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

1. Introduction

Fiber-reinforced polymer (FRP) composites are utilized as a variety of structural components for their
high strength-to-weight ratios, resistance to corrosion and fatigue, and conformability. Examples include
aerospace, civil, automobile, wind turbine, and naval structures. They are a popular aternative to
traditional monolithic alloys. For instance, the Boeing 787 Dreamliner that was released in October 2011
has a structure that is more than 50% composite material by weight, with the majority consisting of
carbon FRP composites [1]. In contrast, wind turbine blades typically consist of glass FRP composites
due to their low cost and high specific strength, as compared to structural metals[2].

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



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

The discovery of carbon nanotubes [11] and the identification of their unique material properties [12] has
brought forth widespread attention to the use of this material for various sensing applications. Carbon
nanotubes are typically introduced into FRP composites in two distinct ways. as an additive to the
polymer matrix or as a thin film within or upon the composite. These applications take advantage of the
high mechanical and electrical properties intrinsic to single-walled (SWNT) and multi-walled carbon
nanotubes (MWNT) [13]. Some examples of this work are CNT-epoxy nanocomposites [14], neat CNT
mats (i.e., buckypapers) [15, 16], and other polymer nanocomposites thin films [17, 18]. It has been found
that CNT-based nanocomposites are piezoresistive, where their electromechanical response changes with
applied strain and can be linear [16], non-linear [19], and/or multifunctional [20]. In addition to strain
sengitivity, these films are also sensitive to environmenta changes such as temperature [21] and humidity
[22]. Thistype of environmental sensitivity in a sensor is common, with some examples including metal-
foil strain gages [23] and fiber-Bragg gratings [24]. Thus, prior to using CNT nanocomposites for SHM, a
full characterization of their sensing and environmental response is needed.

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

2. Experimental Methods

To demonstrate the capahility of these films as an alternative for SHM of FRP composites, the MWNT-
based thin films were deposited onto GFRP substrates upon which all of the mechanical, thermal, and
humidity tests were performed.

2.1 Film Fabrication

The deposition of the MWNT-based thin films upon the GFRP substrates was performed by a layer-by-
layer (LbL) process that allows for nano-scale control of film deposition [25, 26]. The substrates used
were quasi-unidirectional glass fiber weaves (type 7715, Applied Vehicle Technology) that were
impregnated with a two-part epoxy (125 resin / 237 hardener, Proset Inc.) and cured to specification for
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Figure 1. Pictoria representation of a layer- Figure 2. (MWNT-PSS/PVA), thin film
by-layer manufactured (MWNT-PSS/PVA), deposited onto GFRP substrates before (a)
thin film. PSS chains (helicad red lines) and after (b) tabbing.

wrapped around MWNTs (straight black

lines) with deposited PVA (thin blue lines).

15 h at 25 °C and 8 h at 80 °C. The substrates were cut to 25 x 75 mm? and were thoroughly cleaned with
water and isopropyl acohol prior to mounting them in the LbL deposition system. Layer-by-layer film
assembly is based on the sequential deposition of opposite-charged materials onto a substrate such as the
GFRP specimens used in this study [25]. To deposit the first monolayer, the LbL system was
programmed to immerse the substrates in a 0.5 wt.% poly(vinyl acohol) (PVA) solution for 5 min. The
substrates were then rinsed for 3 min in deionized water and then dried with compressed air for 5 min.
Then, the dried substrates were transferred to a 1.0 wt.% poly(sodium 4-styrenesulfonate) (PSS) solution
with 1 mg-mL™ of dispersed MWNTSs (Cheap Tubes). The dispersal of the MWNTSs into the PSS solution
was accomplished by 180 min of bath sonication (135W, 42 kHz), followed by 1 h of tip sonication (3
mm tip, 150 W, 20 kHz). This two-step sonication process ensured a fully stable MWNT-PSS suspension
[18, 20]. Finally, the substrates were rinsed again for 3 min and dried for 5 min, so as to remove any
loosely adsorbed polyelectrolyte and nanotubes. This process was repeated for a specified number of
times, each time depositing a single bilayer of the thin film (figure 1). Numerous thin films were
manufactured with 25, 50, 75, 100, and 150 bilayers.

