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Letter from the Guest Editor—Dr. Jandro L. Abot

Dear Colleagues:

Several nondestructive evaluation and structural health monitoring techniques are available to inspect and ensure the reli-
ability of composite materials and structures. However, most of them are complex, expensive, and require the structural compo-
nent or vehicle be taken out of service for inspection. There is thus a significant need for novel sensing concepts and approaches
in composite materials that are able to provide information about the structure without the need for complex external equip-
ment. Ideally, miniaturized integrated sensors that were able to detect microscale damage or incipient failure would facilitate
the development of structural health monitoring techniques that could be implemented in actual structures.

The Journal of Multifunctional Composites is dedicated to identifying and publishing original work on multifunctional
materials and structures including experimental, analytical and computational studies of multifunctional composites covering
topics such as design and manufacturing; processing and transport; characterization and properties; interface and damage me-
chanics; microstructural characterization; modeling and simulation; testing; performance and commercial applications. Sensing
in composite materials, in particular, is critical to ensure their integrity and detect any damage that may lead to the failure of a
component or structure. The goal of this Special Issue is to present about novel sensor concepts, experimental techniques and
modeling approaches to monitor strain or detect initiating damage in composites including some preliminary results that show
the feasibility of the proposed concepts.

The six articles in this Special Issue focus on piezoresistive-based and integrated sensing in three types of polymeric com-
posites including nanocomposites, nano/micro hybrid composites and microfiber laminated composites. They demonstrate the
ability to monitor damage and failure and constitute an advancement towards self-sensing in composites. In some cases, the
sensitivity of the proposed techniques allows the prediction of impending damage and could be used for actuation purposes
also. Certainly, significant challenges remain regarding the achievement of simplicity and robustness of these techniques and
crucially, their ability to relay structural health data in real time and without requiring a baseline. Sensing approaches that are
based on piezoelectric, capacitive, optical, thermal, magnetic or others effects may be complementary and considered in the
future. Success in these sensing endeavors may lead to a qualitative leap in the maintenance of composite structures, which
could be instead based on the actual condition of the structure and not its amount of use.

Sincerely yours,

Jandro L. Abot, Ph.D.

Associate Professor, Department of Mechanical Engineering
The Catholic University of America

E-mail: abot@cua.edu

Office: G21 Pangborn Hall

Mail: 620 Michigan Ave. NE

Washington, DC 20064

Telephone: (202) 319-4382

Facsimile: (202) 319-5173

URL: http://faculty.cua.edu/abot

© 2015 DEStech Publications, Inc. All rights reserved.
doi:10.12783/issn. 2168-4286/3.1 169
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Tailored Self-sensing of Failure Mechanisms in Glass Fiber/Carbon Nanotube/Vinyl
Ester Multiscale Hierarchical Composites Loaded in Tension
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The damage sensing capabilities of a glass fiber/carbon nanotube/vinyl ester multi-
scale composite containing a tailored electrically conductive network of multiwall car-
bon nanotubes (MWCNTS) is investigated. The tailored MWCNT network is achieved
by manufacturing the composite into two architectures depending on the location of
the MWCNTs within the composite: (1) randomly dispersed within the matrix, or (2)
deposited onto the glass fibers. The former architecture was achieved by dispersing
MWCNTSs within the uncured vinyl ester resin, while the later architecture by depositing
MWCNTSs onto the glass fibers by using an ultrasonic-aided dipping deposition method.
The damage sensing capabilities of the composite were investigated under quasi-static
tension loading by using specimens with fibers oriented at 0° and 90° with respect to
the load direction for both composite architectures. In situ measurements of electrical
resistance while loading the composite show distinctive features, which allow discern-
ing between fiber breakage from matrix or fiber/matrix interfacial damage, depending
on the composite’s architecture and failure mode.

© 2015 DEStech Publications, Inc. All rights reserved.

