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24.1 INTRODUCTION

The need for speed—i.e. higher performance and efficiency—is driving the
increased use of advanced composite materials in high-cost defense and commercial
applications (see Fig. 24.1). These materials provide high specific strength and high
performance, but ensuring material safety and reliability is a challenge. Currently,
over 80% of structural commercial aircraft inspections are done visually [1] (Federal
Aviation Administration of the USA, 1997), and visual inspection continues to be
the leading technique for composite aircraft [2]. However, these external visual
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Boeing 767 Dreamliner S200M

FIGURE 24.1

SHM technology may increase aircraft reliability, safety, and efficiency and reduce operating

costs of aircraft. (For color version of this figure, the reader is referred to the online version of

this book.)

Sources: F-22 photo taken by Rob Shenk [4], Apache photo courtesy of U.S. Army and taken by Tech. Sgt. Andy
Dunaway [5], 787 photo taken by wiki user, Spaceaero2 [6].

inspections do not work reliably well with laminated composite materials due to
many failure modes manifesting and progressing from within the material, such
as matrix cracking and ply delamination [3].

An example of unseen ply delamination in a laminated composite from an impact
can be seen in Fig. 24.2. It should be pointed out that the external indent is very small
compared to the internal damage area and that there is no obvious evidence of this
internal damage from the exterior. As a consequence of poor failure mode detection
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FIGURE 24.2

Ply delamination from an external impact. The composite in the figure would have a similar

small indent where there is no obvious evidence of internal damage from the exterior.
Sources: These photos taken and combined from [7] and [8] with permission. Exterior impact photo reprinted
from Springer and JOM's The development of multifunctional composite material for use in human space
exploration beyond low-earth orbit is given to the publication in which the material was originally published with
kind permission from Springer Science and Business Media. Composite figure reprinted from A hollow fibre
reinforced polymer composite encompassing self-healing and enhanced damage visibility with permission from
Elsevier.
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in these materials, material reliability has limited or slowed use in certain applica-
tions, such as in commercial air flight, where reliability and safety are of utmost
importance.

In order to inspect composite materials in a more effective manner, costly nonde-
structive techniques such as ultrasonic inspection and somewhat qualitative tap tests
have been employed [3]. Besides being costly in capital and accuracy, these tech-
niques are time consuming and the aircraft must be taken out of service for inspec-
tion. As a result, planes will be inspected less frequently and thorough inspections
can only take place when the plane is out of commission for an extended period.
However, by building sensors into the composite material, assessment can be
done in real time, can be more accurate, and would be less costly in time, labor,
and operator/passenger safety.

The idea of building damage sensing and detection into composite materials
is not a new one. Researchers began building traditional strain gauges into
composites several decades ago; however, these embedded strain sensors create
large stress concentrations in the material, which degrades the fatigue strength
and longevity of the material [9]. Additionally, many of the embedded sensor
schemes were not dense enough to monitor critical complex geometries like
in the F-22 Raptor wings (Fig. 24.3), and the sensor’s design life is much
shorter than the structure that is being monitored [10]. To mitigate these large
stress concentrations, increased sensor density, and increased sensor longevity,
small robust continuous sensors have begun to attract attention. Currently, the
leading technology that meets these characteristics of small, robust, and easily
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FIGURE 24.3
Internal rib structure of F-22 Raptor. Monitoring the composite ribs in the wings and external

composite panels becomes difficult with their complex geometries. (For color version of this

figure, the reader is referred to the online version of this book.)
Source: This image is approved by US DoD for use.
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distributed is fiber-optic cabling. However, fiber-optic cabling interrogation
equipment is currently very expensive, i.e. on the order of 20,000 USD per
interrogator. Thus, fiber-optic cabling only becomes feasible if the sensing
system is large [10]. Despite this high cost, fiber-optic cable is extremely robust
to environmental conditions, can undergo frequent loading, and is immune to
electromagnetic radiation [10]. However, this high cost of operation has led
researchers to explore other small, robust, and fiber/tape-like options, such as
carbon nanotube (CNT) film/sheet [11], fiber [12], thread [13—15] and the
carbon fiber itself [16]. In the past 4 years, the University of Cincinnati (UC)
Nanoworld Laboratories has been investigating miniature sensors using CNT
thread and tape (tape is flat adhesive-backed CNT sheet or thread). As a result,
the sensing element is much smaller than conventional sensors [17—29], would
be minimally invasive if built into the material, can be used in complex geom-
etries, would withstand the life of the structure, and could improve the material
besides damage sensing.

CNT thread spun from a CNT forest has a piezoimpedance property (electrical
impedance based on R, L, C properties changes with strain/stress). Thus, CNT thread
can be used to measure internal material strain along with detecting damage in
composite materials. This change in impedance comes from the lateral overlap
and end gaps between the individual nanotubes in the thread due to strain. As a result,
the resistance increases with strain and if the thread breaks due to damage in the
composite, the impedance becomes large. The first use of CNT sensor thread to
detect damage in composite materials was performed at the UC [14,30,31] by
Dr Jandro Abot working with the Nanoworld Group at UC. Some of the CNT mate-
rials produced in Nanoworld Laboratories can be seen in Fig. 24.4. It should be noted
that CNT sheet has similar properties, but its use as a structural health monitoring
(SHM) sensor will not be discussed in detail in this chapter. Instead, the primary
focus will be on CNT thread.

As mentioned before, these embedded CNT materials have the potential to
improve standard composite materials in many ways other than self-sensing,
often called multifunctional features. The following are the potential multifunc-
tional features if CNT thread is added to traditional polymeric composite
materials:

1. Strain sensing: CNT thread is piezoresistive so it can be used to measure strain
besides detecting damage. CNT thread also has capacitance, so its impedance
decreases significantly (less than copper wire) at high frequencies, which, in
turn could allow increased sensitivity to damage/strain [32].

2. Thermal sensing: CNT thread can be used as a temperature sensor [13].

3. Moisture sensing: CNTs have been used previously as capacitive moisture
sensors [33], which would provide valuable information about added water
weight and icing risk to the composite.

4. Oxidation sensing: Carbon materials easily oxidize or degrade at high
temperatures [34], therefore, these materials are limited in their application.
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FIGURE 24.4

CNT materials: (a) vertically aligned CNT array, (b) nanothread produced under the micro-
scope, (c) two-ply yarn, and (d) sheet produced by the University of Cincinnati. These
materials can be pure CNT or infiltrated with polymer. (For color version of this figure, the
reader is referred to the online version of this book.)

Yet, by utilizing the electrochemical properties of CNTs, corrosion or oxidation
could be measured and tracked similar to metals by measuring the electrical
resistivity [35].

5. Increased strength and stiffness: Composite strength will increase based on the
volume fraction of CNT thread in comparison to epoxy [36].