The thin films resulting from this process were extremely robust, due to the chemical bond formed
between the substrate to the film constituents and between the thin film chemical species. Popular thin
film constituents for the LbL process are polyelectrolytes of opposite ionic charge facilitating electrostatic
assembly of the thin film, of which PSS and PVA are both members of this chemical family. However,
PSS and PV A bond through strong hydrogen bonding that created a more robust film [27]. The MWNTs
were bound within this polyelectrolyte matrix via polymer wrapping by the PSS, which has wound chains
around each MWNT to reduce MWNT hydrophobicity [28]. A previous study of freestanding CNT-
PSS/PVA films had been reported and validated the impressive mechanica properties resulting from the
chemical associations between the film constituents [ 29].

2.2 Specimen Preparation and Electrical Characterization

With the aim to characterize the electrical response of the thin film to mechanical, thermal, and
hygroscopic conditions, uniform specimens and electrical characterization methods were used as a means
to remove any dimensional effects on the sensitivities of the thin films. The ASTM standard for
characterizing the tensile properties of FRP composites was consulted for determining specimen size[30].
Due to the setup used for film deposition, only 40 mm of the 75 mm length of the substrate was deposited
with (MWNT-PSS/PVA), films (where the subscript n indicates the number of bilayers). Following the
ASTM suggestion of a 1:11 width-to-gauge length ratio, the width of the specimens was set to 3 mm for a
25 mm gauge length. In order to protect the electrodes from strain effects, the electrodes were placed



outside of the gauge length with an electrical gauge length of ~28 mm. Two-point probe electrical
measurements were used due to the limited space on the specimen. Contact resistance was minimized by
using conductive silver paint as electrodes (figure 2a). To protect the substrates from damage from the
grips during mechanical testing, G-10 GFRP tabs were applied to opposite ends of each specimen with a
high strength adhesive (Hysol 903, Henkel Corp.). An example of afinished electromechanica specimen
is presented in figure 2b.

Measurement of (MWNT-PSS/PVA), thin film electrical properties were performed using time-domain
direct current (DC) resistance measurements and frequency-domain electrical impedance spectroscopy
(EIS). The DC resistance measurements were performed using an Agilent 34401A digital multimeter with
6.5 digit accuracy. The EIS responses were taken using an Agilent 4294A impedance analyzer over a
frequency range of 40 Hz to 110 MHz.

2.3 Mechanical Srain Sensitivity Characterization

The strain sensing response of (MWNT-PSS/PVA), thin films were characterized by measuring their
time-domain DC electrical resistance and frequency-domain impedance responses during applied
mechanical loading. Three different sets of loading patterns were applied to specimens fabricated with
different film thicknesses (namely, 25, 50, 75, 100, and 150 bilayers): monotonically increasing strain to
failure, low-cycle dynamic strain patterns, and high-cycle dynamic strain patterns. All mechanical tests
were performed on a TestResources 150R load frame equipped with a 4.48 kN load cell with serrated
grips. The displacement and angular position of the load frame crosshead was verified using two laser
displacement sensors (Microtrak |1, MTI Instruments).

2.3.1 Monatonic Uniaxial Tension Tests

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

2.3.2 Low-cycle Dynamic Tests

Three-cycle tensile dynamic load tests to 8,000 pe and to 25,000 pe were conducted on film-enhanced
GFRP specimens for characterizing thin film electromechanical responses to repeated loading and
unloading. During each cycle of loading, a 60 s pause was taken at 25% increments of the total strain. As
before, these pauses were for DC resistance and EIS measurements. The two different strain amplitudes
were chosen based on results obtained from Section 2.3.1 and allowed for probing the two regions of the
bi-functional electrica response.

