generated when the machined increase by impulse the force within the cylinder (see
Figure 4.21). When the cummulative voltage is calculated, it can be observed a proportional
trace of the voltage with respect to the force (see Figure 4.22). This method of sensing

pressure is dependent on two conditions:
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Figure 4.19: Response of smart cylinder pressure testing.
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Figure 4.20: Sensitivity of smart cylinder pressure testing

response.

1. The piezoelectric ceramic can be modeled as LCR circuit. Since this material is ideal

for dynamic response, under quasi-static response the energy dissipation is significant.

For a pressure sensing device, the deformation rate on the piezoelectric has to exceed
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Figure 4.21: Force pressure in dynamic form. Stair response.
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Figure 4.22: Cummulative voltage and force impulse from stair experiment.

the dissipation energy within the piezoelectric. For a pressure that builds up slowly

within the piezoelectric, other pressure sensing mechanisms must be considered.

2. The piezoelectric constant is dependent on the average stress. Proper calibration of
the back calculated pressure must be considered the change of piezoelectric constant

with respect to average pressure.

In similar fashion, the sensing of the ”smart tube” was measured under similar con-

ditions. For this test, special fixtures were machined to adapt the curvature of the "smart
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tube” (see Figure 4.23). In this experiment, the "smart tube” was compressed at about 0.3
mm, which can be referred as the average compression. Then, the part was compressed un-
der a cyclic displacement of 0.1 mm at different frequencies of 1 Hz, 10 Hz, and 15 Hz. The

DAQ system was used to record the voltage response. The voltage and force responses are

Figure 4.23: Setup of compression-compression testing on a smart tube. A fixture
was machined to ensure safety and transfer force to the smart tube.
Voltage response obtained by connecting the electrodes to a DAQ sys-
tem.

shown in Figure 4.24. The average sensitivities lowered in comparison to the smart cylinder.
These sensitivities are 46.1 mV /kN, 10.10 mV/kN and 6.36 mV /kN for 1 Hz, 10 Hz, and 15
Hz. The trend is similar as previously tested. For the effective piezoelectric coefficient, these

values are 0.03 pC/N, 0.0068 pC/N and 0.0043 pC/N. These results can be explained by:
e Force transfer for this sensor design.

e Unexpected clearances during the assembly of the ”smart tube”. Any imperfection that
lowers perfect contact between the electrodes and the piezoelectric ceramic results in

a reduced signal sensibility.

Finally, the "smart cylinders” fabricated using Laser Selective Melting (SLM) were
tested in similar conditions. The material used in this fabrication was inconel which has

almost double stiffness than Ti-6Al-4V. It is distinguishable heavier, but the misalignment

o4



_—

=

~

=

N ~

& =S
G

&® E)

= —
——
E———
-

W

-4.4

v -10 12

Force (kN)
o
':'; .
S ————)
——

w

[
Voltage (v)
Force (kN)

Voltage (v)

w
ES

-16 |

w
=)
-
-
——
———
——
_—
==
IS
Y

4 5 6 7 8 18

Time (s) 2 2.2 2.4 2.6 2.8 3
Time (s)

-20 - -3.8

(]
w

45

© 6 : . -5.0500
-5.0667

-10 -5.0833

f

-12 -5.1000

Force (kN)
Voltage (v)

-14 -5.1167

-16 1-5.1333

18 . -5.15
1 1.1 1.2 1.3 1.4 1.5

Time (s)

Figure 4.24: Compression-compression testing results. Each graph shows the force in

kN (blue) and voltage in volts(red). Three different frequencies tested:
1 Hz (a), 10 Hz (b), and 15 Hz (c).

and lower fabrication temperatures allow the piezoelectric to survive without metallization
risks. Four cylinders were simultaneously fabricated with misalignment less than 500 pm.
The effective piezoelectric constant for this design and material reaches a maximum of 33.77
fC/N. These results are 1% from the achievable piezoelectric effectiveness under rough con-
tact conditions using FEA software. The following section analyzes the performance with

simulation aid for the smart structure piezoelectric effective constants.
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Figure 4.25: Piezoelectric effective on SLM fabricated smart cylinders.
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4.2.4 Pyroelectric temperature sensing procedures

To study a temperature variation, the smart tube was exposed to heated air flowing
through the tube at different temperatures. A Keithley 6485 picoammeter (Tektronix) con-
nected to the exposed electrodes of the smart tube measured the generated current. In
general, the experiment was done in two stages: heating for 6 minutes and cooling for 12
minutes. The variation of the temperature was obtained by extending the travel of the hot
air. This was done by changing the length of the tube from 7.6 cm, 15.2, cm and 30.5 cm.
The schematic and experimental setup is shown in Figure 4.26 and Figure 4.27.