6. Increased damping: CNT threads and materials exhibit damping on the same or
larger order of magnitude of epoxy damping. Thus, CNT integration will
enhance or maintain current material damping. Others have used CNTs to
improve damping in composite materials already [37,38].

1. Damage limiting: Carbon fibers break at small strain (~1%) [39]. CNT thread
has higher strain to failure (~3—5%) and will self-limit damage by absorbing
strain energy, which holds the composite together and makes it resilient. Others
have proven composite toughening with CNTs [40,41].
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8. Improved transport: CNT thread has high thermal [42] and electrical conduc-
tivity in plane, which will moderately improve the properties of the composite.

9. No significant added weight or size: There is almost no added mass or volume of
the sensor thread and simple lightweight instrumentation is used to interrogate/
measure the sensor material.

10. Other multifunctional areas: Electrical grounding [40], Electro-magnetic
interference (EMI) shielding [43], hydrophobic material [44], energy har-
vesting [45,46], and self-healing [47].

Enhancements of strength, stiffness toughness, and damping will be made by
replacing unneeded epoxy between neighboring fibers with small-diameter CNT
thread. This idea is called High Volume Fraction of CNT Thread and an invention
disclosure was filed for an approach to integrate CNT thread into carbon fibers [36].

The remainder of this chapter focuses on work done with CNT threads for
composite material SHM for embedded sensing proof-of-concept work, an assess-
ment of CNT thread strain sensor performance, potential designs for using
embedded CNT thread on current aircraft, some explored multifunctional areas,
and future work.

24.2 EMBEDDED SENSING PROOF OF CONCEPT

The UC began using CNT thread as a damage and strain sensing element in the
2008—2010 time frame. Several proof-of-concept experiments were done with the
CNT thread, and one of the first experiments was embedding the thread into an
epoxy beam, which was strained in a four-point bending test rig [48]. This epoxy
beam and embedded thread can be seen in Fig. 24.5 along with the schematic of
the test in Fig. 24.6.

A four-point bending test was done over a three-point bending test because the
strain field should theoretically be constant between each load point. Also, this
test assumed that the thread lies in the same plane with respect to the neutral axis.
This measurement approach provided a basis for calculating a reasonable estimate
of the gauge factor for the embedded thread. In this test, strain and stress within
the beam were estimated from Bernoulli beam theory.

FIGURE 24.5

Epoxy beam with embedded carbon nanotube: (a) thread in epoxy beam; (b) zoomed-in
region from (a) showing thread. (For color version of this figure, the reader is referred to the
online version of this book.)

Source: From [48] with permission from the publisher.
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FIGURE 24.6
Schematic of epoxy brick with beam loading conditions, i.e. a four-point bending test. This
loading condition creates a constant strain condition between load points. (For color version

of this figure, the reader is referred to the online version of this book.)
Source: From [48] with permission from the publisher.

During the experiment, the epoxy was loaded up to about 1% strain at the top
surface of the beam to avoid cracking and early failure. However, after several
loading cycles, the sample did begin to crack/break. Nonetheless, this test provided
a baseline estimate of resistance response of CNT thread to strain while studying
consecutive loading cycles of strain. The resistance response from strain can be
seen in Fig. 24.7 for a single cycle and for six cycles. Note that the resistance
response tracks the stress response fairly well in shape and trends.

The gauge factor can be estimated from this test setup. Thus, the calculated
gauge factors for the loading cycles seen above can be seen below in Fig. 24.8. It
appeared that the thread consistently had two zones of sensitivity and that the second
zone was fairly consistent in response. This experiment estimated a gauge factor of
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FIGURE 24.7

Resistance response of embedded CNT thread to an applied stress: (a) single cycle and (b)
several strain cycles. (For color version of this figure, the reader is referred to the online

version of this book.)
Source: From [48] with permission from the publisher.

677



678

CHAPTER 24 Embedded Carbon Nanotube Sensor Thread

a) s = (b

( ) S 50 7 ~— Loading curve 50 go ( )§ 0.03 S 0.03 %
£ g = Trendline o S N 2
& 40 <~ No sensilivity 40 C'E ] ==tioger mncine :‘
o 30 EfNonlinear 30 g .§ 0.02¢ 0.02 §
Q response e a3 7}
S 20 < Linear response => 20 8 @ 2
2 5 2 s 0,01 3 2
a ‘ ] = 0.01 m
=~ 10§ 10 = o° 3
o] B - °
g o e ” 0 2 £ o 0 P : 0o ®

0 02 04 06 08 1 0 02 04 06 08 1 T
Strain, £14max (%) Strain, &y4max (%)
FIGURE 24.8

Analysis of embedded thread resistance response to strain. (a) Sensitivity or gauge factor for
a single loading cycle and (b) consistency of the gauge factor to multiple loading cycles. (For
color version of this figure, the reader is referred to the online version of this book.)

Source: From [48] with permission from the publisher.

around 1.8—2, which is on the order of foil-type strain gauge performance. However,
recent result of thread, which is not embedded in any composite or epoxy, has a far
smaller response, as will be seen later in the chapter. This difference between exper-
iments is not well understood and may be due to the effect of epoxy reducing the
strain of the thread and is still being investigated.

In addition to embedding CNT thread into epoxy beams, CNT thread sensors
were also embedded into composite materials themselves to measure the onset of
damage, specifically mode I (crack opening) and II (in-plane shear/sliding) delam-
ination [49]. In order to initiate and measure mode II delamination, a multi-ply
composite beam was fabricated with a CNT thread stitched transversely through
the ply layers and down the beam, as seen in Fig. 24.9. This composite beam was
then loaded to failure in a three-point bending test fixture while the resistance
response of the CNT thread was measured. The resistance response from this
mode II delamination initiation test can be seen in Fig. 24.9, and it should be high-
lighted that the thread breakage is directly correlated to the onset of delamination.
This test was done with both E-glass fiber composites and IM7/977-3 carbon fiber
composites, and both materials had similar CNT thread resistance responses.
However, it should be noted that the CNT thread sensors in the carbon fiber
composite were coated with a polyurethane coating prior to stitching. This coating
was used for electrical isolation of the CNT thread from the carbon fibers, but the
interface between the fiber and coating was not well understood prior to the exper-
iment. Consequently, confidence in electrical isolation was low in the carbon fiber
composite test.

Mode I delamination was also done on a composite beam with transversely
stitched CNT threads. To simulate crack opening, the composite beam’s plies
were pulled apart; specifically, a crack was built into the beam near the center
and a load was applied on the edge of the material to force a crack to propagate
along the ply layer interface. While this crack propagated along the interface,
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FIGURE 24.9

Three-point bend test for detecting in-plane damage/delamination in laminated composites.
(a) Schematic of longitudinal and transverse cross-sections of a laminated composite beam
sample instrumented with in-plane sensor arrays and transversely stitched sensor tapes.
When the tapes are broken, their resistance increases. (b) Load vs deflection and thread
delta resistance (difference between actual and initial resistance) vs deflection curves for an
IM7/977-3 10-ply unidirectional composite subjected to three-point bending. It can be seen
that one of the sensor threads captures the delamination exactly at its onset since the
discontinuity in both curves occurs simultaneously. (For color version of this figure, the
reader is referred to the online version of this book.)