2.3.3 High Cycle Dynamic Tests

As the long-term intent for these films is implementation as a SHM sensor, it is important to understand
how the electrical properties of thin films change after numerous cycles of mechanical loading. To this
end, specimens were subjected to 1,000 cycles of sinusoidd-cyclic loading from 0 to 8,000 pe a a
frequency of 1 Hz. A 60 s pause was taken at a strain value of 4,000 e every 100 cycles to measure the
film's DC resistance and EIS response. The strain amplitude was determined using the same logic as in
the low-cycle dynamic tests described in Section 2.3.2.
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Figure 3. Example of an (MWNT- Figure 4. Circuit diagram of the equivalent
PSS/IPVA), EIT response and the circuit mode representing the EIS response
corresponding fit to the equivalent circuit of thefilms
model.

2.4 Thermal Testing

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

2.5 Humidity Testing

Another environmenta factor taken into account was the effect of humidity on the electrical properties of
the (MWNT-PSS/PVA), films. As with the therma tests (Section 2.4), five specimens each with
thicknesses of 50, 75, 100, or 150 bilayers were mounted onto a G-10 GFRP sheet. The sheet of
specimens was placed in an environmental chamber set at 35 °C. The chamber was programmed to
increase its humidity from 25 to 80 %RH (in 5 %RH increments) and holding at each level for 1 h. The
humidity and temperature of the chamber were verified using a temperature and humidity probe that takes
a measurement every 10 s. The 20 specimens were connected to an Agilent 34970A with an armature
multiplexer card to simultaneously measure DC resistances of each specimen every 5 s.

3. Results and Discussion

3.1 EISEquivalent Circuit Fitting

A typical (MWNT-PSS/PVA), thin film EIS response is plotted on a Nyquist plot, as shown in figure 3,
and this semi-circular trend is consistent with the response of other CNT thin films [17, 31]. To extract
the underlying electrical properties of the film from this response, the spectrum is typicaly fit to a
physics-based equivalent circuit model. The characteristic equivalent circuit model for a response such as
the onein figure 3 is a series resistor (Rs) connected to aresistor (R,) and capacitor (Cp) in pardlel (figure
4). This circuit modd has been used to describe a similar EIS response of a zirconia-yttria solid
electrolyte film, where the series resistor models the mean grain resistance, and the inter-grain effects are
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Figure 5. Unstrained electrical properties of (MWNT-PSS/PVA), films as a function of film
thickness plotted in a boxplot. The box indicates the interquartile region and the line within it
signifies the median of the data. The red crosses represent outlier values.

modeled by the paralel resistor and capacitor [32]. The impedance equation that corresponds to the
equivalent circuit shown in figure 4 is represented in equation (1):

Z(w)=2'(w)+iZ"(w) = [Rs * W Rpl)/z ijafcs J ) i[(1/ Rjﬁafcﬁ} (1)

Fitting of this highly non-linear model to the EIS spectra is achieved using the non-linear least squares
solver function in MatLab.

3.2 Thin Film Electrical Properties. Unstrained

Before the mechanical, thermal, or humidity sensitivities of the films are discussed, it is important to
characterize the baseline éectrica properties of the (MWNT-PSS/PVA), thin films as a function of
thickness. The initial unstrained time- and frequency-domain electrical measurements from all of the
mechanical experiments were compiled into boxplots as shown in figure 5. Figure 5a shows the films
unstrained DC resistance, whereas figures 5b-d present the numerically fitted equivalent circuit
parameters based on figure 4. It can be seen from figure 5 that the median and interquartile range of the
DC resistance and resistive equivalent circuit elements reduce significantly with increasing number of
bilayers. This is consistent with power law-type response of particle-infused polymer composites (i.e.
nanocomposites), particularly in the post-percolation region [33-36]. As for the capacitance of the films,
figure 5d indicates that the capacitance stays relatively constant over the range of thin film thicknesses
tested. Similar trends have also been identified by Loh et al. [18].
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3.2 Uniaxial Tensile Electromechanical Response