1. INTRODUCTION

The use of fiber reinforced polymer composites (FRPCs)
has progressively increased for acrospace, marine, automo-
tive and renewable energy industries, due mainly to their
corrosive resistance and high specific strength and stiff-
ness [1-3]. However, during their service life, such com-
posites are subjected to certain loading conditions that risk
their structural integrity and performance. This demands
the development of structural health monitoring (SHM)
techniques that provide live information. A promising ap-
proach for SHM of FRPCs consists in making the composite
sensitive or “intelligent”, providing information on its own
structural health status [4,5]. One of the most promising

*Corresponding authors. E-mail: jesuskuh@live.com.mx, faviles@cicy.mx,
Tel: (+52) 999 9438330 (Ext 388)

© 2015 DEStech Publications, Inc. All rights reserved.
doi:10.12783/issn. 2168-4286/2.4/Ku-Herrera

techniques of in situ SHM of FRPCs consists in making the
composite electroconductive and piezoresistive, i.e. for an
applied stress/strain the composite experiences changes in
its electrical resistance which can be correlated to its state of
stress/strain or structural damage [1,4,6—13]. With this aim,
several approaches have been used to obtain polymer com-
posites with strain and damage sensing capabilities, earlier
by using carbon fibers [10] and, more recently, other elec-
troconductive nanofillers such as carbon nano-fibers [14],
carbon black nanoparticles [15], carbon nanotubes (CNTs)
[4,7,8,13—15] and exfoliated graphite oxide [16]. In the par-
ticular case of carbon nanotubes, by the addition of small
amounts of CNTs (typically <1 wt %) into a polymer matrix,
an electrically percolated network can be obtained, sensi-
tive to stress and strain. Given that the dimensional scale
of CNTs are three orders of magnitude smaller than that of
conventional structural fibers, they can be used to fabricate
minimally invasive multiscale hierarchical composites [4,7].

171
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Since the failure mechanisms of advanced composites are
complex and depend on the loading scenarios, it is desirable
that the multiscale hierarchical composite provide specific
information on the damage occurring at the matrix, fiber or
fiber/matrix interface. In this sense, although several works
have implemented this technique [7,17], limited research
has been devoted to tailor the sensitivity of the electrical
network for specificity, i.e. to be more sensitive to damage
of the matrix, fiber or their interface. The selectivity in sens-
ing fiber or matrix damage using CNTs has not yet been fully
achieved. Furthermore, the relationship between the damage
mechanisms occurring at the nano- and microscales and the
macroscopic changes of electrical resistance at the compos-
ite level is not yet fully understood. Given this motivation,
this work investigates the capability of multiwall carbon
nanotube (MWCNT)/glass fiber/vinyl ester composites with
a tailored electrical MWCNT network, to self-sense damage
when the composite is subjected to quasi-static tension load-
ing, identifying the failure mechanisms. In order to tailor the
composite’s electrical sensitivity, the multiscale hierarchical
composites are manufactured into two architectures depend-
ing on the location of the MWCNTs: (1) with MWCNTs ran-
domly dispersed within the matrix, and (2) with MWCNTs
deposited onto the glass fibers.

2. MATERIALS AND METHODS

2.1. Materials

Commercial E-glass fibers (Owens Corning, Ohio, USA)
with an average diameter of 15 um and density of 2.54 g/cm?
in the form of fiber tows (~4000 filaments/tow) were used
in this study. Commercial multiwall carbon nanotubes with
purity > 95%, 30-50 nm outer diameter, 5-10 nm inner di-
ameter, and a length distribution with a spread of 1-6 um
were used. The MWCNTs were oxidized using a solution
of H,SO,/HNO; at 3.0 M for 2 h, following the procedure
reported in Ref. [18]. An epoxy vinyl ester Hetron 992 FR
resin from Ashland composites (Dublin, Ohio, US) was used
as the thermosetting matrix for composite manufacturing.
Cobalt naphthenate (CoNap) in a proportion of 0.2 wt % and

®
/A /ZX
Glass
fibers

MW

CNTs

R

— “ﬁ’niﬁ
‘C’\‘Zr,

LGAAR T

~H 5

<5
N
-

‘7

N

/\/‘_\

0.6 wt % of methyl ethyl ketone peroxide (MEKP) were em-
ployed to manufacture the composites.