For our samples, the contact area of the PZT is expected to be less than 39 mm?. The
pyroelectric coefficient reported from the company [60] was 400 nC/(m? °C), although in
literature there are reports of 600 pC/(m? °C). The choice of contact area and pyroelectric
coefficient must be calibrated for the calculation of temperature. Repoling of the piezoelectric
ceramic and complete contact on the surface of the piezoelectric ceramic is not completely

verifiable without invading the component.

Pyroelectric Current

Heated
Air

Thermocouples
Inlet and Surface

Figure 4.26: Schematic of temperature variation experiment on smart
tube.Parameter d was changed to variate the temperature across
the smart tube.

In Figure 4.28a, the temperature at the entrance varies accordingly to the extension
used in the experiment. Maximum temperatures during the heating stage, after six minutes,
are 198 °C, 178 °C, and 150 °C for 7.6 cm, 15.2 cm and 30.5 cm, respectively. A corresponding

variation occurs in the current generation with maximum values of 0.281 pA, 0.237 pA, and

o7



Figure 4.27: Pyroelectric setup testing. Two thermocouples were attached to the in-
let, and on the surface in the angular location of the piezoelectric ce-
ramic. A picoammeter was attached to the electrodes to record the
generated current.

0.204 pA (Figure 4.28b), respectively. A verification of the current generated is compared
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Figure 4.28: Temperature variation (a) occurred at the inlet of the tube. Different
lengths increase the heat loss and produces a variation in tempera-
ture within the smart tube. A corresponding generated current (b) is
recorded using a picoammeter.

using Eq. 3.11, where the generated current is proportional to the dT/dt of the correspondent
thermocouple. In this case, the thermocouple cannot be placed in close proximity to the
piezoelectric ceramic. Therefore, the thermocouple that is used for future comparisons is the

one located on the surface of the smart tube, which is at the same angular position as the
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piezoelectric ceramic embed in the smart tube. By processing the surface temperature at
this location, a differentiation and comparison are shown in Figure 4.29 for the three cases

(7.6 cm, 15.2 cm, and 30.5 cm).
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g it : . . " . 0.03 2.5 X107 . . . , v 0.025
= Current Current
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Figure 4.29: Comparison between current generated and d7T/dt on the thermocouple
located on the surface of the smart tube. Three cases studied: 7.6 cm
(a), 15.2 cm (b) and 30.5 cm (b).

The comparisons presented in Figure 4.29, show a shoulder in the current signal at
350 seconds. This change in current (bump) does not occur in the d7/dt of the surface
thermocouple. This behavior was observed during the verification of the response by re-
peating the experiments under same conditions. This change can be explained due to a

coexistence of different phases of the PZT that cause sudden slight variations of its piezo-
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electric and the pyroelectric coefficients. Sabat et al. showed that a change in piezoelectric
coefficients occurred between 125-150 °C. Research has shown that although not clearly de-
fined yet, tetragonal, rhombohedral, and monoclinic symmetries have been proven to exist
in the ferroelectric phase of PZT at different temperature regimes [63], resulting in changes
in piezoelectric constants for the PZT.

The generated current was integrated and adjusted according to Eq. 3.12. Using a calibrated
coefficient for PA, Eq. 3.12 gives us a sensing behavior for temperature using a piezoelectric
component. The estimated coefficient PA was 750 pC/(m? °C). This value shows that the
theoretical contact area and pyroelectric coefficient is lower than actually intended. The
value was expected since the contact area was not completely achieved during assembly of
the sensor. Human error during assemblage affects mainly this parameter.

Figure 4.30a shows the temperature calculated using Eq. 3.12. Figure 4.30b shows a compar-
ison coming from the surface thermocouple located in the same angular position as the cavity
where the piezoelectric is located. The variation occurred in the current generation, results
in a changing calculated temperature. Although the driving heat load during the heating
stage is larger compared to the heat loss during the cooling stage, the current changes po-
larity (numerical sign changes from positive to negative), allowing to transform this current

in a temperature sensing instrument.

4.2.5 Capacitance and Impedance analysis

An alternative method of sensing temperature is the dielectric variation with temper-
ature of piezoelectric materials up to the Curie temperature, where the material becomes
paraelectric. For this test, the LCR meter was connected to the terminals of the smart parts.
Samples fabricated with EBM, showed a decrease of dielectric constant when tested under
temperature variation. Figure 4.32 shows the dielectric constant calculated from the smart
cylinder. These results were similar for all the samples fabricated with the EBM procedures.