As mentioned in Section 2.3.1, monotonic uniaxial tests have been conducted on GFRP specimens with
(MWNT-PSS/PVA), films for characterizing the full range of thin film strain sensitivity. Both DC
resistance and EIS data have been obtained, and EIS responses have been fit to the parale resistor-
capacitor circuit shown in figure 4. In order to directly compare different circuit elements’ dependency on
strain, all of the DC resistance and EIS equivalent circuit e ements are presented as normalized changes
relative to the initial unstrained parameter measurement. For example, caculation of normalized
resistance uses equation (2), where Ry is the unstrained resistance value.
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An example of afull strain responseis presented in the plot shown in figure 6. The responses by all of the
electronic parameters are bi-functional in nature. For the resistive parameters, there exists a positive
relationship between normalized changes in resistance as a function of increasingly applied tensile strains.
Several other groups have also found that CNT-based films increase their resistivity in tandem with
increasing tensile strains [16, 31, 37]. In addition, Thostenson and Chou [38] and Shindo et al. [39] have
also observed this bi-functional response comparable to figure 6, athough these studies have not explored
the frequency-domain EIS response of CNT-based nanocomposites. The initial functional response is
generally considered due to MWNT stretching or rigid-body motion of MWNTSs within the compliant
polymer matrix, while the second functional response is due to damage in the film in the form of micro-
cracking of the composite substrate [14, 39]. This damage can be seen in the scanning electron
microscope (SEM) image shown in figure 7. On the other hand, film capacitance change is near zero

during the first response region while decreasing after the application of large tensile strains.

Upon identification of the bi-functiona circuit parameter responses to applied strain, it has been found
that a linear-quadratic model can adequately fit the films electromechanical responses. The quadratic
element of this model is not currently associated with a particular physical effect; however, this will be
the focus of future work. The model has been applied as follows. Firgt, the transition point of the bi-
functional response (i.e., from low strain to high strain) has been manually identified and recorded. Then,
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Figure 8. Linear-quadratic sensitivities obtained from fits to equation (2). Black-filled symbols indicate
negative values and error bars substituted with dots indicate lower bound is a negative valuein (c).

the linear-quadratic model has been fit to each data set using the non-linear least sguares fit function
‘Isgnonlin’ in MATLAB. The equation of the linear-quadratic model is also shown as follows:

R )= -at(e-e))(ArBe)rJ(erf(e-) +1){ArBe, +Cle-s,)+Dle-e, Y]

(3)
The transition between the functional responses was facilitated using the error function, noted as erf( ) in
the equation. The error function is asigmoidal function that has a smooth but sharp transition from-1to 1
and can be shifted and scaled to create the same transition between 0 and 1.

With the thin film time- and frequency-domain electrical responses fit to the linear-quadratic model, the
medians of the results are presented in figure 8 in terms of the low-strain linear sensitivity (B), the high-
strain linear sensitivity (C), the high-strain quadratic sensitivity (D), and the bi-functional transition point
(&) in terms of number of bilayers. The error bars that accompany each result are a measure of the
median absol ute median deviation, which is arobust measure of the variability of the results.

Two distinct trends are apparent by examining the fitted sensitivity parameter sin figure 8. The
sensitivities of Rpc and Rs are statistically similar in both the low- and high-strain regimes. Within the low
strain regime, these sensitivities are linear between 1 and 2.5, for all film thicknesses, and exhibit an
increase of the linear sensitivities by less than a multiple of three in the higher strain regime. Thisisin
contrast to the responses of the parallel equivalent circuit elements, although the two responses appear to
be correlated with one aways being positive and the other negative. In the transition between the
functional responses, the sensitivities of the parallel equivalent circuit elements demonstrate an increase
in linear sensitivities by one to two orders of magnitude with a drastic increase of sensitivity variability.
This has been verified in previous work with CNT-based thin films using acoustic emission responses
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Figure 9. Example Rpc response to dynamic loading to a magnitude of 8,000 pe with the
corresponding fit to (4) with and R? = 0.98.

[40], and a model incorporating transverse crack propagation [39] shows that this high strain regime is
dominated by the response of the film to damage transferred from the damaged substrate. It is felt that this
demonstrates a higher sensitivity of the parallel equivalent circuit elements to damage in the thin film as
compared to the sensitivities of Ryc and Rs. It is not fully understood why a similar correlation is not
found in the quadratic sensitivities of the fitted eectrical responsesin the high strain regime.