Source: Reprinted from Delamination with carbon nanotube thread in self-sensing composite materials with
permission from Elsevier.

the resistance responses of the embedded threads were monitored to identify
crack location. Besides monitoring the CNT threads, a reference foil-type strain
gauge was also mounted to the plies as a reference for comparison. The
resistance response from these embedded threads and reference strain gauge
can be seen in Fig. 24.10 along with a schematic of the experimental design.
As seen from the resistance response of the embedded threads, each thread iden-
tifies, in a separable manner, when the crack reaches and passes through the

material.
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FIGURE 24.10

Detection of mode | delamination in laminated composite materials. (a) Schematic of double-
cantilevered beam with a precrack between the central plies. The beam is mounted with
a strain gauge to measure crack growth while the plies are pulled apart. (b) Resistance
response of the strain gauge and embedded CNT thread from the induced crack along with
the applied crack opening load. Note that the foil strain gauge and the closest CNT thread
sensor to the strain gauge identify the crack’s propagation within a close proximity. Addi-
tionally, all the subsequent CNT thread sensors identify when the crack reaches that part of
the composite. (For color version of this figure, the reader is referred.to the online version of
this book.)

Source: Reprinted from Delamination with carbon nanotube thread in self-sensing composite materials with

permission from Elsevier.

In addition to showing potential as a piezoresistive strain and damage sensor, the
CNT thread can also act as an infrared (IR) damage sensor [50]. If a polymer is rein-
forced with CNT thread, and the thread is powered by a DC or an AC voltage, it will
start Joule heating. This heat can then be measured with an IR camera to see if the
thread is intact. If no heat signature is detected, then the thread has broken internal to
the structure, which may imply damage. This concept is demonstrated in Fig. 24.11
for two embedded parallel threads. One thread is hooked up to a DC voltage, while
the other has no electrical load applied. This approach could act as a stand-alone
sensing method or a parallel method to confirm piezoresistive measurements. The
schematic in Fig. 24.11 illustrates how this technique could be scaled up to an actual
composite in use. It should also be noted that the temperature can remain below
30 °C for measurement purposes, which is safe for composite materials.

24.3 CNT SENSOR THREAD PERFORMANCE

Since Nanoworld Laboratories began sensing strain and damage in polymeric
composites with CNT thread, a few other researchers have begun to perform work
along the same lines [13,15]. However, no CNT thread strain and damage sensing
literature today rigorously examines “how good” the CNT thread strain sensor is
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FIGURE 24.11

Remote damage detection with IR thermography. (a) Ambient light photo of two embedded
CNT threads with one thread powered with a DC signal; (b) IR image of the same embedded
threads, yet it is obvious only one thread is still “intact”; and (c) schematic of SHM of

a polymer nanocomposite instrumented with CNT thread using the IR camera for ease in
inspection. (For color version of this figure, the reader is referred to the online version of this

book.)

Source: From [49] and [50] with permission from the publisher.

performancewise. Consequently, recent efforts at Nanoworld Laboratories have
begun to examine the performance of these sensors when they are embedded and
not embedded in a polymeric material. The specific areas of performance, which
would typically be found on a strain sensor calibration sheet, are listed and defined

below.

¢ Sensitivity: Due to the parameter of strain, sensitivity is essentially the gauge
factor for piezoresistive strain sensors.

¢ Hysteresis: Hysteresis is when there is a dynamic or changing lag or lead in
aresponse from the input. Consequently, things do not behave in a linear manner.
Typically, a good sensor is one that demonstrates little to no hysteresis.

» Consistency: Consistency or repeatability here implies accurately measuring the
same induced strain consecutively. This can be done by examining what
the resistance of the strain gauge is at a particular strain value or by measuring
the net change in resistance per strain cycle. In other words, consistency can be
analyzed by studying the consistency of the gauge factor for several strain cycles.
This gauge factor analysis was done to separate out stability problems, as will be
seen and discussed later.

* Stability: As mentioned in the above bullet, stability is an area that requires much
attention itself. Stability here implies measurement of drift and variance in the
measurement at a particular strain vs time.

» Bandwidth: Bandwidth here implies the maximum (or minimum) frequency of
strain that can be confidently measured by the sensor.

681
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Currently, these performance areas have been explored when the CNT thread has
not been embedded into any polymeric material. This was primarily done as a bench-
mark for comparison when the thread was embedded into a polymeric material or
any other material for that matter. As a result, all the following performance data
is exclusively for nonembedded CNT thread. However, it should be noted that
embedded experiments are still in the works and will be carried out. The following
subsections will discuss each of these areas in more detail.

24.3.1 Sensitivity (gauge factor)

As mentioned in the above section, sensitivity here implies the gauge factor due to
the sensor being used to measure strain. Gauge factor is defined as shown in Eqn
(24.1). Thus, the gauge factor can be found by rearranging Eqn (24.1) into a linear
equation and fitting a line against the normalized change in resistance (AR/Ry) and
strain (g). Consequently, a confident measurement of strain, resistance, and change
in resistance needs to be made in order to obtain an accurate gauge factor estimate.
Gauge factor (GF) = — (24.1)
Ry €

In order to confidently measure the normalized change in resistance and strain,

a custom-designed tensile test coupon combined with a custom-designed Wheat-
stone bridge circuit were utilized. This custom-designed coupon with detailed
components can be seen in Fig. 24.12. This coupon was designed within the limits

“Dead
zone”

Effective
gauge
length

Double sided
scotch tape

Conductive
epoxy

FIGURE 24.12

Sensitivity analysis approach. (a) Sensing sample for making resistance measurements, (b)
sensing sample loaded into the grips of the Instron 5948 tensile testing machine, and (c) the
Instron 5948 used in these experiments located at Nanoworld Laboratories. (For color
version of this figure, the reader is referred to the online version of this book.)
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of a high-precision tensile tester at Nanoworld Laboratories, the Instron 5948 (see
Fig. 24.12), to maximize the effective gauge length compared to the length of the
thread under the machine’s grip, called the dead zone in the figure. This approach
was taken because (1) strain is calculated by utilizing the displacement output of
the moving head of the tensile testing machine and (2) this longer length of thread
allowed more thread to be strained, which, in turn, allowed more thread to undergo
a change in resistance. In other words, a more confident gauge factor can be
measured with a longer effective gauge length. However, from current coupon
geometries, an underestimate in the gauge factor of nearly 50% is possible.
However, it is assumed that this estimate error is much lower due to the fact that
the thread does not strain far into the grip. It should also be noted that the thread
is insignificantly stiff relative to the test machine fixture, thus minimal deformation
takes place within the gripping structure of the tensile testing machine. Instead, most
deformation will take place within the thread. It should also be noted that this strain
estimate technique is utilized because using a noncontact video extensiometer to
noninvasively measure the thread’s strain would be very difficult. To ensure that
these assumptions were indeed valid, and they are for the most part, a benchmark
gauge factor measurement was done with small-diameter copper wire. Despite the
potential for error, this strain measurement approach provides a ballpark estimate
in order to draw correlations and perform analysis.