2.2. Carbon Nanotube Deposition onto Glass Fibers

The composites investigated here comprise of two archi-
tectures depending on the location of the MWCNTs in the
composite. One of such architectures consisted in having
MWCNTs bonded to the surface of the glass fibers prior to
composite manufacturing. For such a configuration, a prereq-
uisite is to deposit the MWCNTs onto the glass fibers, which
was achieved following the procedure depicted in Figure 1.
First, 70 mg of MWCNTs were added to 1 L of deionized
water (step 1) and dispersed for 2 h using an ultrasonic bath
(step 2) operated at 42 kHz and 70 W. Following these steps,
14 g of glass fibers (14 cm long tows) were immersed in the
MWCNT/water solution (step 3). This mixture was further
dispersed in the same ultrasonic bath for 2 h (step 4). Final-
ly, the glass fibers with deposited MWCNTs were removed
from the closed container (step 5) and dried in a convection
oven at 100°C overnight (step 6).

2.3. Scanning Electron Microscopy

The morphology of the glass fibers before and after MW-
CNT deposition as well as the fractured surface of the mul-
tiscale composites after mechanical testing were analyzed
by scanning electron microscopy (SEM). For the analysis
of fibers, a sample of a randomly selected glass fiber tow
was fixed onto a SEM support using conductive carbon tape,
and micrographs were taken at different magnifications. Af-
ter the quasi-static tensile characterization up to fracture of
the hierarchical composite (either with MWCNTs bonded to
the glass fibers or located within the matrix), the fractured
specimens were also analyzed by SEM. The conventional
(1,2,3) material coordinate system was used to indicate the
fiber (1), in-plane transverse (2) and through-the-thickness
(3) directions, see Figure 2. Specimens with fiber direction
aligned with the load direction [0° specimens, Figure 2(a)]
and perpendicular to the load direction [90° specimen, Fig-
ure 2(b)] were investigated. Following this convention, the
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Figure 1. Ultrasonic procedure used to deposit MWCNTs onto glass fibers.
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Figure 2. Schematic of the fractured specimens analyzed by SEM. (a) 0° specimen, (b) 90° specimen.

SEM examination was conducted over the 1-2 plane of the
broken 0° specimens [Figure 2(a)], and on the 1-3 plane for
the 90° specimens [Figure 2(b)].

2.4. Electrical Resistance of Single Glass Fibers with
Carbon Nanotubes

One key challenge in this research was to achieve suf-
ficient electrical conductivity on the fibers through the de-
position of MWCNTs. Therefore, the electrical resistance of
individual fibers and fiber tows (~4000 filaments/tow) was
characterized. For individual glass fibers, the electrical re-
sistance was measured as a function of the electrode separa-
tion, employing 1 mm, 3 mm and 5 mm electrode separation.
For this purpose, 10 individual glass fibers were randomly
selected from a tow and cut to a 10 mm constant length. Fol-
lowing this, 2 mm long electrodes were instrumented using
conductive silver paint leaving 1 mm, 3 mm or 5 mm elec-
trode separation as depicted in Figure 3. A Keithley 6517B
electrometer was used for DC electrical resistance measure-
ments.

For the electrical resistance measurement of the glass fi-
ber tows, 10 samples consisting of 40 mm long glass fibers
tows with 10 mm long electrodes placed 20 mm apart (gage
length of 20 mm) were used.

2.5. Composite Manufacturing

In order to tailor their electrical sensitivity, the hierarchi-
cal composites were manufactured following the two archi-
tectures illustrated in Figure 4, viz. with MWCNTs random-
ly dispersed within the vinyl ester matrix (“architecture m”),
and with MWCNTs bonded to the glass fibers (“architecture

I

Unidirectional composite laminates have well recognized
failure modes under quasi-static tension loading and were
thus selected for this investigation. To manufacture the mul-
tiscale laminate, a layup consisting of three layers of 14 cm
long glass fibers was used. For the composite architecture m,
the preform was made of as-received glass fibers, while for
architecture f, the preform was made of glass fibers covered
with MWCNTs.

Both composite architectures defined in Figure 4 were
manufactured by vacuum assisted resin transfer molding.
For the composites with architecture m, a modified matrix
with dispersed MWCNTs was used to impregnate the neat
glass fiber preform. Such a matrix containing the dispersed
MWCNTs was obtained by mixing 0.5 wt % of MWCNTs
with the vinyl ester resin prior to infusion. The dispersion

Silver paint
electrode

Silver paint

et Effective length

-2 mm*is mm4>$<75mmf>

= _ _
~2 mm = 3mm-—»2 mm
jr— fommm— je—

~= 2 mm-»{1 mmﬁ2mm»{
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Figure 3. Specimens used for electrical resistance measurements
of individual glass fibers with deposited MWCNTs.
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Figure 4. Multiscale hierarchical composite architectures. (a) Composite architecture m, MWCNTs dispersed within the matrix, (b) composite

architecture f, MWCNTs deposited onto the glass fibers.

