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electrical resistivity upon mechanical deformation) sensors
embedded within the polymeric matrix material [13, 14].
Previous works by Shirodkar F U d&dVSengezer F U B
investigated the application of multi-walled carbon nanotube
(MWCNT) networks embedded in elastomeric and rigid poly-
meric matrix materials of mock PBEs [13-15]. The mock
PBEs utilized sugar crystals as a substitute for energetic
particulates like AP, HMX, and RDX. MWCNTs were dis-
persed in the polymeric binder, which was then used to fab-
ricate the mock PBE materials, thus embedding MWCNT net-
works throughout the mock PBE material. The sample fab-
ricated thereafter underwent mechanical testing in conjunc-
tion with monitoring of electrical resistance. The main chal-
lenges in implementing such a method for mock PBEs were
the low binder concentration, high degree of heterogeneity
in the microstructure, and the presence of conductive/non-
conductive phases in the particulate mixture. These factors
were believed to have the potential to inhibit MWCNT net-
works to form conductive pathways, and by extension, prevent
any sensing capability. As preliminary proof-of-concept stud-
ies, these works established the viability of achieving substan-
tial change in the electrical resistance of the nanocomposite
mock PBE materials as a response to strain, microscale dam-
age (invisible cracks), and macroscale damage (visible cracks)
evolution [13—15]. This current work extends these studies to
evaluate the applicability of MWCNT networks as vehicles for
SHM in PBEs. These materials incorporated AP crystals as
the oxidizer energetic phase, Aluminum powder as the metal-
lic fuel, and PDMS as the polymer binder, together which
will constitute a PBE. The experimental evaluation focused
on investigating the effects of each constituent on the over-
all sensing ability of the MWCNT network. As such, SHM
capabilities of MWCNT/PDMS materials are first evaluated
to study the binder’s electromechanical response, followed
by AP/MWCNT/PDMS to assess the impact of AP addition,
and finally, AP/AL/MWCNT/PDMS to evaluate the impact
of adding conductive grains such as aluminum. ASTM D695
based compression samples were prepared and monotonic
compression tests were conducted in conjunction with elec-
trical resistance monitoring. Change in resistance as a response
to applied strain was quantified via GFs for all the material
systems and the resulting findings have been presented in this
work.

2. Methodology

.BUFSJBMT

The PBE samples fabricated in this study were prepared with
AP powder, NH4ClOy4, which served as the oxidizer com-
ponent of the energetic particulate matter. The AP powder
has an average particle size of ~200 m, as reported by the
manufacturer [14]. Aluminum powder was used as a metal-
lic fuel; a mixture of AP and aluminum powder results in a
potent energetic particulate mixture and is commonly used as
a solid rocket propellant [13, 16]. The average particle size

of the aluminum powder was reported as ~30 m by the sup-
plier (Pyro Chemicals). Images acquired via scanning electron
microscopy (SEM) showing the particle size distribution of the
two particulate powders are presented in figures 1(a) and (b).
PDMS, supplied by Dow Chemicals 4 ZM H B Sika two-
part silicone-based elastomer that was used as the polymer
binder. Research grade (SKU: 030 103) MWCNTs, purchased
from Cheap Tubes Inc. were used as nanofillers to prepare the
nanocomposite PBE samples. The MWCNTs have a reported
purity of greater than 95% and have the following dimensions
as reported by the manufacturer: outer diameter = 10 to 20 nm,
inner diameter = 3 to 5 nm, length = 10 to 30 m.

'BCSJIJDBUJPO PG 1#&T

The neat samples, i.e. samples without any MWCNTs dis-
persed in the polymer binder, were fabricated as follows.
PDMS Part A and Part B were mechanically mixed in a 10:1
ratio (by weight). Measured quantities of particulate powders
were added to the PDMS according to the desired ratio (80:20
by weight) of particulate to the binder. The mixture was then
degassed for 30 min in a vacuum chamber under a 90 kPa
vacuum pressure. Aluminum molds prepared according to
ASTM standards (ASTM D695: Long Compression samples)
were prepared by applying a thin coat of mold release agent
(Mann Release 200). The degassed mixture was then pressed
into the molds and degassed for another 20 min using the
same parameters to remove any remaining entrapped air. The
pressed molds were cured at 135 C for 60 min in an oven
(MTI DZF-6020-HT). The molds were allowed to cool to
room temperature after which the long compression samples
(ASTM D695) were extracted by hand.

The nanocomposite samples i.e. samples with MWCNTs
dispersed in the polymer binder, were fabricated as follows.
Required quantities of MWCNTs were measured as per the
desired weight concentration, relative to the weight of PDMS.
Acetone, equal in weight to the weight of PDMS Part A,
was added to the measured MWCNTSs and mixed thoroughly
using a magnetic stirrer for 5 min at 400 rpm. Being a low-
viscosity solvent, acetone aids in the proper dispersion of the
MWCNTs [14]. The MWCNTs were dispersed in the acet-
one using an ice-water bath sonication (QSonica S00A) with
a 20kHz frequency and 30% amplitude for 1h. After the
first sonication round, measured quantities of PDMS Part A
were added to the acetone-MWCNT solution and mixed for
10min at 400 rpm using a magnetic stirrer. The PDMS(Part
A)-acetone-MWCNTSs mixture was then sonicated for another
hour using the same parameters. After dispersion, the acetone
was extracted from the mixture using a rotary evaporator (IKA
RV 10 Rotary Evaporator) for 90 min using a 75 degree Celsius
water bath. PDMS Part B was then added to the PDMS(Part
A)-MWCNTSs mixture obtained after acetone extraction and
was mixed thoroughly by hand for 5min. Required quant-
ities of the nanocomposite binder were then collected in a
glass beaker. Measured quantities of particulate powders, as
required for the different compositions, were then added to
the MWCNT-PDMS mixture and mixed by hand for 10 min.
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crystals study

Figure 1. Scanning electron microscope (SEM) images of the energetic particulate powders used in this study, showing the distribution of
the particle sizes.