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

3.3 Dynamic Strain Response

In addition to monotonic uniaxia tensile tests, films have also been subjected to three-cycle tensile tests
to 8,000 pe and 25,000 e, as have been described in Section 2.3.2. As discussed earlier, these strain
amplitudes have been chosen to understand the represented loading effects in both of the response
regimes demonstrated by the films during monotonically |oaded tests (Section 3.2).

The responses of the thin films during the lower magnitude dynamic tests to 8,000 € are very consistent
among the different specimens tested. An example of this behavior can be seen in figure 9, where the DC
resistance linearly drops over time, but the film's piezoresistivity remains constant over time. To model
this response, a simple linear-time and linear-strain response equation is fit to each data set, as is
described in equation (4):

AR gt+se (4)
R

All of the low-magnitude dynamic responses are fit to equation (4) using the non-linear fitting function in
MatLab. The strain sensitivities of the fits for all specimens tested are reported in Table 1. The results for
the capacitive elements are left out, because the fits did not reveal any meaningful trends. Among al of



Table 1. Strain sensitivity parameters for 8,000 pie dynamic testing.

Bilayers: 25 50 75 100 150
Roc 233+011 1.70+0.13 2.26+0.26 2.40+0.52 2.10+0.52
Rs 2.22+0.07 1.58+0.07 2.14+ 0.46 1.94+0.28 -
Re 3.30+0.63 2.31+0.06 3.01+0.72 3.04 + 0.66 -

the resistive elements, the sensitivity to strain is consistent, where sensitivity varies between 1.5 and 3.3.
This is very consistent with the findings from the monotonically loaded samples in the linear region (as
presented in Section 3.2) as well as other studies on (CNT-PSS/PV A), films [18]. As detailed in Section
3.2, this strain response is believed to stem from stretching and slight reorientation of the MWNTSs in the
film. It can be seen from Table 1 that the average strain sensitivities corresponding to each thickness set
are consistent for Rpc, R, and R,

In addition to reasonably consistent sensitivity to strain, the response of the electrica properties to the
dynamic loading drifts over time with a relatively low-magnitude linear dependence. Overal, the
magnitude of the drift is on the order of 10* %-s', which can easily be discerned in the representative
three-cycle dynamic response shown in figure 9. The direction of the drift is predominantly negative,
which is thought to be due to alignment of the carbon nanotubes [31]. A small number of thin films with
100 or 150 bilayers have a very small positive linear trend on the order to 10* %-s', which is thought to
be due to the films having a lower bi-functional transition strain than the other films and are slowly
accumulating damage within the film. This has been witnessed in other CNT-based thin films[38].

The response of the thin films cycled to 25,000 pe is considerably different than that of the 8,000 pe
cases. Although al responses have demonstrated a general saw tooth-shaped response, the underlying
response cannot be fit to a unified model. Nevertheless, figure 10 presents the full DC resistance and EIS
circuit element responses for a selected dataset. As is the case with the response to 8,000 pe dynamic
cycling, the capacitive response is inconsi stent between specimens, so these effects will be neglected from
comment. Although all of the resistive parameters have a saw tooth shaped response consistent with the
shape of the loading, the specific response for each cycleis not consistent. In general, the responses of the
electrical properties can be delineated based on their response to increasing and decreasing strains. The
response to increasing strain is witnessed to be linear, of a concavely increasing or of a convexly
increasing manner. However, the resistive responses to decreasing strain are only of concavely or
convexly decreasing magnitudes. This myriad of responsesis illustrated by four randomly selected curves
in figure 11. It can be seen that not one of those responses match. This phenomenon is not surprising as it
has been determined in the monotonically loaded case that the quadratic responses occur when damage is
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Figure 10. Example resistive parameter response to 25,000 e dynamic strain.
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Figure 11. Example DC resistance response to 25,000 pe dynamic strain for four thin film
thicknesses.

sustained by the film due to cracking and other failure phenomena, thus inducing a more random but
general response. As indicated before, this type of response has been observed previously [38, 39].