of MWCNTs in the vinyl ester prior to infusion and curing
was conducted following the procedure depicted in Figure 5.
This procedure consisted in mixing 0.5 g of oxidized MW-
CNTs in 100 g of the vinyl ester resin and homogenizing this
mixture for 1 h using a mechanical stirrer. Then, the MW-
CNTs were dispersed within the vinyl ester using and ultra-
sonic bath operated at 42 kHz an 70 W for 2 h.

For the composite architecture f, a conductive mixture of
MWCNT/vinyl ester with a concentration of 0.5 wt % MW-
CNTs was applied at the ends of the preform, to promote
electrical contact among fibers and to consolidate the elec-
trodes. Then the glass fiber preform with the defined elec-
trodes was impregnated with neat vinyl ester resin (without
MWCNTs) by resin infusion. The resin was infused into the
fiber preform assisted by vacuum at a rate of 10 mL/min.
The laminate was left for curing at room temperature for
2 h, then taken out of the mold and postcured for 4 h at 82°C
in a convection oven.
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2.6. Specimen Instrumentation

The specimen's instrumentation for the electromechani-
cal characterization involved tabbing the laminates, bonding
strain gages and electrodes instrumentation. The specimens’
dimensions and instrumentation are schematized in Figure 6.
For the fibers aligned with the load direction (0° specimens),
30 mm long tabs made of glass fibers/epoxy were adhesive-
ly bonded at the ends of the laminate [Figure 6(a)], while
20 mm long tabs were used for the specimens with fibers
aligned perpendicularly to the loading direction [90° speci-
mens, Figure 6(b)]. 0° and 90° tensile specimens were ob-
tained by cutting the hierarchical composite laminates with
dimensions scaled down (ratio of 1:2) from the dimensions
recommended by the ASTM standard D3039 [19]. The 0°
specimens were 120 mm long and 7 mm wide, with a thick-
ness of ~1.0 mm defined by the 3 laminas employed. Like-
wise, the 90° specimens were 90 mm long, 12 mm wide and

=

MWCNT dispersion

Figure 5. Procedure used to disperse MWCNTs within the vinyl ester resin prior to resin infusion and curing for composite with architecture m.

MWCNT/vinyl ester
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Figure 6. Tensile specimens dimensions and instrumentation. (a) 0° specimen, (b) 90° specimen.

~1.0 mm thick. A silver paint strip was placed on each end of
the specimen, close to the end tabs as indicated in Figure 6.
Notice that silver paint is placed all around the sample ends
at the onset of the tabbed region, leaving the gage length as
the effective distance between electrodes.

2.7. Mechanical Testing

A Shimadzu AG-I universal testing machine was em-
ployed for quasi-static tensile loading up to failure using a
20 kN load cell as force sensor for the 0° specimens, and a
5 kN load cell for the 90° specimens. The crosshead dis-
placement rate was 1 mm/min for all tests. The specimens’
strain was recorded by means of unidirectional strain gages
using a Vishay P3 strain indicator. The change in electrical
resistance (AR) of the sample was measured during testing
using an advanced Agilent SMU 2911A source-meter, syn-
chronizing all instruments using an in-house data acquisition
software. Four replicates per group of the 0° and 90° speci-
mens for each composite architecture, were tested. The axial
stress (o}, 0,), longitudinal or transverse strains (g, &,) and
the electrical resistance (R) of the samples were acquired si-
multaneously.

3. RESULTS

3.1. Characterization of Glass Fibers with Deposited
Nanotubes

3.1.1. Morphological Analysis

Optical and SEM micrographs of a representative tow of
glass fibers, both with and without deposited MWCNTs, are
shown in Figure 7. The tows of the as-received glass fibers
show the typical white color at the macroscale [Figure 7(a),
left], and a relative smooth surface [Figure 7(a), center and
right]. After deposition of MWCNTs, the glass fibers appear
uniformly black at the macroscale [Figure 7(b), left], indi-
cating the uniform presence of MWCNTSs on their surface.
Microscale SEM images [Figure 7(b), center and right] con-
firm the presence of the MWCNTSs, which are rather uni-
formly distributed onto the glass fibers.