Table 1. Material compositions of all the material systems fabricated in this study.

Material Particulate Particulate Binder Nanoparticle
— UPUBM XU UPUBM XU UPUBM XU XUPGCJOEFS
— "NNPOJVN 1FSDIMPSBIWANJOVN 1PXEF$%.4 .8%$/5T
Neat PDMS — — 100 —

0.8% MWCNT/PDMS — — 99.5 0.8

1% MWCNT/PDMS — — 99.2 1

2% MWCNT/PDMS — — 99 2

AP/PDMS 80 — 20 —

1% MWCNT/AP/PDMS 80 — 19 1

2% MWCNT/AP/PDMS 80 — 18 2
AP/AL/PDMS 64 16 20 —

2% MWCNT/AP/AL/PDMS 64 16 18 2

Subsequent processes for degassing, mold pressing, curing
and sample extraction were the same for the nanocomposite
and neat samples, as described above.

In addition to the neat and nanocomposite samples, a batch
of samples containing just the binder and MWCNTs with
varying concentrations of MWCNTs was also prepared to
study the mechanical and electrical behavior of the binder and
MWCNTs, without the influence of particulate matter. The
fabrication process for these samples was consistent with that
of the neat and nanocomposite samples; the exception being
the addition of particulate powders to the mixture.

Table 1 provides the materials test matrix, for this study.
Figure 2 shows photographs of the long compression samples
for some of the materials mentioned in table 1.

.FDIBOJDBM UFTUJOH

Monotonic compression tests were conducted according to
ASTM D695 in an Instron double-column universal testing
machine (5900 series) using compression plate fixtures and

a SkN load cell. A pre-load of 2N was applied to ensure
complete contact of the sample with the fixture plates. The test
was conducted as a displacement-controlled test with a dis-
placement rate of Smmmin !. Load and displacement data
were recorded for each test. A total of four samples for each
material system were tested. Compressive modulus (automatic
Young’s modulus calculated by Bluehill universal software)
and compressive strength were calculated for each sample of
each material system.

4BNQMF QSFQBSBUJPO GPS FMFDUSJDBM |

The cured compression samples were first sanded down face-
wise using a belt sander (fine grit) such that all the samples had
similar nominal lengths of 40 mm. A flat surface was ensured
after the sanding operation. Sanding also led to a smooth sur-
face enabling proper electrode attachment. A thin coat of high
conductive silver epoxy (MG Chemicals 8330) was applied on
both faces of the long compression sample to minimize contact
resistance. The exposed end of a stripped 30 gauge copper-tin
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Figure 2. Photographs showing long compression samples of neat PDMS, MWCNT/PDMS, AP/PDMS, MWCNT/AP/PDMS,
AP/AL/PDMS, MWCNT/AP/AL/PDMS. As a representation, only one MWCNT weight concentration for all material systems is shown.

Coat of

silver-epoxy

Electrode wire
secured using

Electrode wires

conductive paint

Figure 3. A Neat MWCNT/AP/AL/PDMS compression sample with two electrodes attached to the top and bottom faces. (Inset) Detailed
view of the electrode. Electrodes were placed on both faces (top and bottom) of the compression sample.

wire was then glued on both the faces of the sample using a
drop of conductive paint (Bare Conductive Paint). The elec-
trode wires were then secured on the sample using electrical
tape, and the silver epoxy and conductive paint were allowed to
fully cure at room temperature for 24 h. Figure 3 shows a PBE
compression sample with the electrodes attached. The elec-
trical tape used to secure the wires was carefully removed just
before testing, thus preventing any accidental damage to the
electrodes before testing.

piezoresistive response, only the acquired resistance data was
used. Equation (1) shows the formula for resistance, which
involves material resistivity as well as the sample geometry
parameters,

3= - (D
where 3is the resistance (in Ohms), - is the length of the con-

ductor, " is the cross-section area of the conductor, and is
the material resistivity. The base electrical properties of all the

&MFDUSJDBM DIBSBDUFSJ[BUJPO B O ERiges cpmpressiespppjeprrpfgired to as the “unstrained

UFTUJOH

In this study, all the electrical data was acquired via an LCR
meter (Agilent E4980) using a two-point measurement system,
similar to previous works [13, 17-20]. The electrical data, res-
istance and reactance, was acquired using a 2 Volt AC signal
with a measurement frequency of 100 kHz'. To evaluate the

I'A frequency sweep was performed on the samples and it was observed
that at frequencies of 100 kHz and higher, the electrical measurements were
frequency independent and hence 100 kHz was selected as the measurement
frequency.

electrical properties’) were measured under zero mechanical
strain before electro-mechanical testing. The electrical data
was gathered for 30s and the average resistance was sub-
sequently calculated from the resulting data set. A variance-
to-mean (VMR) ratio was calculated for each material type to
ensure the readings were stable and measurable. More details
are provided in the appendix section.