3.4 High-Cycle Dynamic Srain Sensing Response

To understand how the thin films will perform in real world application with extended deployment, the
thin films were subjected to 1,000 cycles of loading as described in Section 2.3.3. As illustrated from a
representative electrical response shown in figure 12, the overall change in the resistive measurements
with respect to the number of cycles is less than 1% over 1,000 cycles. This is comparable to the time-
dependent sensitivity obtained from the three-cycle dynamics tests to 8,000 pe and has less drift than
previous studies involving repeated dynamic responses with (SWNT-PSS/PVA), films[31]. Aswith the
other dynamic tests, the capacitive results are neglected due to its lack of significance.

3.4 Thermal Effect on Electrical Properties

Due to drastic temperature differentials that various structures can experience during operation, it is
important to understand the effects of temperature on sensor electrical properties. Upon conducting the
temperature tests as specified in Section 2.4, it has been found that al of the thin films of different
thicknesses behaved in the same fashion. An example of the highly non-linear electrical response to the
applied monotonically increasing temperature profile is shown in figure 13. This response is characteristic
of SWNTs in mats or tangled ropes [41, 42]. This characteristic response has been studied and a
mathematical model has been devel oped to take this behavior into account, which is given in equation (5):

0.3
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Figure 12. Resistive component response to 1,000 cyclic loadings with a magnitude of 8,000 ue of
a(MWNT-PSS/PVA)s film.
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Figure 13. Example DC resistance response to monotonicaly increasing temperature with
corresponding fit to equation (5) with R? = 0.998.

T T

RT)=R,e T +Re’™ (5)
The first term of this equations represents the highly-anisotropic conductivity along the MWNTS, where
phonons with energies of ksT,, backscatter charge carriers [41] and is responsible for the /g > 0
behavior. This first term is present in the thermal response of SWNTSs as well as MWNTSs. The second
term of equation (5) represents electron transport due to electron tunneling between CNTs. Here T and T
are electron tunneling parameters and represent the combined effect of the nanotube gaps (i.e., due to PSS
and PVA). The tunneling components are responsible for the ®/,r < 0 behavior in the data. However, this
response tends to be the case for SWNTs [43] and not typically for MWNT thin films. In the general
MWNT case, the second component tends to be linear in nature and not exponential, as in the case of
several studies involving individual MWNTSs [44, 45], aligned MWNT buckypapers [46, 47], or other
MWNT nanocomposites [48].

Equation (5) is fit to the collected data using MatLab's non-linear least-squares function, and the
corresponding parameters are reported as a function of the number of bilayersin Table 2. As this table
indicates, the thermal properties of our films are linked to thin film thickness. Although Ry is severa
orders of magnitude higher than R, the metallic resistance only contributes 3.3% of the total resistance at
room temperature, but the effect is high enough at higher temperatures to account for the positive slope of
the resistance response. As a reference for comparison, the fit parameters obtained by Kaiser et al. [41]
are included in Table 2 as well. It should be noted that the only significant deviation from the SWNT
thermal sensitivity is the value of the T, term, which is two orders of magnitude smaller than that of the
(MWNT-PSS/PVA), films. As stated before, this difference is thought to be due to the extra tunneling
required due to the presence of PSS and PVA.

The ramifications of these temperature effects on strain sensitivitiesis not fully known for these particular
(MWNT-PSS/PVA), thin films. However, Cao et al. [21] has reported that MWNT buckypapers’ strain
sensitivity increases with temperature. It is hypothesized that this effect will extend to the strain
sensitivities of the (MWNT-PSS/PVA), films; however thiswill be investigated in the future.