3.1.2. Electrical Resistance

The as-received E-glass fibers are electrical insulators
with a volume resistivity in the order of ~10% Qcm [20]. A
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(b)

Figure 7. Optical and SEM images of the glass fibers before and after MWCNT deposition. (a) As-received glass fibers and (b) glass fibers with

deposited MWCNTs.

key property for damage sensing of the glass fibers with de-
posited CNTs is to form a continuous electrically percolated
network. To investigate this issue, the electrical resistance
(R) of individual fibers as a function of the electrode separa-
tion was measured, and the results are shown in Figure 8.

In general, the electrical resistance of individual fibers
containing MWCNTs was in the order of 1-103 MQ, as seen
in Figure 8. A similar range of electrical resistances and
scattering values has been reported for glass fibers with de-
posited MWCNTSs in Ref. [21], using either electrophoretic
or dip deposition. In the current work, the lowest measured
electrical resistance is ~1 MQ, corresponding to an elec-
trode separation of 1 mm (Figure 8). When the electrodes are
3 mm apart, the electrical resistance increases to ~10-100
MQ. For an electrode separation of 5 mm, the electrical
resistance is in the order of ~10 MQ-1 GQ. Additionally,
the electrical resistance of tows of glass fibers (~4000 fila-
ments) containing MWCNTs was also measured. In spite of
the scattered values of the electrical resistances of individual
glass fibers, when the fibers are arranged in tows, the aver-
age and standard deviation of the measured electrical resis-
tance of 10 samples with 20 mm electrode separation was
0.55 £ 0.06 MQ. The decrease in electrical resistance of the
fiber tows and the significantly lower scatter with respect to
the measured electrical resistance of individual fibers are as-

sociated to the formation of additional conductive pathways
from lateral contacts between adjacent fibers. These results
indicate that a conductive MWCNT network was achieved
on the glass fibers, and such MWCNT-coated glass fibers
are suitable to manufacture composites with damage sensing
capabilities.

10°
°
[ ]
2 -
10 g .
© . .
10"} . s
8 °
:
10° H N L N N
o 1 2 3 4 5 6

Distance between electrodes (mm)

Figure 8. Electrical resistance of individual glass fibers with depos-
ited MWCNTs as a function of the distance between electrodes
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3.2. Analysis of the 0° and 90° Fractured Specimens
and Confirmation of MWCNT Location

3.2.1. Analysis of Fracture Surfaces

In order to analyze the fracture mechanism of the speci-
mens, macroscopic images and SEM micrographs were
taken from the fractured specimens tested under tension
as indicated in Figure 2. The final fracture of a unidirec-
tional composite is the result of the accumulation of vari-
ous mechanisms such as fiber fracture, transverse matrix
cracking, longitudinal matrix cracking and/or fracture of the
fiber-matrix interface. Those mechanisms develop accord-
ing to the nature of the materials and conditions of the me-
chanical loading imposed [22]. In general, for unidirectional
90° specimens, the fracture is produced by matrix fracture
or by debonding of the fiber/matrix interface. If the fiber/
matrix interface is strong, the failure mechanism is matrix-
dominated, since the tensile strength of the matrix is reached
before the interfacial shear strength of the fiber/matrix in-
terface. In contrast, when the fiber/matrix interface is weak,
the failure occurs mainly due to the shear stress developed
at the interface region, which reaches the interfacial shear
strength of the fiber/matrix. Figure 9 shows the 90° fractured
specimens for composite architecture m [Figure 9(a)] and
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composite architecture f'[Figure 9(b)]. In Figure 9(a) (left),
two arrows indicate the failure region of the specimen (plane
1-3). At higher magnifications [Figure 9(a) center and right],
the region at the glass fiber/matrix interface shows that the
specimen failed due to fiber/matrix debonding and due to the
formation of cracks in the interface region, which suddenly
propagated through the matrix given its brittle nature [23].
Similarly, a representative 90° fractured specimen of the
composite architecture f'is shown in Figure 9(b). SEM ob-
servations of the specimen’s fracture surface show debond-
ing of the fiber/matrix interface, suggesting that the compos-
ite also failed due to a weak interface.