In order to confidently measure the change in resistance, a Wheatstone bridge
circuit was utilized as seen in Fig. 24.13. This approach confidently measures the
change in resistance because the measurement is a null measurement, or a measure-
ment referenced to zero. Consequently, it is easier to detect small perturbations
because the measurement essentially has zero mean. This resistance measurement
approach is not as precise as a four-wire measurement, yet the signal to noise ratio
is much larger, which, in turn, allows a more accurate resistance change

FIGURE 24.13

Wheatstone bridge circuit for resistance measurement. (a) Custom-built Wheatstone bridge
circuit for balancing CNT thread against known resistor behavior, (b) custom circuit hooked
up to strained specimen in Instron 5948, and (c) schematic of Wheatstone bridge circuit with
Rentrepresenting the CNT thread. This circuit is a null measurement approach to measuring
resistance. (For color version of this figure, the reader is referred to the online version of this

book.)
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measurement to be made [51]. A custom circuit was built with interchangeable
balance resistors because (1) CNT thread resistance is not very consistent from
thread to thread and this circuit was to be used on more than one thread and (2)
a CNT thread can be used as a balance resistor to separate out thermal fluctuations
in the testing room. More details on thermal fluctuations and using a CNT thread as
a balance resistor will be discussed in the Section 24.3.4. It should be noted,
however, that a four-wire measurement approach was done initially with a high-
precision data acquisition (DAQ) device, and many of the results presented here
were made with a four-wire measurement. This measurement approach was able
to fully capture the resistance change due to the high resolution of the DAQ, but
this technique does not provide temperature compensation. Thus, short test time
measurements could be easily and confidently made with a four-wire technique,
such as estimating the gauge factor.

As mentioned before, to validate the assumptions of the tensile test coupon used
to estimate the gauge factor, a 90-pm-diameter copper wire’s gauge factor was esti-
mated using the same tensile test coupon design as seen in Fig. 24.12. The typical
response of copper wire during these tests can be seen in Fig. 24.14. As seen in
the figure, the copper wire’s gauge factor is correlated with the elastic or linear range
of the material. Four samples of copper were used to obtain a mean gauge factor esti-
mate of 2.2 with a standard deviation of 0.66. It is hypothesized that the error here
was large because the wire’s resistance is incredibly small (= 0.5 ) and the change
is even smaller. Thus, a precise estimate is difficult to make. Nonetheless, an average
of 2.2 is within reasonable bounds of the theoretical response of around 2.1, so it
appeared that the tensile test coupon had the potential to obtain a reasonable gauge
factor estimate. This theoretical gauge factor response for a cylindrical homogenous
material can be seen below in Eqn (24.2), and this equation is animated in Fig. 24.15
to obtain this theoretical value. It should be highlighted that a value of close to 2 was
expected because most commercial foil-type strain gauges are made of copper
alloys, which have gauge factors on the order of 2.

GF, = 14+ 2y+mE-(1—7) (24.2)
where

e v is the Poisson ratio
e E is the modulus of elasticity
* 7 is the piezoresistivity constant

The gauge factor for as-spun CNT thread can comparatively be seen in
Fig. 24.16. From the figure, two linear zones can be seen that appear to be corre-
lated to the knee in the stress—strain curve of the thread. It should also be high-
lighted that the elastic region for the stress—strain curve and resistance—strain
of the thread is around 1% strain, which is much larger than the elastic region of
standard engineering materials and around the breaking strain of many polymeric
composites. Thus, this sensor has the potential to measure strains close to material
failure.
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FIGURE 24.14

The resistance response from strain of a 90-um copper wire. (a) Representative resistance
response of copper wire while strained to failure and (b) correlation of linear zone on
stress—strain plot with the linear piezoresistive response of the copper. (For color version of
this figure, the reader is referred to the online version of this book.)
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Theoretical ideal resistance response of copper: gauge factor is 2.097
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FIGURE 24.15

Theoretical response of 90-um copper wire to applied strain, assuming that the material
remains linear up to 1% strain. A line fit was done because the theoretical relationship is
slightly nonlinear. (For color version of this figure, the reader is referred to the online version

of this book.)

Although as-spun CNT thread has a large linear range, the gauge factor is typi-
cally around 0.2—0.4. This is roughly 10—20% of the sensitivity of copper. It should
also be pointed out that CNT thread does not obey the piezoresistive model for
a homogenous cylinder as seen in Eqn (24.2). Instead, a given CNT thread is
made up of thousands of individual tubes. Thus the piezoresistive effect is suspected
to be dominated by these interfaces between the CNTs as seen in CNT film [52]. It is
suspected that these interfaces dominate the sensitivity because high Poisson ratios
have been reported in CNT thread [53] combined with the gauge factor being less
than 1. In other words, CNT thread does not agree with Eqn (24.2). Thus, it could
be possible that the piezoresistive coefficient for the radial and lengthwise directions
may be counteracting each other. More investigation should be done to prove this
hypothesis and to improve fundamental understanding behind this response
behavior.

Despite an incomplete understanding of the physical mechanisms behind CNT
thread’s piezoresistive response, the gauge factor was investigated as a function of
the thread’s geometry, i.e. the twist angle. This was done to attempt to improve
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Typical resistance-strain curve: as-spun thread
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FIGURE 24.16

Resistance response of CNT thread from strain. (a) Illustration of typical resistance response of
CNT thread to applied strain and (b) resistance response with synchronized stress—strain curve
toillustrate the correlation between the linear sensing zones and linear stress—strain zones of the
thread. (For color version of this figure, the reader is referred to the online version of this book.)
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on the thread’s sensitivity. In order to examine the gauge factor as a function of twist
angle, an analysis of variance (ANOVA) was performed on several threads of various
twist angles with similar diameters as seen in Fig. 24.17. From the figure, it can be
seen that lower twist angles have higher sensitivities, and it is believed that this
higher sensitivity comes from the thread’s overall resistivity being lower at lower
twist angles (see Fig. 24.17). This lower resistivity in turn lowers the resistance,
which then increases the gauge factor as defined in Eqn (24.1). Finally, it should
be noted that this ANOVA analysis for resistivity vs twist angle was performed on
the same thread’s used for the ANOVA analysis for gauge factor vs twist angle
[54]. It is believed that this lower resistivity at lower twist angles predominately
comes from less tube interfacial interaction due to the higher tube alignment against
the primary axis at lower twist angles. In summary, it appears that the sensitivity of
the CNT thread can be enhanced by lowering the overall resistance of the thread.
Thus, it is hypothesized that postspinning densification and annealing may also
increase the gauge factor by lowering the overall resistivity of the thread.