Electrical data was also gathered during mechanical test-
ing to observe changes in electrical resistance as a function of
strain. The samples were carefully placed between two elec-
trically insulated compression plate fixtures, which were insu-
lated using electrical tape and wooden chips. The open ends of
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the attached electrodes were then connected to the LCR meter
test leads. The compression plates were then lowered to apply
apre-load of 2 N on the sample, thus also firmly pressing down
on the electrode contacts attached to the samples. Due to the
placement of the electrodes on the top and bottom faces of the
sample, the length of the sample is equivalent to the electrical
gauge length. The resistance data was then acquired in con-
junction with the mechanical test. Averaged tangent GFs were
calculated for specific ranges of strain for each sample of each
material system to quantify the change in electrical resistance
as a function of applied strain. Equation (2) shows the formula
used to calculate GFs, which is defined as the change in nor-
malized resistance upon strain.

(r= >3 )

where 3= 3pis the change in normalized resistance (change
in resistance relative to unstrained resistance upon the
unstrained resistance) and " is the mechanical strain.

3. Results and discussion

.FDIBOJDBM QSPQFSUJFT

Figures 4(a)—(c) show the compressive stress—strain curves
obtained for all the materials tested in this study. The solid
lines indicate the mean stress—strain curves, whereas the
shaded regions corresponding with every solid line show the
variation in the data, representing two standard deviations.
Figures 5(a)—(c) show the reduced mechanical data for com-
pressive modulus, strength, and compressive strain at peak
stress presented in the column chart format, where the columns
indicate the mean value and the error bars indicate a variation
of one standard deviation. It can be observed in figure 4(a)
that the nanocomposite (and neat) binder samples exhibit an
initial linear region, followed by strain hardening behavior
until the end-of-test. Rather than sample rupture or failure,
the elastomeric binder samples buckled and slipped out of
the grips and hence a valid compressive strength was not
measured, and thus not reported. This behavior resulted in
abrupt load drops seen in the stress—strain curves at higher
strains. The test was stopped and the load-displacement was
not recorded after the occurrence of such an event. The 1%
and 2% MWCNT/PDMS samples exhibited statistically sim-
ilar compressive modulus compared with the neat binder,
all lying in the range of 2.5-3 MPa. Similar compressive
modulus and variations have been observed in other works
exploring MWCNT/PDMS composites [21-24]. The 0.8%
MWCNT/PDMS samples showed a reduction in the modulus,
with an average value of ~1.56 MPa. The increased compli-
ance in the 0.8% samples can be attributed to the presence of
voids®

2 To avoid constraining Poisson’s expansion of the sample in the lateral dir-
ection due to longitudinal compression, the fixture grips were greased thus
allowing sliding of the sample faces.

3 These voids were discovered post-testing by cutting through all the samples.
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Figure 4. Compression Stress—Strain curves for all the material
systems tested in this study. Neat samples that serve as the baseline
samples for each sub-category (MWCNT/PDMS, MWCNT/AP/
PDMS, and MWCNT/AP/AL/PDMS) are shown with a black solid
line. The shaded regions indicate the variation in the data
representing two standard deviations (4 repeats).

It can be observed from figure 4(b), that the mechanical
behavior exhibited by the MWCNT/AP/PDMS samples dif-
fers significantly from that observed in the MWCNT/PDMS
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Table 2. Unstrained base resistance values and associated variance-to-mean ratios calculated for all the material systems considered in this

study.
Unstrained variance-mean

Material Unstrained resistance ratio

— LIMP OINT L 7.3

Neat binder (PDMS) 450.92 47.35 6.10 3.9

0.8% MWCNT/PDMS 40.29 15.10 1.31 0.7

1% MWCNT/PDMS 27.75 15.06 0.12 0.05

2% MWCNT/PDMS 2348 4.02 5 04) 10°

Neat AP/PDMS 1429.36 481.90 18.26 4.98

1% MWCNT/AP/PDMS 68.72 14.35 (1:15 0:59) 10 5

2% MWCNT/AP/PDMS 12.81 1.92 091 0:16) 10 3

Neat AP/AL/PDMS 63.26 18.06 0:57 0:19) 10 *

2% MWCNT/AP/AL/PDMS 349 0.3 022 0:13) 10 °
s B MWCNT/PDMS normalizeq change %n the res'istfince curve. At 1% MWCNT
g a B MWCNT/AP/PDMS concentration, the signal variation reduces drastically com-
§ w ™ m mwenT/Ar/aLPoms  pared to the 0.8% MWCNT/PDMS. A rough trend can be
¢ E i observed where the resistance value seems to be decreas-
,‘_L:‘?o . . = ing, however, the signal noise prevents a confident assess-
§ :: ment of the electro-mechanical sensing behavior. At 2%, the

MWCNT Weight Concentration, %

Figure 7. Variation of the base electrical resistance as a function of
the MWCNT weight concentration for all the material systems
explored in this study.

armchair, zig-zag, along with average length and diameter, and
purity). Several works in the literature provide the percolation
thresholds for PDMS/MWCNT materials, observing that the
percolation threshold can vary between 0.5 and 10% [13, 17,
18, 21, 28-34].

The VMRs calculated for the MWCNT/PDMS samples
decrease with increasing MWCNT concentration. The aver-
age VMRS for 1% and 2% MWCNT/PDMS samples were cal-
culated as 0.12 and 0:5 10 3, respectively, both of which
are well below the threshold value of 1. Thus the 1% and 2%
MWCNT/PDMS samples exhibit reliable electrical readings
and are considered for further detailed analysis®

Figure 8 shows the change in normalized resistance as
a function of mechanical strain, plotted in conjunction with
the stress—strain curve for neat binder, 0.8%, 1%, and 2%
MWCNT/PDMS samples. The solid line represents the mean
curve while the shaded region indicates the variation. As
indicated by the unstrained VMR for neat binder and 0.8%
MWCNT/PDMS, electrical resistance data has far too much
variation to be able to see any definitive trends for the

6 While the LCR meter can obtain average electrical resistance readings over a
period of time, samples with low conductivity exhibit high variation (as shown
by their VMR values). The average unstrained resistance for Neat PDMS and
Neat AP/PDMS is mentioned in table 2 solely to demonstrate this variation,
and should not be considered as the electrical resistance of the material.