Figure 10 shows a representative 0° fractured specimen
for architecture m [Figure 10(a)] and architecture f [Fig-
ure 10(b)]. For both architectures, broken fibers and shat-
tered failure are clearly seen in the macroscale pictures of
Figure 10 (left). Fiber breakage is also evident in the SEM
micrographs of Figure 10 (center and right). Fiber fracture
produces stress concentrations in the vicinity of the fracture
which propagates the crack through the matrix, if the matrix
is not capable to absorb the energy released [22]. For ar-
chitecture m, at a higher magnification [Figure 10(a), right],
some MWCNTs protruding from the matrix further confirm
the tailored MWCNT location within the polymer matrix.
For architecture f, at a higher magnification [Figure 10(b),

(b)

Figure 9. Fracture surface of the 90° specimen. (a) Composite architecture m, (b) composite architecture f.
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Figure 10. Fracture surface of the 0° specimen. (a) Composite architecture m and (b) composite architecture f.

right], a number of MWCNTs are observed on the fiber, indi-
cating the success of the intended location of the MWCNTs
within this composite.

3.3. Self-sensing of Failure Mechanisms in Composites
3.3.1. Failure of 90° Specimens

The strain and damage sensitivity of both composite ar-
chitectures (“f” and “m”, see Figure 4) to detect either ma-
trix and/or fiber/matrix interfacial failure mechanisms was
investigated by subjecting the 90° samples to quasi-static
tension loading up to failure. The representative axial stress,
which is transverse to the fibers (o,, left axis), and normal-
ized change in electrical resistance (AR/R,, right axis) vs.
transverse strain (g,) of the 90° specimens under tension
loading for both composite architectures are shown in Figure
11(a) (architecture m) and 11(b) (architecture f). Plotting the
normalized change in electrical resistance (AR/R,), instead
of just AR, enables the analysis of different specimen re-
sponses regardless of the initial electrical resistance (R). In
the electromechanical behavior (AR/R,, vs. &,), the normal-
ized change in electrical resistance of the 90° composites for
both architectures experiences a quite linear trend with the
applied strain, and follows closely the stress-strain behavior

up to fracture. For these composites with fibers oriented at
90° with respect to the loading direction, there is no sud-
den change in stress (associated to fiber break up), i.e., fiber
break up did not occur (see Figure 9) and the concomitant
AR/R, signal also does not present abrupt changes. The AR/
R, vs. &, curves of Figures 11(a) and 11(b) are also quite
smooth, which is associated to the deformation of the elec-
trically percolated network within the composites (on the
fibers for composite architecture f'and within the matrix for
architecture m). Therefore, the electrical signal is consistent
with the mechanical behavior and with fiber/matrix interface
and matrix failure mechanisms observed in Figure 9.

Given this mechanical behavior and the coupled increase
of R with increased strain, the linear relationship between
AR/R and ¢, of up to fracture of the 90° specimens in Figure
11 is considered piezoresistivity. This allows to quantify the
sensitivity of the composite material by a metric known as
the gage factor (K), defined as the slope of the AR/R, vs. ¢,
curve. The average and standard deviation of the gage fac-
tors for 90° specimens (Ky;) and 0° specimens (K, to be
discussed in Section 3.3.2) calculated from four replicates
loaded in tension are listed in Table 1.

Both composite architectures are capable to self-sense
their own deformation up to failure, although a higher sen-
sitivity to strain for the 90° specimens was experienced by
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Figure 11. Representative mechanical (solid squares) and electromechanical (hollow circles) responses of the 90° specimens. (a) Composite

architecture m, (b) composite architecture f.

the composite architecture f. The highest average gage factor
was Ky, = 19.3, corresponding to the 90° composite with
MWCNTs deposited onto the fibers. This gage factor is ~9
times higher than the gage factor of commercial metallic
strain gages. The higher (average) sensitivity (Kq, = 19.3) of
the composite architecture f with respect to that of the com-
posite architecture m (Kqy = 12.6) in 90° composites may
be attributed to the increase in the fiber-to-fiber transverse
distance with applied load, which is not very relevant for
changes in R when the nanotubes are dispersed within the
matrix (architecture m). For the composite architecture m,
changes in R are mainly attributed to the deformation of the
MWCNT network located within the polymer matrix. On
the other hand, for the composite architecture f, changes in
R upon loading come not only from the deformation of the
MWCNT network formed on the fibers, but also from the
increase in the transverse distance between adjacent glass
fibers (covered with MWCNTs). As seen from Table 1, the
gage factors of both composite architectures have a rela-
tively small standard deviation, since the conductivity of the
specimens comes from the fiber tows, rather than from indi-
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vidual fibers. As seen in Figure 9, failure of the 90° speci-
mens is a matrix/interface dominated process.