The decrease on dielectric constant is explained by the partial formation on the surfaces of
the piezoelectric ceramics. Oxidation as such high temperatures cannot be fully stopped. A
capacitance in series reduces the overall capacitance of the structure. These results confirmed

formation of lead oxide (see Figure 4.33). In contrast, the low temperature fabrication of
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Figure 4.30: Temperature comparison between the one calculated using the gener-
ated current (a), and the thermocouple located on the surface of the
smart tube.

the SLM, and the inert atmosphere during the procedure, does not alter the composition of
the piezoelectric ceramic on the surfaces. These smart cylinders (from SLM), compared to
EMB counterparts, are suitable for temperature sensing using the dielectric permittivity as
well as the pyroelectric principle.

The experiment consisted in subjecting the cylinder to temperature variation using a hot
plate set at 150 °C. A thermocouple was attached to the top surface of the cylinder, and
LCR meter connected to the electrodes. Figure 4.34 shows the dielectric permittivity in

comparison with the change of thermocouple reading.

61



49.5

Dielectric Permittivity (6/60)

S -~ -~ -~
O - N
v v =) [%] ~ (4] =] (4] -]

-
=
tn

015

[
Sy

40 60 80 100 120 140
Temperature (°C

01r
A
0.05 | v
-
<, 14
»n £
71 ¥
& Org
=
5
i‘j -0.05
2
=]
011
-0.15
: -0.2 -
160 20 40

60 80 100 120 140 160
Temperature (°C)

Figure 4.31: Smart cylinder dielectric constant and loss with respect to temperature

after EBM fabrication.

Method of Temperature
Value Sample Measurement (°K)
25.9 PbO at 108 cps 298
25.9 PbO Calc. from ion 298
" polarizibi.lity
(117. 8 A)
Pressed
powder
discs
35 yellow PbO 100 ¢ to 10 kc 300
sintered
at 700°C
15 Pb203 100 c to 10 kc 300
20 "Pb3o4 100 ¢ to 10 ke 300
32 red PbO 400 c to 10 kc 300

Figure 4.32: Dielectric constant of lead oxides. Handbook of Physics and Chemistry.

4.3 Performance Analysis

FEA software helped to understand the performance of the fabricated smart structures.

By changing the design, the simulation can provide effective limits for pressure range that

the structure can operate in real applications. Ideally, the perfect contact on the assembly

is not achieved, and unexpected conditions can lower the piezoelectric response of the whole

structure.

The analysis includes:

1. Modeling of smart cylinder: Frictionless and rough contact between the surfaces.
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Figure 4.34: Temperature sensing using SLM smart cylinders using the dielectric
constant of the piezoelectric ceramic.

Frictionless provides the ideal case of fabrication. Rough approximates the conditions

of the wall of the alumina housing.

2. Modeling of smart tube: Similarly the smart tube and the testing conditions, are

different from the cylinder. Voltage response and the effective piezoelectric coefficient
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are determined.

3. Modeling of defects: Defects on the quality of the fabrication were observed during
assembly. These defects affect the force transfer, and therefore the voltage response of

the piezoelectric ceramic.

4.3.1 Smart cylinder and smart tube modeling

The cylinder was modeled following the schematic from Figure 4.35. The commercial

software ABAQUS 6.14 model the electrical response of a piezoelectric to be
¢ = elpese + DI E; (4.1)

where ¢; is the charge flux vector, ¢ is the electrical potential, e?jk is the piezoelectric stress

coupling, €;j;, is the small-strain component, D;@(e)

is the dielectric matrix for fully constrained
material, F; is the electric field (negative gradient of electrical potential) [64]. The metallic
parts, first fabrication, insert and second fabrication, were modeled with 10-node quadratic
tetrahedron (C3D10), global size 3.2 mm, properties from Ti6Al4V grade 5 annealed [65] for
0=4430 kg/m?*, and isotropic properties E=113.8 GPa, v=0.342. Ceramic housing, male and
female parts, were modeled using C3D10, global size 1 mm, properties from alumina (Al,O3),
0=3000 kg/m?, and isotropic properties E=300 GPa, v=0.21 [65, 66]. Electrodes, top and
bottom, were modeled using a 20-node quadratic brick. reduced integration (C3D20R),
global size 1.2 mm, properties from tungsten, p=19270 kg/m?®, and isotropic properties