24.3.2 Hysteresis

The next sensor performance area examined was hysteresis. Like the above-
mentioned sensitivity experiments, the Instron 5948 was utilized to provide a low-

_frequency triangle wave to the thread for some specified amount of cycles. For

this particular analysis, a 0.1-Hz signal with just less than 1% strain amplitude
was applied to an as-spun thread for 100 cycles. Typical time history responses
for this test along with hysteresis plots for stress—strain and resistance—strain can
be seen in Fig. 24.18. From the figures, it can be seen that the stress—strain curve
demonstrates consistent hysteresis, yet the resistance—strain curve does not appear
to have any hysteresis characteristics. Instead, the resistance time history has
a significant amount of drift, which will be discussed later in Section 24.3.4. This
observed hysteresis behavior in the stress—strain curve is damping, and more anal-
ysis on this topic can be seen later in the Section 24.5.

From these 100 cycles, a representative single resistance—strain cycle from a partic-
ular test ‘can be seen in Fig. 24.19 along with some statistics for the given test. As
mentioned earlier, the thread went through 100 strain cycles. Each of these cycles
was examined individually. Thus 100 averages were done for the analysis below.

From the figure, it can be seen that the loading and unloading curves generally
follow the same pathway with minimal disagreement. However, this disagreement
was quantified by integrating each loading and unloading curve at zero mean and
then subtracting the instantaneous difference. The average and standard deviation
of this loading, unloading, and difference integration can be seen in the Figure
24.19b. As seen in the table, the loading and unloading integrations were very close
in magnitude and error, but this error was fairly high. The difference in loading was
small, about 2—4% of the loading and unloading integral.Yet, the variance in this
calculation was also high. Consequently, it appears that the CNT thread has the
potential to have very low hysteresis (2—4%), but the high variance must be
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(a) ANOVA analysis: cleaned up results
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FIGURE 24.17

ANOVA analysis for CNT thread gauge factor optimization with twist angle. (a) ANOVA for
CNT thread gauge factor as a function of twist angle. (b) Similar ANOVA was done for CNT
thread resistivity as a function of twist angle. Note how the lower resistivity at lower twist
angles contributes to a larger gauge factor at lower twist angles. These two analyses were
done with 11 CNT threads of various twist angles made in Nanoworld Laboratories [54]. (For
color version of this figure, the reader is referred to the online version of this book.)
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FIGURE 24.18

Hysteresis analysis of CNT thread. (a) Time histories of strain, stress, and resistance of the
CNT thread during a typical hysteresis test and (b) time histories of stress and resistance
plotted against strain to show consistency and correlations with consecutive strain cycles.
Note that the hysteresis loop seen in the mechanical hysteresis plot implies damping. This
will be discussed in more detail later. (For color version of this figure, the reader is referred to
the online version of this book.)
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FIGURE 24.19

Hysteresis behavior with statistics. (a) A single resistance—strain cycle for a given hysteresis
test. As seen in the plot, the loading and unloading curves generally follow the same given path.
(b) Statistics.for 100 cycles, or 100 averages. The statistics represent how close the loading and
unloading curves are by integrating under the curve without any DC offset (starting value of
zero). The two curves are very similar in their average area, showing low hysteresis. (For color
version of this figure, the reader is referred to the online version of this book.)

addressed. It is believed that this high variance is predominately from a poor signal
to noise ratio (this measurement was done with four-wire approach) combined with
temperature variations in the room. More will be discussed on these temperature
variations in the Section 24.3.4.

24.3.3 Consistency

Consistency of the CNT thread strain sensor was analyzed by examining the consis-
tency of the gauge factor of the thread after consecutive cycles. Thus, the gauge
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Table 24.1 Gauge Factor Consistency

e, e

GF Unloading

Average 0.226 0.219 0.222

Standard Deviation 0.0337 0.0373 0.0258
% Standard Deviation 14.91 17.038 11.62

This table shows how close 100 loading, unloading, and cycle point clouds are in their linear fit for the
gauge factor. All the line fits are very close, which implies that the thread consistently measures the
same change in resistance.

factor was calculated for each cycle of hysteresis curve above. In order to see how
consistent the sensor was in loading, unloading, and the full cycle, a line was fit to
each of these datasets. In other words, the loading and unloading curves seen in
Fig. 24.19 each had a line fit to their trend. Then, a line was fit to the entire cycle
(both curves’ data points). The results for these line fits are tabulated in Table 24.1,
and it should be noted that all line fits are very consistent and that the error is not
excessively high. However, similar to the hysteresis analysis, this error is believed
to be caused by a poor signal to noise ratio along with slight changes in room
temperature. Nonetheless, it appears that CNT thread is indeed consistent in its
sensitivity.

24.3.4 Stability

As mentioned earlier, drift in the CNT thread resistance measurement is fairly
significant. To quantify the severity of this drift, the resistance values at 0%,
0.47%, and 0.94% strain were analyzed for a typical hysteresis test. Figure 24.20
below illustrates the points analyzed on the hysteresis curve with corresponding
resistance values in (b). From the table, a net change of around 13 Q is consis-
tently measured, but the standard deviation is near 3 Q. Additionally, this test
takes about 15 min to complete, thus resistance values were not measured for
a long period. As a result, two resistance measurements of the CNT thread at
zero strain over a long period were made. This measurement was made with
the bridge circuit seen earlier in Fig. 24.13 with the CNT thread balanced
against standard resistors. It was found that the resistance did not stay very
stable, in fact the standard deviation increased with time. These measurements
can be seen in Fig. 24.21 with the blue and red curves.

These large variations in the resistance values seen in Fig. 24.21 are suspected to
come from temperature variations in the testing room. From the two curves, sharp
responses can be observed that may correlate to when the air-conditioning was
turned on in the laboratory. As a consequence of the thread appearing to be
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FIGURE 24.20

Resistance stability during strain cycles with statistics. (a) lllustration of CNT thread resis-
tance response drift seen during a typical hysteresis test along with points of concern for
analysis. These points are 0%, 0.47%, and 0.94% strain. (b) Statistics for a 100 cycle
hysteresis test can be seen in the table. As seen from the table, the standard deviation at
a particular strain is low relative to the average, yet the net change is not large enough to say
that this deviation is insignificant. (For color version of this figure, the reader is referred to the
online version of this book.)

extremely sensitive to temperature, another resistance measurement was made, yet
with the CNT thread balanced against another CNT thread to separate out thermal
effects. This measurement can also be seen in Fig. 24.21 as the black curve. This
approach works because each thread should undergo a very similar change in resis-
tance from temperature, which, in turn, would make the resistance measurement
much more stable.