3.3.2. Failure of 0° Specimens

The electrical sensitivity to fiber failure of the tailored
composites was investigated by using 0° composites, i.e.
unidirectional composites with the continuous fiber oriented
along the fiber direction. Representative electromechanical
behavior of the 0° specimens for both composite architec-
tures is shown in Figure 12(a) (architecture m) and 12(b)
(architecture f).

As for Figure 11, in Figure 12 the longitudinal stress (o,
left vertical axis) and the normalized change in resistance
(AR/R,, right vertical axis) are simultaneously plotted as
functions of the applied longitudinal strain (¢,). For com-
posite architecture m, Figure 12(a), the initial linear increase
in electrical resistance at low strain (g, < 0.5%, region a-b)
is dominated by the elastic deformation of the composite,
and hence can be considered piezoresistivity. The average
gage factor of the 0° specimen of architecture m calculated at

Figure 12. Representative mechanical (solid squares) and electromechanical (hollow circles) responses of the 0° specimens. (a) composite

architecture m and (b) composite architecture f.



180 J. KU-HERRERA, B. PINTO, V. LA SAPONARA, R. CASTRO and F. AVILES

Table 1. Gage Factors for the 90° Specimens (Ky,)

Calculated at €, = 0-0.1% and for the 0° Specimens

(K,) Calculated at &, = 0-0.5% for Both Composite
Architectures.

Gage Factor

Composite Architecture Ky K,
Architecture m 126 +£2.3 52+04
Architecture f 19.3+1.6 27+0.6

& =0-0.5 % is K, = 5.2 (see Table 1), twice the gage fac-
tor of commercial metallic strain gages. For small deforma-
tions, the tensile strain applied to the composite deforms
the electrical percolating network of the MWCNTs located
within the matrix, inducing a change in electrical resistance
of the composite at the macroscale. With small oscillations,
the electrical resistance of the composite continues increas-
ing rather linearly until & ~2.7% [point ¢ in Figure 12(a)],
when a sudden increase in R is observed, just before the fi-
nal collapse of the specimen [point d in Figure 12(a)]. This
sudden increase in R is associated to (late) fiber breakage
immediately followed by collapse. For the composite archi-
tecture f [Figure 12(b)], the initial linear region [g; < 0.5%,
region a-b in Figure 12(b)] can also be attributed to piezore-
sistivity. The sensitivity of this composite architecture in the
linear region (K, = 2.7) is lower than that of the composite
architecture m in the same region (K, = 5.2), but is still in the
range of the gage factor of commercial metallic strain gages
(K ~2). For small deformations, the tensile strain applied to
the composite equally stretches the matrix and fibers, which
modifies the separation of the MWCNT network on the fi-
bers, yielding an increase in R. From point b to ¢ (0.5 < ¢,
< 1.5), relatively small changes in R are observed in this
composite until &, ~1.5 %, when an abrupt increase in R is
observed [point ¢ in Figure 12(b)]. This abrupt increase in R
is associated to the onset of fiber breakage. Thereafter, the
fibers continue to randomly break until the final collapse of
the composite [point d in Figure 12(b)]. This failure mode
detected by the electrical signal (fiber breakage) coincides
with what is expected for a 0° specimen [22] and with the
failure mode indicated by the post-mortem observations of
Figure 10. Notice that the onset of fiber breakage detected by
the composite with architecture f'at ¢, ~1.5 % is not clearly
detected by the composite with architecture m. Rather, the
composite with architecture m does detect fiber breakage,
but only once the stress/strain level is close to composite
collapse. For composite architecture m, since the MWCNT
network is within the matrix, only when enough fiber break-
age induces significant damage in the surrounding matrix, an
important change R is observed [see Figure 12(a)]. Optical
and SEM observations (Figure 10) support the hypothesis
that for the composite architecture funder axial tensile load-
ing, glass fibers breakage is followed by the disruption of

effective conductive pathways, which induce macroscopic
changes in the electrical resistance of the composite. There-
fore, even though both hierarchical composite types are able
to self-sense their own deformation and damage, the com-
posite with MWCNTs on the fibers is more sensitive to de-
tect the onset of fiber breakage.