E=400 GPa, v=0.28 [65]. The piezoelectric component, modeled using a 20-node quadratic
piezoelectric brick, reduced integration (C3D20RE), global size 0.8 mm, using the following
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properties, po=7800 kg/m?, the compliance matrix:

[ 164 574 —722 0 0 0 |
—5.74 164 —-722 0 0 0
B B I I (4.2)
0 0 0 475 0 0 N
0 0 0 0 475 0
_ 0 0 0 0 0 44.3_

piezoelectric coupling:

0 0 0 0 5% 0
C
d = 0 0 0 5% 0 0 10_12N (4.3)
~190 —190 390 0O 0 0

and relative permittivity:

1730 0 0
F
er=1| 0 1730 0 | -8.8547 12— (4.4)
m
0 0 1700

The analysis consisted of a general piezoelectric step, assembling the parts with frictionless

contact. A preload and a sinusoidal load of an amplitude of 1 Hz were used for compar-
ison purposes with experimental results. The magnitude of the forces was taken from the
experimental measurements of force (see Figure 4.35).

The deformation through the cylinder cross sectional area is continuous through the
components of the assembly. Contours of displacement and stress of the cylinder fabricated
in EBM are shown in Figure 4.36 and Figure 4.37. Similarly, SLM cylinders of Inconel are
shown in Figure 4.38 and Figure 4.39.
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Figure 4.35: Schematic of cylinder modeling in ABAQUS for piezoelectric simula-
tion response under different frequencies of sinusoidal loading. Alumina
housing protects piezoelectric material (PZT-5A) and tungsten elec-
trodes.Cylinder modeling simulation. Displacement contours. Generic
across different contact conditions.
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Figure 4.36: Displacement contours of cylinder modeling under compression in
ABAQUS. Fabrication method: Electron Beam Melting. Metallic base
of Ti-6Al-4V.
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Figure 4.37: Stress contours of cylinder modeling under compression in ABAQUS.
Fabrication method: Electron Beam Melting. Metallic base of Ti-6Al-
4V.

U, Magnit

Figure 4.38: Displacement contours of cylinder modeling under compression in
ABAQUS. Fabrication method: Selective Beam Melting. Metallic base
of Inconel.
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Figure 4.39: Stress contours of cylinder modeling under compression in ABAQUS.
Fabrication method: Selective Beam Melting. Metallic base of Inconel.
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The simulation of the smart tube was also done under similar experimental conditions.
The setup and deformation is shown in Figure 4.40. The effective piezoelectric for the test
tube was 0.049 pC/N. This result exceed by 64%. Displacement and stress contours of the

test tube simulation are shown in Figure 4.3.1 and Figure 4.42.

Figure 4.40: Schematic of test modeling in ABAQUS for piezoelectric simulation
response under single displacement.
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Figure 4.41: Displacement contours of tube modeling under compression in
ABAQUS. Fabrication method: Selective Laser Melting. Metallic base
of Inconel.

Figure 4.42: Stress contours of tube modeling under compression in ABAQUS. Fab-
rication method: Selective Laser Melting. Metallic base of Inconel.
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4.3.2 Apparent piezoelectric constant

An analytical approximation using stiffness analysis [67], were used to estimate and
validate the response with the simulation results. To understand the performance of the
fabricated sensor, factors such as force transfer and effective ds3 are considered. The model
springs (see figure 4.43) have stiffness AE/L. A simplification of equivalent stiffness and
overall deformation is traced back to find the acting force and deformation of each region of

the model.

K1-Ti64

K3-8 4 Package

Ks — PZT
Force — Voltage — Deformation?

Figure 4.43: Approximation of cylinder piezoelectric constant.

The overall stiffness (K1) was calculated using the following equation:
KT = [(Kgi’r‘siesuKz) - Kl o Kg]series (45)
The overall deflection (d7) is calculated using a total force Frr from two to six kilonewtons:

FT = KT(ST (46)
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Similarly, a frictionless simulation of the test cylinder was done to compare a theoretical
piezoelectric constant for this design. Voltage is read from the simulation results. Figure
4.3.2 shows the voltage response from the PZT in the compression simulation of the cylinder.

The results are summarized in Table 4.3.

Figure 4.44: Voltage contours of PZT during compression of the cylinder in
ABAQUS. Fabrication method: Electron Beam Melting. Metallic base
of Ti-6Al-4V.