Table 2. Fitted parameters of DC resistance response to monotonically increasing temperature.

g‘ffﬂg;rer‘g Rn [kQ] R [kQ] T [10°K] T [10°K] T, [K]
50 610£177  0310+0085 198026 130+0.24 114+19
75 8394325  0147+0047 1284015 113+009 577485
100 680+207  0194+0055  1.19+0.10 111+008  489+48
150 215+50  0108+0022  0.99+0.09 101+007  452+78

Rope [41] : : 2,00 0.065 22

With regards to the thermal-resistive behavior, it is not fully understood why the (MWNT-PSS/PVA),
films have responded to temperature in a manner like that of SWNTSs. It is hypothesized that thisis due to
the fact that the MWNTSs used in this study are less than 8 nm in diameter. This trandates to MWNTs
having very few walls. Although the difference in electronic properties has been investigated between
SWNTsand MWNTS, it is not clear how these properties affect the thermal -el ectronic coupling, and more
work is necessary in the future.

3.5 Humidity Response

The responses of the (MWNT-PSS/PVA), thin films to monotonically increasing humidity levels are
highly non-linear, as indicated by the DC resistance responses shown in figure 14. Figure 14 plots a
representative response from each of the thin film thickness sample sets. Plotted with a y-axis logarithmic
scale, it is easy to see that thin film eectrical responses to humidity are bi-functional in nature, possessing
two regions of different exponentid sensitivity. Using a sigmoidal function to relate two exponential
functions, the data has been fit to the following equation:

%(%RH):%(l—erf (%RH - H;,))H,e" ™) +%(erf (%RH — H, ) +1)[H,e""™)  (g)

In equation (6), erf() isthe error function, which isin the sigmoidal class of functions that returns a sharp
transition between -1 and 1, thereby alowing for a transition to be made between the two exponentia
functions. The average fits for each sample set are presented in Table 3. Although swelling of the PSS
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Figure 14. Rpc response to increasing humidity levels for 4 representative thin films.



Table 3. Fitted parameters of DC resistance response to monotonically increasing humidity.

Number
of H, f, [%0RH]™* H, f, [%RH] ™ Hr, [%RH]
Bilayers
50 1.01+0.31x10% 0.130+0.002 3.13+0.68x10° 556+ 0.08x10° 47.1+0.24
75 1.08+ 0.05x10* 0.128+0.001 3.39+0.15x10° 5.51+0.06x10° 47.6+0.04
100 1.07 £0.19x10*  0.132+0.005 3.46+0.33x10° 5.62+0.12x102 46.8+0.88
150 1.87 £ 0.45x10% 0118+ 0.022 2.37+0.28x10° 6.13+0.19x102 46.1+0.73

may contribute to this response [49], the full understanding of the underlying mechanisms has yet to be
done. However, one can possibly draw a few conclusions from the fit parameters. The first exponential
region has a higher sensitivity than the second by about double. This slowing is perhaps due to diffusion
of water into the thin film, rather than direct surface absorption when at equilibrium. It should be pointed
out that many groups have aso found the humidity effect on CNT thin films to be non-linear, and to the
best of our knowledge, only limited research has been done to investigate this phenomenon [22, 49, 50].

4. Conclusions

In this work, (MWNT-PSS/PVA), films were manufactured via a LbL process and deposited onto
GFRPs. These films were characterized for their sensitivity to applied strain and to environmental
changes due to temperature and humidity. Films loaded with monotonically increasing strain to failure
demonstrated electrical sensitivity in the time- and frequency domains in alinear-quadratic fashion. It was
found that components of the frequency-domain response have higher sensitivity to incurred damage than
time-domain DC resistance measurements. Thin film electrical responses to three-cycle dynamic loads to
two strain regimes were characterized. It was determined that they continued to function throughout these
tests with minimal drift. High-cycle dynamic tests demonstrated the low level drift in the electrica
measurements over 1,000 cycles of low-level strain. To determine the sensitivity to temperature changes,
the thermal response of the thin films were measured from 20 °C to 100 °C. From these tests, it was found
that the (MWNT-PSS/PVA), thin films responded to temperature in a manner more like SWNTSs than
MWNTSs. Finally, their sensitivity to humidity was characterized between 35 %RH and 80 %RH, and the
thin film response was found to be bi-exponential in nature. In conclusion, the results produced by this
study brought together a better understanding of the electrical responses of LbL MWNT-based films
subjected to mechanical, thermal, and hygroscopic variation.
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