As a consequence of CNT thread being extremely susceptible to temperature
variations, a reference thread may need to be embedded into the composite material,
which does not undergo strain. This architecture would be difficult to accomplish,
but may be possible. However, it should also be noted that once the CNT thread
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(a) Long resistance tests with bridge
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FIGURE 24.21

Resistance stability under no strain for long periods with statistics. (a) CNT thread resistance
from a Wheatstone bridge circuit for a long time. The blue and red curves (standard ceramic
resistance balance resistor) tend to drift and undergo low-frequency oscillations due to
suspected temperature changes in the room (air-conditioned system). The black curve on
the other hand does not undergo these dramatic drifts, but remains fairly stable due to the
CNT thread being balanced another CNT thread that undergoes similar thermal effects. (b)
Key comparison statistics from these three curves. (For interpretation of the references to
color in.this figure legend, the reader is referred to the online version of this book.)

is embedded into the composite material, the thermal mass of the material will be
much larger, which will minimize temperature variations that the thread would expe-
rience compared to the thread in open air. Thus, embedded thread may be much
more stable.
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24.3.5 Bandwidth

The final performance criterion under investigation is the strain bandwidth of the
thread. In order to approximate the thread’s bandwidth, a calibration measurement
was made against a reference strain gauge calibrated from 0 to 1600 Hz. This partic-
ular range was chosen because the thread is planned to be embedded into large
composite structures. Also, a high bandwidth is needed to detect impact events.
These large composite structures typically have many fundamental modes (natural
frequencies) of vibration below 10 Hz, yet an impact could be much higher in
frequency (100—10,000 Hz). Thus, to be an effective dynamic structural health
and strain sensor, these frequency ranges must be measured.

In order to perform this calibration, (1) the sensor must undergo significant strain
to cause a measurable resistance response in the thread and (2) the various frequen-
cies of concern must undergo measurable strain. In other words, the structure should
have a somewhat broadband response and not many antimodes. In order to achieve
these goals, a custom double-cantilever calibration rig made out of aluminum was
designed and built. This calibration rig was then mounted to an electromagnetic
shaker for excitation. The initial design geometries of this structure were chosen
so that there would be large strains and many modes of vibration within the spectrum
of concern. This calibration rig can be seen in Fig. 24.22 in its naked form along with
sensors mounted to the structure for the calibration measurement. It should be noted

Calbration
area

Double- Low- Electro
cantilever freq. magnetic
cal. rig. accel. shaker

FIGURE 24.22

Custom double-cantilever beam strain calibration rig for CNT thread strain sensor. (a)
Custom-built strain calibration rig in its naked form with calibration area highlighted. (b)
Calibration area with the thread mounted adjacent to the reference strain gauge. It should be
noted that this thread is close to 20 um in diameter and about 12.5 mm in length. (For color
version of this figure, the reader is referred to the online version of this book.)
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that the sensors that were used to make this calibration were piezoelectric strain
gauges (PCB Piezotronics Inc 740A02 and 740M04), which are calibrated from
0.5 Hz—100 KHz, and a piezoelectric accelerometer (PCB Piezotronics Inc
301A11), which is calibrated from 0.5 Hz—10 KHz. The electromagnetic shaker
is an MB-50 and an HP 45670A frequency analyzer was used for the presented
measurements.

The thread in the above photograph is mounted close to the surface of the
aluminum beam with two epoxy mounting points. It should be highlighted that
the thread was not entirely encased in epoxy in order to obtain a baseline measure-
ment prior to infiltrating the entire thread with epoxy. This thread mount is not a true
strain measurement of the beam because the thread does not conform to the surface
of the beam. Instead, it is a displacement measurement of two points. This technique
was acceptable here because the thread was nearly the same size as the strain gauge,
so this mounting technique proved not to be a problem. After the epoxy mount
points, conductive epoxy was utilized to hook up small wires. The thread could
then be hooked up with the Wheatstone bridge circuit seen in Fig. 24.13. A detailed
schematic of this mounting configuration can be seen in Fig. 24.23. Finally, it should
be noted that this mounting technique may prove to be beneficial in certain sensing
applications for strain amplification or separation.

Prior to performing any frequency domain analysis, the CNT thread response
time history quality was analyzed. This was done by exciting the calibration rig
near resonance with a 35 Hz sine wave while measuring the voltage output from
the Wheatstone bridge. This voltage or thread response along with the response
of the other sensors used in this experiment can be seen in Fig. 24.24. As seen below,

Conductive epoxy

CNT sensor Stiff epoxy

Small wire \

leads Aluminum
beam

FIGURE 24.23

CNT thread attachment to aluminum calibration rig. As seen in the schematic, drops of epoxy
are utilized to keep the thread in tension once mounted, conductive epoxy is used to hook up
lead wires, and the thread is mounted above a surface of thin epoxy to ensure electrical
insulation and to avoid uneven surfaces. (For color version of this figure, the reader is referred
to the online version of this book.)
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the CNT thread has a “clean” sine wave output, which is desired for optimal
frequency response function (FRF) estimation. This clean signal was obtained by
pretensioning the CNT thread during mounting. Thus, when the beam goes into
compression, the thread does not go slack. In summary, this test was performed to
ensure that the thread would not go slack during testing so that FRF estimation could
take place.

After a clean sine wave was obtained near peak excitation, FRFs were generated
to (1) determine the bandwidth of the thread and (2) calibrate the thread against the
reference strain gauge. An FRF is defined as the output parameter over the input
parameter across several frequencies of concern as defined below in Eqn (24.3)
for the frequency domain. This function provides a description of how the output’s
response varies over various frequencies relative to an input, thus system behavior
can quickly and easily be understood by measuring this function.

Output(w) (24.3)

ERbn) = Input(w)

To generate FRFs, an excitation technique must be utilized, which puts known
frequencies into the system. In its simplest form, this would be a periodic sine
wave. However, sine wave excitation is very time consuming, frequency resolution
would not be the best, averaging could not be done as easily, and a somewhat larger
amplitude signal is needed to visually see the signal. To handle these disadvantages,
a chirp excitation (quick periodic sine wave sweep) was utilized combined with
50—100 root mean square averages of various frequency resolutions to estimate
FRFs in this chapter. This estimation process for the calibration rig’s base acceler-
ation and strain can be seen in Fig. 24.25 as an example. It should be pointed out that
the FRFs in this chapter are also plotted with the ordinary coherence function to
quantify the quality of the FRF estimate. A coherence of 1 implies good correlation
or measurement quality.