MWCNT weight concentration is well above the percola-
tion threshold, and that can be observed by the reduction
in the signal noise, as well as improvements in the signal
quality. A definitive decreasing trend can be observed, where
the resistance decreases with increasing compressive strain.
Figure 9 shows the electro-mechanical behavior of the 2%
MWCNT/PDMS samples in more detail. The decrease in res-
istance as a response to an increase in compressive strain can
be seen. This is the expected behavior for strain sensing during
compression as can be seen in the theoretical model shown in
figure 137. As the sample undergoes compression, the length,
- decreases, and the cross-section area, " increases due to
Poisson’s ratio of the material; since resistance is proportional
to the geometric factor, -/ ", the overall resistance decreases
during compression. Another possible factor that may influ-
ence change in electrical resistance is the inherent MWCNTs
piezoresistivity, however, its effects and mechanisms are not
well studied in the context of the materials studied in this
work®. The MWCNT/PDMS samples behave very much like
elastomers, and hence, damage is not expected; the decreas-
ing resistance values further confirm this. The tangent GFs
for the 2% MWCNT/PDMS samples calculated for the three
regions of interest are listed in table 3.° At strains lesser than
30%, where the stress—strain response is fairly linear, the GFs

7 Additional information about the theoretical models is presented in
appendix B.

8 The high aspect ratio of MWCNTSs may allow bending, despite their high
modulus value relative to the matrix material, leading to tension and compres-
sion stress states. However, the piezoresistive response can potentially have
competing effects due to the different stress states.

9 Tangent GFs were calculated at 100 points evenly distributed across the
strain range of interest, and then averaged to produce an average tangent GF
value.
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Figure 8. Change in normalized resistance as a function of strain plotted in conjunction with the stress—strain curve for the neat binder and
MWCNT/PDMS samples. The solid lines represent the average value, while the shaded regions represent the variation in the data.

obtained are comparable with those obtained for conventional
metal strain gauges which are typically around 2, though the
MWCNT networks are measuring much higher levels of strain
compared to their metal counterparts [35]. It can be observed
from the GF that at 2% MWCNT weight concentration, the
MWCNT network within the PDMS binder leads to a good
electro-mechanical sensing ability. Consequently, for the more
complex material compositions explored in this study, the
2% MWCNT weight concentrations will be studied in more
detail.

However, this is undesirable as the MWCNT network would
not be very sensitive to mechanical stimuli owing to the
presence of an excessively connected network, which will
be difficult to disrupt without significant material damage. A
very low concentration would also impede sensing as there
will be very few instances of connected conductive path-
ways if any. Thus the ideal concentration and dispersion
would be one where the MWCNTs are sufficiently connec-
ted to form a few conductive pathways such that the form-
ation of new connections or disruptions of initial connec-
tions under deformation causes significant changes in the
observed conductivity. [13, 28-30, 32, 34]. When such a con-

%JTDVTTIJPO PO PSJHJOT PG QJF [P Siitibd i thdtwie MWENUMstMOR M rEferead to as a percol-
JOH GPS .8%/5 1% .4 OBOPDPNQ PHo# {far®J Odtdd 8ekwork of MWCNTSs. With a percolated network, small

composite binder with embedded MWCNT networks, macro-
scale resistance change is driven by the following factors: geo-
metric effect (changes in the -/ " ratio in equation (1)), form-
ation and disruption of conductive pathways in the MWCNT
network, and inherent MWCNT piezoresistivity [14, 15, 36—
41]. The formation and disruption of conductive pathways are
very dependent on the MWCNT weight concentration and
quality of dispersion. A very high concentration of MWCNTSs
would result in a very well-connected MWCNT network.

strains cause large changes in resistance, owing to the changes
in the connectivity of the MWCNT network. This mechan-
ism is the primary driver of macroscale resistance change in
MWCNT/PDMS samples [38, 39]. Figures 10(a) and (b) show
SEM images of the MWCNTs distributed in the PDMS binder
phase of MWCNT/AP/PDMS and MWCNT/AP/AL/PDMS
samples, respectively. These MWCNTs dispersed in the
binder phase are believed to form conductive pathways that
impart low conductivity to the otherwise insulative PDMS
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Figure 9. (a) The electromechanical response of 2% MWCNT/PDMS samples. (b) Theoretical model showing the behavior of a
homogeneous solid under strain and subsequent damage. Detailed information about the theoretical models is presented in appendix B.

Table 3. Average tangent gauge factors (GF) calculated for the
materials systems exhibiting electromechanical sensing behavior.
The negative value of GFs indicates the inverse relation of
resistance with strain, i.e. decreasing resistance with increasing
strain or vice-versa. The positive value of GF indicates a direct
relation between resistance and applied strain.

revealed critical information about the percolation threshold
and weight concentration at which the MWCNT network
can obtain reliable and quality signals. Accordingly, the 2%
MWCNT/AP/PDMS samples were selected to be studied in
detail'’. Figure 11 shows the change in normalized resist-
ance as a function of mechanical strain, plotted in conjunction

Material Strain range C(}?Uge factor with the stress—strain curve for the 2% MWCNT/AP/PDMS

_ samples.