The piezoelectric equivalent from the theoretical approach is three times less than the
reported value for the commercial PZT [60]. The results of the simulation are 13.5 times lower
than the reported value. Reasons for this difference are accounted on the shell assumption
of the K stiffness. In reality, force is also divided by three sources: the wall interface,
in particular from the friction on the vertical walls of the housing, the clearance left from
imperfection during assembly and imperfections on the mating surfaces. Modifications of the
analytical model and contact pressure have to be considered to approach the experimental
response. Additionally, the voltage is affected by other piezoelectric coefficients, since the

simulation shows that not only the stress in 3-direction acts on the material.
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Table 4.3: Summary of the response on the PZT section following the model and
experimental nominal properties. Force efficiency is the force transmit-
ted to the PZT. Theoretical and simulation is presented.

Approach Simulation Frictionless Theor.etica.l
Approximation

Stress Mises (MPa) 13.61 40.68 3.2 9.6

Voltage (V) OL.13 274.2 406.05 1218.1

Force efficiency 29.26% 29.15% 34% 34%

Sensitivity (V/kN) 45.77 203.01

d5s (pC/N) 26.14 115.93

4.3.3 Consideration of defects during fabrication

The effective piezoelectric constant of the smart cylinder showed that under ideal as-

sumptions on contact and frictionless sliding of the alumina package, exceeds the experimen-

tal effective piezoelectric. The deviations of the ideal and experimental case were justified

by these sources of uncertainty:

1. Perfect contact inside the alumina package. Any deviation increases the clearance and

the force needed to activate the piezoelectric material.

. The machining of the alumina package considers a tight fit between male and female
part. The friction in the mating faces divides the force that is transferred to the

piezeoelectric.

. Any clearance that comes from fabrication defects. These defects include the unperfect
surface of the inside face of the cavity where the sensor package rests. Unsintered
powder in the corners or the faces of the bottom part creates inclined surfaces that

affect the force transfer to the piezoelectric ceramic.

Friction on the faces was addressed by changing the friction in the mating surfaces. To

study the influence of defects, one of the alumina surfaces was modified to have a defect of

100 p, which is the average powder size of Ti-6Al-4V. The defects are:
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1. Single slab. It models the uneven surface of the cavity.

2. Perimeter slab. It models the case where near on the corner unsintered powder creates

a depression.

3. Array of slabs. It models uniform unsintered powder. This case is close to perfect

contact since force is uniformly transfer to the alumina package.

4. Symmetric incline. It models the case where the alumina sanding to fit the cavity

favored the center.

5. Single incline. It models the case where the alumina sanding to fit the cavity favored

a side.

The defects can be seen in Figure 4.45. The simulation and the analysis of the effective

Figure 4.45: Defects modeling for the study of piezoelectric variation. A: Single slab,
B: Perimeter Slab, C: Array slab, D: Symmetric incline, E: Single Side
incline.

75



piezoelectric for the smart cylinders were calculated using Eq. 3.13. The results for the
defects, no defect and experimental is compared in Figure 4.46. The figure shows that
symmetric (double) incline, and perimeter slab tend to approach the no-defect condition.

The experimental result falls in a zone where defects indicate they affect its response.
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Figure 4.46: Effective piezoelectric from simulation and experiments.
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Chapter 5

Plain Woven Fabric Composites with Piezoelectric Particle

Enhancement

The enhancement of woven fabric composites with piezoelectric particles has been stud-
ied to achieve homogenized composites with capacity for ultimately improved sensing and
structural monitoring [68, 69]. For this project, a modification of woven carbon composites
was made to transform the structure in a capacitor using glass fiber and piezoelectric parti-
cles. This study adds the least amount of fiber glass to obtain a piezoelectric response from
a woven carbon composite.

Carbon fabric exceeds by 2.8 times the stiffness , and by 2.2 times the strength of
glass fabric composites. For this reason, the maximum mechanical strength comes from the
least modification of the carbon woven composites. In the following section, fabrication and

characterization are presented.

5.1 Fabrication

The fabrication process for the autoclave type vacuum bag molding commences with a
complete manual hand layup. The preparation of 10”x10” squares for the size of the woven
glass and carbon fibers are traced with a silver marker. During that marking process, the
woven fibers are stretched out, so the intersections between threads are completely 90 °, by
using adequate measuring tools, the woven fibers end up with precise measurements. After
the fibers are correctly marked they are hand cut by utilizing specialized scissors designed
for carbon fiber fabrics. The cut samples are then visually inspected to verify that they are
clear and free of any other material or objects. This is done to prevent any discrepancies
during testing and data analysis, bearing us the most accurate results. Each laminate is
created with nine (9) laminas (layers) with six (6) of the laminas being woven carbon fiber
and three (3) woven glass fiber. Three laminas were proven to be necessary to successfully
create electrical insulation between top and bottom surfaces. The total weight of these nine
laminas is measured on the digital scale. The measured total weight is then utilized to find