One of the first analyses of this system can be seen in Fig. 24.26 comparing FRFs
of CNT thread to base acceleration and strain gauge to base acceleration. As seen in
the figure, this analysis provided a conservative bandwidth estimate of the thread,
which ranged from 0 to 350 Hz. It should be noted that this bandwidth measurement
is conservative because the mounting epoxy damps the strain that the CNT thread
experiences and limits the received energy. Thus, it is expected that higher band-
widths could be achieved with stiffer epoxy. Nonetheless, stiffer epoxies will still
limit the bandwidth of the thread and ultimately the sensing once embedded into
composites. Despite this low bandwidth, this frequency range meets the prior
requirements of measuring structural modes and detecting lower frequency impacts.

After the CNT thread bandwidth was determined for this setup, a 0—100 Hz FRF
was made between the CNT thread and adjacent strain gauge originally seen in
Fig. 24.22. This lower frequency range was selected because (1) predetermined rig
dynamics showed that this range was best for calibrating the thread and (2) thread
response cuts off shortly thereafter. This measurement can be seen in Fig. 24.27. As
seen below, coherence is decent in the range of interest except at lower frequencies. It
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FIGURE 24.24

Sine wave of CNT thread to 35-Hz resonance excitation. Prior to performing frequency
domain analysis, the CNT thread was confirmed to have a “clean” sine wave appearance. In
order to obtain this clean signal, the thread's output was filtered with a tight low-pass filter.
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is believed that this drop comes from low input energy combined with potential standing
waves setting up on the thread. Yet, when the coherence improves, the FRF appears
“flat” and the phase angle is near zero, as expected. This flatness and near-zero response
is expected because the thread is nearly the same size as the reference strain gauge and
measures nearly the same strain state on the opposite side of the beam. Thus, calibration
can be done to determine the gauge factor within this range, or the gauge factor FRF of
the thread can be calculated. This calibration is still being performed.

In summary, this analysis shows that (1) CNT thread can measure frequencies of
interest, specifically structural modes and impacts, and (2) the CNT thread can be
calibrated against a reference strain gauge to estimate sensitivity or gauge factor
over multiple frequencies. This work would not have been possible without the
advisement and generosity of the Structural Dynamics Research Lab here at UC.

24.4 CARBON NANOTUBE THREAD SHM ARCHITECTURES

Developing an SHM sensor for composite materials or a structure is only part of the
SHM solution. How this sensor will be incorporated into the structure, how many
sensors should be used, and how the sensor data will be used are all other important
areas that also need to be addressed for a holistic SHM approach. This section will
briefly address some of these questions.

On a few previous occasions, it has been mentioned that the CNT thread sensor
can detect specific damage modes such as ply delamination and matrix cracking.
Matrix cracking can occur from several different mechanisms itself, and it would
be advantageous to know which mechanism is the culprit of the cracking. It is
believed that the CNT sensor thread can shed light on some of these cracking mech-
anisms by (1) confidently identifying a crack in the structure and (2) utilizing neigh-
boring thread sensors to help assess what particular mechanism is at play for better
health and repair assessments. The sensor thread can be seen in Fig. 24.28 identi-
fying these various cracking mechanisms of concern.

In order to assess the mechanism behind cracking or identifying other damage
modes, the sensing thread needs to have a minimum density and a clever incor-
poration design in order to identify damage in its nascent stages. This incorpora-
tion design should provide information about damage location, severity, and
potential prognosis in addition to damage mode characterization. One design
that would meet these criteria and be easy to incorporate into current composite
materials is a cross-weave or grid design. This design can be seen in Fig. 24.29

(a) Clean sine wave time history along with outputs from the strain gauge and accelerometer
and (b) frequency domain of CNT thread signal before and after filtering. It should be noted
that the thread'’s output was on the same order as 60-Hz noise. Other peaks in the spectrum
are harmonics of this 35-Hz excitation and of the 60-Hz noise. (For color version of this figure,
the reader is referred to the online version of this book.)
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FIGURE 24.25

Frequency domain analysis and frequency response function (FRF) estimation. (a) Linear
input spectrum from the base acceleration and output spectrum from the strain gauge. As
seen from the plot, the electromagnetic shaker struggles to put low-frequency energy into the
system, while the strain gauge spectrum shows a rise near the beam'’s first resonance. These
spectrums can then be used to estimate the FRF of the system. (b) FRF of the system with
ordinary coherence. Ordinary coherence is a statistical tool used to ensure/determine FRF
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FIGURE 24.26

The 0—1600 Hz FRF of strain gauge and CNT thread to base acceleration. (a) Strain gauge
and CNT thread from O to 1600 Hz. As seen in the coherence, the output response begins to
diminish at higher frequencies. (b) Zoomed in region of the coherence and FRF where this
poor response begins to happen. As pointed out in the figure, it seems like the FRFs between
the two sensors diverge near 300—350 Hz. (For color version of this figure, the reader is

referred to the online version of this book.)
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The 10-t0100-Hz FRF of CNT thread to strain gauge. This figure illustrates how the CNT thread
can be used as a broadband sensor due toits near-constant sensitivity (flatness) and near-zero
phase angle. This FRF can be scaled with calibration values from the strain gauge and

Wheatstone bridge circuit to construct a gauge factor FRF. This calibration is still being carried
out. (For color version of this figure, the reader is referred to the online version of this book.)

with a potential sensor thread incorporation scheme during the fabrication of the
material. Additionally, this fabrication method would easily allow various thread
densities for optimal damage identification. As seen in the figure, this design
would also utilize multiplexing switches for data channel reduction combined
with an algorithm to analyze CNT sensor signals for damage location, severity,
and characterization.

Multiplexing will be done in the time domain by pulsing and assessing each
sensing thread in close vicinity. Close vicinity monitoring will be implemented to
simplify data handling by utilizing sensing nodes to do localized data processing.
These sensing nodes will then utilize wireless transmitters to send limited yet mean-
ingful health assessment information to the operator of the aircraft. A simplified
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(e)

FIGURE 24.28

Micromechanical failure modes in laminated composites. (a) Coalescing of microcracks in
a composite subjected to tensile loading in the fiber direction. (b) Failure of a composite with
brittle fibers subjected to compression in the direction of the fibers. (c) Shear failure in
a composite with a high fiber volume fraction loading in the transverse direction to the fiber.
(d) Shear failure in a composite subjected to compression loading in the transverse direction
to the fiber. (e) Shear failure in a composite subjected to in-plane shear loading. (For color
version of this figure, the reader is referred to the online version of this book.)

Source: All images edited from[55] by Jandro Abot and M. Schulz.
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FIGURE 24.29

Array configuration of sensors. (a) Spatial grid design for detailed failure information and (b)
industrial scale-up manufacturing process for prepreg plain weave fabrics. (For color version
of this figure, the reader is referred to the online version of this book.)

representation of this proposed multiplexed and distributed sensing node design can
be seen in Fig. 24.30.