2% MWCNT/PDMS 0-15 2.76 The electrical response for the MWCNT/AP/PDMS
15-30 2.03 samples behaved differently compared to the MWCNT/PDMS
30-45 0.84 samples. There is a small region (approximately <0.8% strain)

2% MWCNT/AP/PDMS 0-5 10 where the resistance shows a plateau, after which the res-
?gjo é777 istance. starts to increase slightly (indic.ated by. the small

29 MWCNT/AP/AL/PDMS 05 19 normalized change Yalue). This oceurs in a region where,
515 94 from the stress—strain curve, elastic behavior is expected
15-40 5.1 (and by extension, a decrease in resistance, similar to the

MWCNT/PDMS samples). Figure 6(a) shows an SEM image
of the microstructure of an MWCNT/AP/PDMS sample
which highlights the distribution of the binder and the AP
crystals. It can be observed that the nanocomposite PDMS
binder forms narrow struts between adjacent AP crystals.
During compression, complex stress states exist within such
heterogeneous MWCNT/AP/PDMS microstructures, with
some regions under compression and some regions under
tension [25, 26, 38, 39]. It is believed that during compres-
sion, some struts experience bending resulting in a distri-
bution of both compressive and tensile strain states which
can have a net-zero effect on local resistance change in

binder [38, 39]. In addition to the inherent nanocompos-
ite piezoresistivity derived from network connection/disrup-
tion, the effects of inherent MWCNT piezoresistivity, where
deformation of the nanotubes themselves can result in orders
of magnitude changes in individual nanotube resistivity, can
also lead to large, nonlinear changes in the nanocomposite
piezoresistive response [37-40]. A combination of all these
mechanisms is responsible for the sensing behavior observed
in MWCNT/PDMS nanocomposite binders [31, 32].

&MFDUSP NFDIBOJDBM TFOTJOH JO 1#& OBOPDPNQPTJUFT
.8%/5 "1 1%.4 TBNQMFT

Based on the electrical results obtained from the

.. . 10 0.8%, and 1% MWCNT/AP/PDMS samples were also studied. However, a
MWCNT/PDMS samples, certain inferences are drawn which § N p

similar trend was observed where the 2% MWCNT/AP/PDMS samples exhib-

shall direct the focus for MWCNT/AP/PDMS samples.
Primarily, the study with the MWCNT/PDMS samples

ited reliable and good electrical sensing behavior, and hence only that data is
presented to avoid repetitiveness.
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(a) Stress-strain curves and normalized resistance curves for

Neat AP/AL/PDMS. (Inset): same plot showed with a re-(b) Stress-strain curves and normalized resistance curves for
scaled right y-axis to allow better visualization of the electrical 2% MWCNT/AP/AL/PDMS.

response

Figure 12. Stress—strain and normalized resistance curves for the aluminized PBE samples. Solid black lines represent the average
stress—strain, while solid red lines represent the average change in normalized resistance. Shaded regions indicate the variation in data

representing two standard deviations.

from ~12 to ~3k for 2% MWCNT/AP/PDMS samples).
Aluminum grains form conductive pathways which are dis-
rupted upon mechanical stimuli. These factors allow the neat
AP/AL/PDMS samples to exhibit sensing driven by changes in
the geometric dimensions of the sample i.e. geometric sensing,
but do not allow for the detection of the micro and macroscale
damage taking place. During monotonic compression, the res-
istance decreases by ~40 % of the unstrained resistance value.
As the strain increases, it can be observed that the noise in the
resistance data recorded increases. However, the average res-
istance values remain fairly unchanged, indicating that the neat
AP/AL/PDMS samples do not have an appreciable increase in
resistance due to damage. This is believed to be due to con-
tinued contact between fractured surfaces of the sample, and
the overall high conductivity of the Aluminum grain network,
which allows electrical conduction to occur even after damage.
The increase in noise may occur due to frequent redirecting of
conductive pathways due to increasing macroscale damage in
the sample as the strain increases progressively.

In the case of the MWCNT/AP/AL/PDMS samples, the
addition of aluminum grains and MWCNTs results in a higher
number of net effective conductive pathways, compared to
MWCNT/AP/PDMS or AP/AL/PDMS, resulting in a higher
conductivity, as shown in table 2. It can be observed from
figure 10(b)(i) that aluminum grains are dispersed in the
binder, in between the large energetic grains, thus forming
conductive pathways with the embedded MWCNTs. Although
higher conductivity may imply lower sensing ability, this was
not observed for the MWCNT/AP/AL/PDMS, indicated by
their high GFs. Prior works indicate that the best sensing is
obtained in the percolation transition region [39, 42, 43] and
it is possible that the aluminum grains, while forming con-
ductive pathways with pockets of local percolation transition
MWCNTs regions, are susceptible to large disruptions due