the quantity of lead Zirconate Titanate (PZT-5A). In this study, the weight percentage of
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PZT was varied from zero (0) to twenty (20) in five (5) percent increments meaning 0%,
5%, 10%, 15% and 20%. The total weight is then multiplied by the percentage decided,
this equals the amount of PZT that will be utilized on the composite. The PZT can be
weighed as any regular powder; however, during this study, the PZT was weighed inside a
glove box. The main reason for using the glove box is due to the wind and static effect
upon the powder; it also prevents the in advert inhaling of the Lead Zirconate Titanate.
As mentioned before the PZT can easily drift if exposed to air, therefore while inside the
glove box and after measurement, it is mixed with the hardener then added to the resin to
create the epoxy. The laminate matrix consists of epoxy system 2000 resin. This is utilized
as the main component of the composite matrix; it contains medium viscosity that is lower
compared to others. This light amber resin is used for fabricating high strength parts as well
as demanding structural applications. It considered the highest ultimate strength epoxy for
room temperature applications, recognized for the easy handle it has, and superior epoxy.
It maximizes the physical properties of carbon fiber as well as glass fiber laminas. For the
hardener, the size, complexity, and simplicity of the composite are taken into account, and
2020 hardener is used. This has a 20-minute curing time, and the ratio between the resin
and the hardener is a four to one (4:1) by volume. This curing time must be taken into
account while manually transferring/brushing the epoxy onto the laminas.The combined
matrix epoxy is then stirred until thoroughly mixed, the temperature it rises to and the time
must be taken into account. The mixture is then manually brushed on to each layer utilizing
a regular paint brush. The complete composite is then placed between two aluminum plates
to be compacted. This is then placed in a vacuum sealed bag to degas the epoxy and compress
the composite. The vacuum compressing the plates forces the excess matrix to exit by all
four sides, this visually ensures that the matrix has gone through the complete composite
by all sides. Once the bag experiences vacuum the gage starts to indicate pressure, the sides
and corners that seal the top and bottom bag must be pressured to increase and achieve 60
kPa (see Figure 5.1). After fabrication and curing time is done, the composites were marked

for cutting. Figure 5.1 shows the different samples obtained for testing.
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Figure 5.1: Vacuum bag fabrication composites.

Figure 5.2: Modified autoclave fabrication of composites and cutting design.
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5.2 Mechanical Characterization

The mechanical characterization includes density and volume fraction determination,

dispersion analysis of the particles and flexural properties.

5.2.1 Density

The procedure was followed using the ASTM 792. The displaced volume is calculated
in distilled water with known density of 0.9975 g/cm?. The results showed (see Figure 5.3)
that the density after 0%, being the less dense, increases by the inclusions of the piezo-
electric. However, a decreasing trend occurred after 10%. From empirical observations, the
composites after 10% get thicker as the proportion increases. Besides, during the fabrication,
the inclusion of PZT to the system decrease the working, having a catalyst effect during the

curing process.

5.2.2 Volume fraction

The volume fraction was calculated following the gravimeter methodology. The results
showed a decrease of fiber volume fraction as more PZT is added in the fabrication process.
This is an indication of increasing voids in the final product. Figure 5.3 shows the values
of the fiber volume fraction as PZT wt% is increased. It is important to distinguish the
higher fiber volume fraction up to 5% which exceeds those reported from other methods of

fabrication.

5.2.3 Dispersion analysis

The dispersion of the PZT was analyzed by optical method and calculation of Disperse
Index outline in the methodology. As PZT is added to the composites, the surface becomes
saturated. Segregation still occurs in the depressions resulted from the intersection of the
warp and fill threads.

The optical dispersion can be observed in Figure 5.2.3.

The dispersion index was calculated by creating the algorithms in MATLAB. Results
deviated from 1, indicate particulate segregation. As can be seen in Figure 5.2.3. The DI

are 6.79, 2.25, 1.82, and 1.62 for 5%, 10%, 15% and 20%. These results showed that 5%
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Figure 5.3: Density (left) of woven fabric composites reinforced with piezoelectric
particles. Fiber volume fraction calculation using density measure-
ments (right). Results show the average of three samples randomly
selected.