To illustrate how this SHM architecture would be used in a specific application,
the F-22 Raptor [57] is used as a design example, as seen in Fig. 24.31, with detailed
areas of concern. It should be noted that the F-22 is built by several manufacturers.
Boeing takes care of building the aft fuselage, main wings, power supplies, auxiliary
power units, auxiliary power generation systems, airframe-mounted accessory drives
and the fire-protection system. The aft fuselage is 67% titanium, 22% aluminum and
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SHM system communication. (a) CNT thread strain/damage sensor wired multiplexer, local
antenna. (b) Off-the-shelf multiplexer and wireless transmitter [56]. (For color version of this
figure, the reader is referred to the online version of this book.)

11% composite by weight. The Boeing-built portion of the wing is 42% titanium,
35% composite and 23% aluminum; steel and other materials are present in the
form of fasteners, clips and other miscellaneous parts, also by weight. Each wing
weighs about 2000 pounds. Titanium reinforcement was added for strength against
impact during combat. Nonetheless, most ribs and spars in the wing are composites
and it would be beneficial to actively monitor their health.

24.5 AREAS OF STRONG MULTIFUNCTIONAL POTENTIAL

Besides adding strain and damage sensing to a polymeric composite material, CNT
thread has the potential to improve the material in other ways as well. In other words,
the CNT thread would be multifunctional in how it would improve the overall
performance and quality of the material. Some of the potential areas where CNT
thread could have an impact on composite material improvement are listed in the
introduction of this chapter, but only the areas of current investigation will be
covered in this section, specifically damping and toughness.

As observed in earlier sensing hysteresis analysis (see Fig. 24.18), CNT thread
exhibits significant hysteresis in the stress—strain curve. This hysteresis can be
considered to be mechanical damping or mechanical energy loss since mechanical
energy is not being conserved in the loading cycle. This damping can be quantified
by finding the hysteresis loop area normalized by the maximum mechanical energy
(Unax) as defined below in Eqn (24.4). This quantity, u, is called the specific
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FIGURE 24.31

Example design of the SHM system for retrofit to an aircraft. (a) Sensor thread design for the
F-22 interior wing with 29 junctions where sensor connects with multiplexed network; three
multiplexers will be used to manage information from specific zones of wing, 39 spar sensor
threads and 20 rib sensor threads, Close to 60 total sensors are needed. Each zone could
transmit via antenna to central location. (b) Sensor thread design for the F-22 exterior wing
with five multiplexers to manage information from specific zones of wing, four to five sensors
in front wing edge (close spacing, 1—2"), four to five sensors around flaps (close spacing,
1—-2"), 15 to 20 sensors in wing tip grid (dense, 3—5" spacing), 15—20 sensors in midwing
(low density, 8—10"), and 15—20 sensors in lower wing (high and low density, 3—5" and
10—-12"), around 100 total sensors. Each zone transmits wirelessly to the central location.
(For color version of this figure, the reader is referred to the online version of this book.)
Source: Inner wing photo courtesy of DOT&E FY 2001 Report.

damping capacity [58], but it can also be thought of as an energy loss percentage.
In order to implement this equation numerically, the damping capacity can be
calculated by finding the difference of the integrated loading and unloading curves.
Then, this quantity can be normalized by the loading curve. These curves are
labeled in Fig. 24.32 for both as-spun CNT thread and copper wire. As seen in
the figure, the materials were both strained in their elastic regions to approximate
values of specific damping capacity. Copper wire was used not only for comparison
purposes but also to ensure that the method of generating this hysteresis curve was
valid and not an artifact of the Instron 5948’s sensors/structure.
Emax : Emax
Oloadingde— [ @ ingde
o (f O'de) _ ( g‘ loading Of unloading )

Umax Goms
f g loadingdf
0

(24.4)

Once the specific damping capacity is found, the loss factor, or specific damping
capacity per unit radian can be found as defined below in Eqn (24.5) [58]. Typically,
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FIGURE 24.32

Energy dissipation through damping generated with Instron 5948. (a) As-spun CNT thread
energy loss and (b) copper wire energy loss. The shaded region for the CNT thread is around
30% energy loss and around 3% for the copper wire. (For color version of this figure, the
reader is referred to the online version of this book.)
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materials are compared with their loss factor or damping ratio. If the loss factor is small,
the damping ratio can be approximated by multiplying the loss factor by two. Figure 24.33
compares the loss factors of CNT thread, epoxy, rubber, aluminum, and glass.

Loss Factor = — (24.5)
27

As seen in the figure above, the CNT thread is close in magnitude to epoxy resin.
It can then be inferred that if CNT thread were to be embedded into a polymeric
composite material with an epoxy matrix, the overall material damping will not
degrade. Instead, the composite material will maintain or better the effective damp-
ing of the material. As a result, CNT thread has the potential to improve composite
material damping.

Another strong multifunctional area of CNT thread is toughness or damage
limiting. Toughness is defined as the area under the stress—strain curve as defined
in Eqn (24.6) and seen in Fig. 24.34 for as-spun CNT thread. Current as-spun
CNT thread produced in. Nanoworld Laboratories has 100—200 MPa strength and
3—5% elongation. The epoxy resin has 55—130 MPa strength with 2—4% elongation
[39]. Thus, the toughness of as-spun CNT thread is on the order of that of epoxy

Comparison of loss factor at room temperature
0. 12 T T T T T

0.1F

0.08

0.06

Loss factor

=)
®

0.02f

0
CNT thread Epoxy Rubber Aluminum Glass

FIGURE 24.33

Loss factor comparison. Calculated CNT thread loss factor is compared against published
values for epoxy [59], rubber, aluminum, and glass [58]. (For color version of this figure, the
reader is referred to the online version of this book.)
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FIGURE 24.34

Stress—strain curve of CNT thread with area under the curve shaded, which represents
material toughness. (For color version of this figure, the reader is referred to the online
version of this book.)

resin. It can then be inferred that CNT thread has the potential to improve material
toughness, which increases the material’s resilience to damage.

Ebreak

Toughness = / ade (24.6)

24.6 FUTURE WORK

Future CNT thread sensor work at Nanoworld Laboratories entails several key areas
of investigation to prove sensor feasibility for a composite SHM sensor. These key
areas of investigation are listed below with descriptive significance. -

e Embedded sensor performance: Although CNT thread appears to perform well
outside the composite material, it must have similar if not improved sensor
performance once embedded into the material. This will be similar to earlier
concept work presented in Section 24.2.



References

* Sensor invasiveness: It is suspected that the CNT thread sensor will be minimally
invasive to the composite material due to its small size. However, this hypothesis
will be tested by examining composite breaking strength, stiffness, elongation,
and fatigue strength.

e Failure mode identification: Composite materials will be fabricated with voids |

and cracks. Then, the composite material will be excited with broadband exci-
tation to identify these impregnated damage modes with the strain response of
the thread. Additionally, impact testing will be done on the composite material to
(1) identify the impact through the strain response and (2) potentially assess the
damage through CNT thread breakage strain response.
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