to disruptions in the MWCNT-phases of the conductive path-
ways. The net effect of such a phenomenon would result in
higher conductivity until the pathways are damaged, at which
point large changes in resistance occur resulting in higher GFs,
as observed in MWCNT/AP/AL/PDMS. Such behavior can
indeed be observed in figure 12, where the resistance increases
up to five times its base value until macroscale failure occurs,
at which point the resistance increases exponentially. The ini-
tial plateau and gradual increase in resistance during the linear
portion of the stress—strain curve is consistent with the beha-
vior of the 2% MWCNT/AP/PDMS samples (0-3% strain).
The GF calculated in this region is 19, which exceeds the GFs
of conventional strain gauges. At ~6% strain where the first
instance of damage can be observed in the stress—strain curve,
the slope of the change in resistance curve increases sharply.
The slope of the resistance curve changes once again during
strain hardening, and with the change in resistance becoming
more gradual (GF reduces from 22.4 to 5.1), similar to the
behavior observed in this region of the stress—strain response
for the MWCNT/PDMS and MWCNT/AP/PDMS samples.
The GFs calculated in these regions are 22.4 and 5.1, respect-
ively (shown in table 3). These GFs indicate the effectiveness
of MWCNT networks as damage sensors during microscale
damage evolution. At ~45% strain, macroscale cracks begin
to appear in the MWCNT/AP/AL/PDMS samples and these
ruptures lead to severe loss in conductivity, as indicated in
figure 12, by the rapid increase in resistance. The signific-
ant amount of overall resistance change observed in the 2%
MWCNT/AP/AL/PDMS samples between 0 and 45% strain
points to the increased electrical sensitivity brought about by
the MWCNT network. Additionally, the MWCNT network
can detect damage and influence the overall bulk resistance of
the material such that the competing geometric effects can be
overcome. Thus, the addition of aluminum, or in other words,
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the addition of a conductive phase in PBEs does not seem
to inhibit the piezoresistive sensing abilities of the MWCNT
networks.

4. Conclusion

An experimental investigation of a real-time, JO TSHMV
system for PBEs is presented. AP is utilized as the primary
energetic particulate, while aluminum powder is added
to simulate the presence of metallic fuel. PDMS is used
as the binder phase. The SHM system is based on the
piezoresistive abilities of embedded MWCNT networks
distributed within the binder phase of PBEs. The SHM
capabilities of MWCNT/PDMS materials were evaluated
to study the binder’s electromechanical response, fol-
lowed by AP/MWCNT/PDMS (inert MWCNT/AP/PDMS)
which assessed the impact of AP addition, and finally,
AP/AL/MWCNT/PDMS (active MWCNT/AP/AL/PDMS)
which evaluated the impact of adding conductive grains such
as aluminum. Electromechanical tests were conducted by
subjecting compression samples (ASTM D695) to monotonic
compression while the electrical resistance was recorded. GFs
were calculated to quantify the sensitivity of the MWCNT
network to mechanical stimuli. It was observed that the 2%
MWCNT/PDMS exhibited excellent strain sensing ability
(GF ~2.76). Damage was not particularly expected to occur
during compression in the MWCNT/PDMS samples since
PDMS exhibits strong elastomeric behavior. Hence, upon
compression the resistance decreased since the conductive
MWCNT network was more compacted, thereby increas-
ing bulk conductivity. The GFs obtained were comparable
with conventional strain gauges. The 2% MWCNT/AP/PDMS
samples exhibited unchanged resistance followed by a non-
linearly increasing resistance value during the linear portion
of the stress—strain curve. The initial response in terms of
GF demonstrated a competition between reductions in res-
istance due to compressive strain sensing and increases in
resistance due to microscale localized damage. Eventually,
microscale damage becomes a more significant factor than
compressive strain sensing leading to large positive increases
in resistance and by extension GF. This is reflected by the
high GFs (17.7 for 2% MWCNT/AP/PDMS) in this region.
It was observed that the microscale damage sensing was able
to detect damage initiation and evolution before the aggregate
effects of such damage could be observed to have a signi-
ficant influence on the stress—strain response. During mac-
roscale damage, large cracks cause massive disruptions in
the electrical connectivity, and hence the resistance sharply
increases. The impact of the presence of conductive grains
was evaluated by adding aluminum to the particulate mix. The
2% MWCNT/AP/AL/PDMS samples, in terms of electrical
sensing, behaved similarly to the 2% MWCNT/AP/PDMS
samples. The addition of conductive grains does not seem to
inhibit the MWCNT network sensitivity. It did however lower
the overall base resistance relative to the non-aluminized
samples which is a practically beneficial characteristic in

terms of the final application. Based on the current results and
observations, a SHM system based on embedded MWCNT
networks shows the potential to address the key issue of dam-
age assessment in PBE materials. Such a system benefits from
real-time damage detection through monitoring the bulk elec-
trical properties, thus representing the entire structure.
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Appendix A. Variance to mean ratio (VMR)

A new measure is introduced to quantify the reliability of elec-
trical measurements of the energetic nanocomposite samples
which are collected using the Agilent A4980 LCR meter.
Electro-mechanical sensing tests require the measurement of
impedance data of the sample under test (DUT) in conjunction
with mechanical strain. Due to the DUT being a bulk mater-
ial rather than an assembly of electrical components, relat-
ively higher electrical noise is expected in the readings. The
amount of noise in the electrical reading depends on several
factors such as experimental setup, CNT weight concentra-
tion, insulation from the fixture as well as ambient statics. The
nanocomposite samples have a percolation threshold for CNT
weight concentration beyond which the electrical readings are
much clearer, measurable, and repeatable. Through the use of
VMRs, the noise in the electrical readings is quantified and a
criterion is set for minimum VMRs for a given electrical signal
to be deemed as reliable.

7.3

The VMR is a simple tool through which the dispersion of
a probability distribution can be quantified. The VMR, also
referred to as the ‘index of dispersion’, is equal to zero when
the measured value is constant. It is exactly equal to 1 in a
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perfect Poisson distribution. If the VMR is >1 then the dis-
tribution is deemed to be over-dispersed, whereas if the VMR
is between zero and 1, then the distribution is deemed to be
under-dispersed. In the purview of the electrical-mechanical
sensing work presented in this dissertation, the VMR shall
be applied to quantify the dispersion of the electrical read-
ing taken for a particular sample at a particular strain level.
If the VMR is less than 1, the electrical readings will be con-
sidered to be stable and reliable, implying that the electrical
data gathered for that sample, can be used to characterize
material behavior. If the VMR is higher than 1, the electrical
readings have a larger scatter and hence the readings may
not be reliable and repeatable, implying that the trends seen
in electrical responses cannot be associated strongly with the
material behavior.