Figure 5.4: Optical images from the surfaces of woven fabric composites with PZT
particle reinforcement: 5% (a), 10% (b), 15% (c¢) and 20% (d).

has higher separation and thus the particles tend to segregate. As concentration increases,

the segregation is present, but the saturation makes the DI index approach to the unity.
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Binary images for index dispersion calculations and different concen-
trations of PZT: 5% (top-left), 10% (top-right), 15% (bottom-left) and
20% (bottom-right).
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5.2.4 Three-point bend results

Experimental tests were design using ASTM D790-02 for flexural mechanical properties
of composites (see Methodology). The flexural properties can differ with specimen depth,
temperature and atmospheric conditions. The overall width of the samples was 12.49 mm =+
0.0233 mm and the overall thickness was 2.2022 + 0.0205 mm. These deviations represent
0.1 % for the width and 0.95 % for the thickness. For every denomination, 18 experiments
were done, and results were processed in MATLAB.

Samples of three-point bend experiment is shown in Figure 5.6. The maximum mechan-
ical strength is found in the 0% of inclusions. The results showed that in the region between
10% and 15%, a decrease of mechanical properties could be observed. The Young’s modulus
follows the same trend and slightly increases by the 20%. Results indicate a relationship

between the fiber volume fraction decrease and the mechanical properties.
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Figure 5.6: Three-point bend experiments and Young’s Modulus stiffness.

Similarly, the strength and strain were calculated (see Figure 5.7. Strength has an
overall decrease from 0% to 20% of 30% from 400 MPa to 250 MPa. The strain it seems
to slightly improved as the PZT is added to the composite but not significantly to impact
fracture toughness to first yield. Lastly, the energy absorbed by the composites is presented
in Figure 5.8. The energy absorbed follows the same trend as the maximum strength. It
decreases as PZT is added, and stabilizes after 10%. Crack propagation, voids, and interfacial

interactions are responsible for the decrease on this property. Volume fraction and density
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Figure 5.7: Composites maximum strength (left) and strain at this point (right).

support the behavior after 10% and the overall decrease from the fiber
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Figure 5.8: Three-point bend fracture toughness. Measured energy under the load-

displacement curve.
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5.3 Electrical Evaluation

Assessment of the electrical evaluation was performed in the fabricated composites.
This powder has been studied by other researches in systems of PZT /matrix composites [69,
68] but not as reinforcement in the overall structure. Enhancement of piezoelectric, capac-
itive and impedance properties of woven carbon composites enhanced their already proven
structural health monitoring applications. For this study determination of piezoelectric ef-

fective constant and charge generation using pyroelectric principle was calculated.

5.3.1 Piezoelectric analysis

For piezoelectric analysis, a compression-compression experiment (see Methodology)
was performed in raw fabricated composites. Results showed that no response was generated
in the range of 7-14 kN.

A poling procedure of 1.5 kV/mm for 4 hrs was needed to obtain sensing response from
the composites. It is important to outline, that the PZT concentration that directly affects
the piezoelectric and pyroelectric response is located at the glass fiber location. The PZT
particulates are divided throughout the composites, and the actual volume fraction is ideally
divided by a factor of 3.

For the compression-compression analysis, a 5 Hz loading frequency ranging from 7
kN to 14 kN was applied in different samples of poled composites. After experimentation,

capacitance was calculated to obtain the effective piezoelectric coefficient. These are 0.4

fC/N, 0.47 fC/N, 0.51 fC/N and 0.58 fC/N for 5%, 10%, 15% and 20%, respectively.

5.3.2 Charge generation by pyroelectricity

To study the charge generation, the composites were subjected to heating and cooling
cycles using a heat gun position at 10 cm from the larger face of the composite. The heat
gun provides two settings: hot and ambient temperature. Five cycles of heating and cooling
were recorded. The average charge generation per cycle was calculated by integrating the
current recorded over time. The calculated charge ranged from 0.5 nC to 4.8 uC in samples

2

of surface area of 6.45 cm “. The total time for cycle was 4 min. Summary of results are

shown in Figure 5.9.
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Figure 5.9: Piezoelectrical characterization of woven carbon composites with PZT
particles. Piezoelectric effective constant (left) and charge generated
under heating-cooling cycling (right). Two samples of each denomina-
tion randomly selected and averaged.

Improvements of the piezoelectric and pyroelectric response includes:
1. Optimization of fabrication process to decrease void fraction.