" 1SPDFEVSFUP DBMDVMBUF 7.3T

For a material sample’s electrical readings to be deemed con-
sistent and reliable at a particular strain, the VMR must be
under 1. In this work, two types of VMRSs are evaluated:
unstrained VMR and instantaneous VMR. Unstrained VMR
refers to VMR calculated from the electrical readings taken
when the sample is not under any mechanical strain. An
instantaneous VMR refers to a VMR that is calculated from the
electrical readings taken when the sample is subjected to and
held at a particular level of strain. Typically, the sample will be
subjected to progressively higher levels of strain at which an
instantaneous VMR will be calculated. This is done to ensure
the reliability of electrical readings as the sample is subjected
to various levels of mechanical strain as well as damage.

The following has to be ensured/assumed for a valid VMR
calculation.

1) The data collected must be independent data points; mean-
ing, the outcome of one data point must not affect the out-
come of the next data point. This is true for the electrical
readings gathered for the energetic samples, as long as the
readings are taken at a constant strain level.

2) The distribution of the data must resemble a Poisson distri-
bution. This must be verified for every set of data.

3) The variance and mean must be calculated using the nor-
malized electrical values, and NOT the absolute values.

4) There must be at least 100 data points available to obtain a
valid VMR.

The following formula is used to calculate VMRs
(unstrained and instantaneous)

_ 7BSJBODF

7 :
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To calculate the unstrained VMR, the sample is first laid
on an insulating surface-typically a sheet of silicone rubber
or a wooden plank. Next, the electrode leads attached to the
sample are connected to the LCR meter using banana clips. It
must be ensured that before the leads are connected, OPEN and

SHORT corrections are performed on the LCR meter and an

appropriate cable length correction factor is added (it depends
on how long the leads are). The LCR meter must be set up to
run at 100 kHz measurement frequency, 2 V signal voltage, R-
X readings display, and a ‘short’ measurement period. Once
the connections and setup are verified, the LCR must be run
via the LabView code. R-X data must be acquired for 30 s and
then stopped. This must be done for every sample and material
type. The variance and the mean of the data gathered must be
calculated. The VMR is then calculated by simply dividing the
variance by the mean.

To calculate the instantaneous VMRS, the sample must be
subjected to a ramp-hold-ramp displacement controlled test.
This essentially conducts a mechanical test where the strain is
monotonically increased and then held for a stipulated period
after which is it increased again. The electrical readings must
be gathered in conjunction with the mechanical data. The pur-
pose of the hold phase is to allow the gathering of the elec-
trical signals at a constant strain level to fulfill the assumption
of independent data points. There are two approaches for gath-
ering data to calculate instantaneous VMRs: electrical data is
gathered separately at every hold period or the electrical data
is continuously gathered and then the data corresponding to
the hold period is separated using the associated time stamps.
The VMRs can then be calculated using the same procedure
as for the unstrained VMRs.

Appendix B. Theoretical models correlating change
in electrical properties to applied strain

To understand the expected behavior of the material dur-
ing electromechanical sensing, theoretical models based on
equations describing the resistance, reactance, and impedance
as functions of strain and Poisson’s ratio were developed.
Piezoresistive evolution and piezocapacitive evolution of the
material’s resistivity and dielectric constant, respectively,
were incorporated into the models to understand the influ-
ence these mechanisms may have on the sensing behavior.
For this purpose, informed estimates of the piezoresistive coef-
ficient and piezocapacitive coefficient were used (the former
obtained by fitting the fabricated material’s electrical proper-
ties, and the latter obtained from literature for similar materi-
als). The growth/decline of electrical properties due to piezo-
evolution is implemented such that it makes physical sense for
the test samples considered in this study; i.e the electrical res-
istivity decreases upon compression of the material, and the
dielectric constant increases upon material compression (due
to the arrangement of electrodes on the test samples). In addi-
tion to the piezo-evolution, the influence of damage was also
investigated by incorporating a simple damage evolution for
the electrical properties. A continuum damage evolution was
used with dummy damage variables, which served to simply
demonstrate how the electrical response would be affected if
damage occurred. The damage laws also affect the electrical
properties such that it made physical sense for the test samples
considered in this study; i.e. the electrical resistivity increases
with the occurrence of damage, while the dielectric constant
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decreases until it reaches the value of permittivity of free space
at full damage.

The initial resistance of a material, when it is not subjected
to any mechanical strain, can be defined as follows

where is the material’s initial electrical resistivity, - is the
initial length of the conductor (in this study, that translates to
the distance between electrodes), and the initial cross-section
area. Similarly, the resistance at an th point in time during
testing can be defined using the length, and area at the th
time step. In materials that do not exhibit piezoresistivity,
the value can be assumed as a constant or can be evolved
using a piezo-evolution law. Thus, a 3 expression can be
derived. The length and area can be expressed using mech-
anical strain and Poisson’s ratio. The result of this substitu-
tion is an equation that describes the change in resistance as
a function of strain and Poisson’s ratio [44, 45]. To pseudo-
simulate the occurrence of damage and its subsequent influ-
ence on the electrical properties, a simple continuum damage
model is used, where the material property is arbitrarily and
continually knocked down as the strain increases. This model
can be refined significantly, but to understand the electrical
behavior under damage, it is sufficient.

Similarly, the initial capacitance of a material, when it is not
subjected to any mechanical strain, can be defined as follows

n
SP P

B

where sis the relative dielectric constant, pis the dielec-
tric permittivity of free space, "pand Bpare the initial cross-
section area of the parallel plate capacitor (corresponds to the
cross-section area of the test sample) and distance between the
plates, respectively (which in this study corresponds to the dis-
tance between the two electrodes). The capacitance can further
be expressed in terms of reactance, 9which is the imaginary
component of AC impedance. Reactance can be defined as

$

1

=333

where Gis the measurement frequency. Substituting the
expression for capacitance, $

=3
9= ———
2 Gsp'p

Thus reactance is negatively and inversely proportional to
capacitance, i.e. a large reactance value would indicate a small
capacitance contribution in the total impedance of the sample.
Similar to the resistance, the geometric components of the
reactance expression can be expressed as strain and Poisson’s
ratio, and thus an equation expressing the change in reactance
as a function of strain and Poisson’s ratio can be derived.
Lastly, the change in electrical impedance as a function of
strain and Poisson’s ratio can be calculated using the indi-
vidual expressions for change in resistance and reactance

108
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Figure 13. Theoretical model showing the variation in resistance as
a function of strain. Damage is artificially turned on at 0.1 strain
(marked by the black dot). The symbol indicates piezoresistive
evolution of resistivity is turned on.

derived earlier. The electrical impedance is calculated as paral-
lel circuit impedance (based on how the LCR machine chooses
to derive the real and imaginary components of the imped-
ance). Thus impedance can be defined as

=
l3 2, lg 2
By simply substituting the values of the resistance and react-
ance, the full equation describing the change in impedance as
a function of strain and Poisson’s ratio can be derived.
Figures 13-15 show the change in resistance, reactance,
and impedance plotted as a function of compressive strain. The
following are the initial parameters used to create the graphs

based on the derived models.

1) strain vector: eps = 0:0.01:0.6;

2) damage turns on at 0.4 strain value;

3) evolution of damage variable, alpha = linspace(0,0.999, / -
damonset 100), where / is the length of the strain vector
and ‘damonset is the value at which damage is activated.

4) Poisson’s ratio &= 0.3;

5) piezoresistive coeff ) = 0.99;

6) piezocapacitive coefficient, = 2;

7) geometrical constants length, -0 = 45 mm; Area,
pi (19=4);

8) trial electrical values for resistance, resistivity and dielectric
constant 3 = 100 103k

"o D/ -o (Resistivity at zero strain)

= 1.2; (relative dielectric permittivity constant)
free = 8.85 10 15
measurement frequency ! =2 pi 10°.

o
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Figure 14. Theoretical model showing the variation in reactance as
a function of strain. Damage is artificially turned on at 0.1 strain
(marked by the black dot). The symbol  indicates that the
piezocapacitance evolution of resistivity is turned on.

x10° Sensing Response: Impedance
T T T T T ]
= ¢ OFF damage OFF 1
25k |~ ® ONdamage OFF [
~ = OFF damage ON !
2 = = $ ON damage ON :

0.1 0.2

1
0.3 0.4
Compressive Strain

0.5 0.6

Figure 15. Theoretical model showing the variation in parallel
impedance as a function of strain. Damage is artificially turned on at
0.1 strain (marked by the black dot). The symbol indicates
piezoresistive and piezocapacitance evolution of resistivity is turned
on.

Based on experimental observations, 60% strain is used as
the failure strain, i.e. the sample is fully damaged. The plotted
graphs thus show the variation of electrical properties between
zero and 60% strain. The solid black line indicates that the
piezo-evolution and damage evolution are both turned off. The
solid blue line indicates that the piezo-evolution is turned on,

but the damage is off. The dashed magenta line indicates that
piezo-evolution is off but the damage is turned on. Lastly, the
dashed red line indicates that both piezo-evolution and dam-
age evolution are turned on. In the special case of the reactance
plot (figure 14), the dark green dotted line represents dam-
age evolution and piezo-evolution turned on for the sample
which is being compressed beyond full failure, thus represent-
ing a change in electrical properties due to compression of free
space. It can be observed in figure 13 that piezo-resistive evol-
ution of resistivity increases the non-linearity of the electrical
response, thus making the material more conductive. However,
turning damage on increases the resistance, and thus com-
petes with the piezo-evolution. For the materials under con-
sideration, damage evolution is believed to be more dominant,
and hence the total resistance increases after damage initiates.
The resistance increases to large values as the material dam-
ages more, eventually leading to a theoretical value of infin-
ity at full damage. A similar trend is observed in the react-
ance, where the piezocapacitive evolution increases the non-
linearity in the reactance change, while damage decreases it.
Eventually, the reactance values are dominated by the permit-
tivity of free space as damage increases to its maximum value.
Compressing a sample beyond full failure, essentially mean-
ing compressing free space, only exhibits electrical property
variation as a result of geometric changes (change in distance
between the electrodes). These responses are combined in the
impedance response. Since the parallel impedance formula has
the resistance and reactance in the denominator, for the test
values considered, the impedance response is dominated by
the resistance. However, this is a good approximation since
samples that exceed the percolation concentration of CNT net-
works are best at sensing, and these samples also have an
impedance that is resistance-dominated. In figure 15 it can be
seen that during the strain sensing region, the impedance value
decreases as no damage is taking place and the piezo-evolution
decreases the resistance. However, as soon as damage is turned
on, it dominates the response leading to an increase in the
impedance values, reaching very high values towards the end
where the sample undergoes full damage. These expected elec-
trical responses are meant to help understand the experimental
behavior observed during the electro-mechanical sensing tests
presented in this document.
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