2. Poling procedures optimization under different temperature regimes.

3. Targeting of PZT particles in the glass fiber section.
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Chapter 6

Conclusion and Future Work

In this work, multifunctional structures were developed by embedding piezoelectric
ceramic material and using EBM and SLM fabrication processes. The method presented
here enables the feasibility of fabricating energy system components with a non-intrusive
sensor in a metallic body. At the same time, sensors can be placed at desired positions and
inaccessible areas within part’s volume. The embedded sensor can demonstrate the longevity
of the sensors life. The microstructure analysis shows scopes of further improvements of the
smart parts considering the interface bonding of the bottom and top part.

Two designs were implemented for the fabrication of the smart parts. A simplistic
design with plate protections of the piezoelectric ceramic in the EBM lacked the protection
against metal vapor and electrode shortage. Therefore, an alumina package was developed to
stop the powder and vaporization of metals and ultimately protect the piezoelectric materials.
This modified design was successful during the fabrication on the EBM, whereas the first
design was successful for the SLM fabrication.

Effective piezoelectric coefficients for EBM fabricated cylinders were 0.3563 pC/N,
0.2858 pC/N, 0.2053 pC/N, and 0.2782 pC/N for 10 Hz, 15 Hz, 20 Hz, and 25 Hz. Similarly,
the smart tube showed 0.03 pC/N, 0.0068 pC/N and 0.0043 pC/N for stress frequencies of
1 Hz, 10 Hz, and 15 Hz. Additionally, the stiffer inconel on the smart cylinders from SLM
fabrication reached 0.0337 pC/N for 1 Hz.

Temperature sensing response was shown by dynamic pyroelectric effect and monitoring
of dielectric constant via LabView. The test tube showed consistent results after proper
calibration of the contact area for temperatures of 150°C, 178°C, and 198°C. The maximum
current generation for the three scenarios was 0.281 pA, 0.237 pA, and 0.204 pA. The SLM
smart cylinder was subjected to heating through a hot plate, and dielectric constant showed
very good response with respect to temperature variation.

In the other hand, the simulation on ABAQUS allows the assessment and quality of
the fabricated parts. The smart cylinder under ideal conditions of frictionless sliding and

perfect mating contact exceeded 72 times the experimental response. It was shown that
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influence of defects resulted from the fabrication and assembly process, reduces the signal to
a level that is comparable to rough contact in the mating surfaces of the alumina package.
Secondly, the simulation of the smart cylinder and smart tube allows the determination of
the pressure range suitable for the characteristics of the geometry. The maximum pressure is
restricted on the yield strength of the constituents, and the minimum pressure is restricted
to the precision of the instrument.

The sensitivity response obtained from this experiment shows the feasibility of employ-
ing the smart part in practical applications. The work presented here showed that AM using
EBM manufacturing can revolutionize the part’s design by the embedding of sensors within
part’s critical areas that can be exposed to high temperature, and pressure. The method of
embedding sensor presented here could be beneficial in smart parts for automotive, biomed-
ical, aerospace industries, and other engineering aspects.

Additionally, a fabrication method of woven carbon fabric composites with piezoelec-
tric particles was presented. The characterization of the composites showed that the PZT
addition decreases steadily the fiber volume fraction. The three point bending results showed
the mechanical decrease of modifying the constituents of these composites. The dispersion
was analyzed optically and by measuring a scalar dispersion index (DI) which showed that as
saturation increases, the segregation seems to decrease. Finally, a compression-compression
testing was done in the poled composites. The responses showed maximum voltages of 1.5
V, but the effective piezoelectric coefficient ranged from 0.4 to 0.6 fC/N. These values can
be improved by the targeting the capacitance area of the glass fiber. Modification of the
fabrication process is needed to address the improvements of the particles. Additionally,

charge generated from pyroelectric effects showed that composites can generate in average

up to 0.74 pC/m?.
6.1 Future work

Areas of future development for this the "smart parts” project involves:

1. Fabrication issues such as part’s registration, and bonding strength of the interface
of the "stop and go” process. Optimization is critical to minimize the weak interface

resulted from the "stop-and-go” process.
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2. Performance and durability of sensor under limits of oxidation and fatigue.

3. Development of software interface that allows the decoupling of the pressure and tem-

perature combined response.
4. Use of simulation tools to derive a pyroelectric effective constant for different designs.

5. Implement wireless mechanism of the ”smart structures” with embedding sensors dur-

ing AM manufacturing.
Similarly, the composites can be explored by:

1. Optimize and modify fabrication method for maximum piezoelectric output without

compromising structural stability.
2. Study practical applications of sensing and structural health monitoring.

3. Study elastic and fracture behavior of particulate reinforced woven fabric composites.
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