4. CONCLUSIONS

A multiscale glass fiber/multiwall carbon nanotube/vi-
nyl ester composite with a tailored location of electrically
conductive multiwall carbon nanotube (MWCNT) network
was developed. Such hierarchical composites were manu-
factured with two architectures distinguished by the location
of the carbon nanotubes, viz. (1) within the matrix, (2) on the
glass fibers. The capability of these composite architectures
to self-sense their own strain and damage was investigated,
identifying the corresponding failure mechanisms under
uniaxial quasi-static tension loading. A homogeneous depo-
sition of MWCNTs onto the glass fibers was successfully
achieved and used to manufacture composites with such an
intended architecture. The electrical resistance of 1-5 mm
long individual glass fibers with MWCNTs on their surface
was in the order of 1-10° MQ. The tows of glass fibers with
20 mm electrode separation showed an electrical resistance
<1 MQ. Analysis of the specimen’s fracture surface showed
that for laminated composites with fibers oriented 90° with
respect to the loading direction, composite failure initiated at
the fiber/matrix interface and propagated through the matrix,
while for the unidirectional composites whose fibers were
aligned along the loading direction (0° specimens) the main
failure mechanism was fiber breakage. In the tensile electro-
mechanical characterization of laminated composites with
fibers oriented 90° with respect to the loading direction, a lin-
ear piezoresistive response was observed, dominated by the
matrix strain. Both composite architectures (with MWCNTs
within the matrix or on the fibers) were able to sense their
own strain up to failure and the highest gage factor (19.3 +
1.6) was observed for the composites where the MWCNTs
are located onto the fibers. For the 0° unidirectional com-
posites whose continuous fibers were aligned with respect
to the loading direction, both composite architectures were
also able to self-sense their own strain and damage; how-
ever, the composites with MWCNTs deposited on the fibers
capture more adequately the onset of fiber breakage than the
composites with MWCNTs dispersed within the matrix. The
hierarchical composites developed in this research provide a
promising alternative to real time detection of strain, prema-
ture and severe damage of advanced composites.
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The strain and damage sensing capabilities of a carbon fiber/epoxy composite sub-
jected to monotonic and incremental cyclic flexural loading is investigated using the
electrical resistance approach. The piezoresistive sensitivity of the carbon fiber/epoxy
composites were first characterized using rectangular cross-section specimens and
then application of the electrical resistance approach was extended to an I-shaped
cross-section laminated composite. The change in the electrical resistance of the spec-
imens was simultaneously monitored on both the tensile and compressive sides while
the specimens were tested under flexural loading. On the tensile side, the positive elec-
trical resistance change (AR) showed a linear trend for small deformations (less than
0.3% strain) and increased in a nonlinear fashion for larger deformations. In contrast to
the tensile side, AR on the compressive side showed a nonlinear and non-monotonic
behavior. Initially, AR decreased for low values of deformation (less than 0.3% strain),
leveled off at the onset of the specimen’s compressive failure, and then increased up
to complete failure. Correlations between abrupt changes in AR and indications of
composite damage are confirmed with scanning electron microscopy. Carbon fibers
in both rectangular and I-shaped cross-section carbon/epoxy specimens are capable
of sensing tensile and compressive strain, and adequately capture the onset and pro-
gression of failure by fiber micro-buckling, formation of kink bands, and delamination.
The cross-section properties (e.g. stiffness and layup sequence) affect the piezoresis-
tive and damage sensitivity, with the stiffer I-shaped cross-section being less sensitive
to AR than standard specimens of rectangular cross-section. AR under cyclic flexural
loading for both tensile and compressive sides showed a permanent change with ap-
plied deformation after each cycle, indicating first the release of residual stresses and
then damage.

© 2015 DEStech Publications, Inc. All rights reserved.

1. INTRODUCTION high specific strength and stiffness through fiber-reinforced

polymer composites (FRPCs). With the growing use of CF

An increased use of carbon fiber (CF) composites for the
aerospace, civil, naval, transportation and wind energy in-
dustries has been observed in the last decades. Starting as
CF filaments used for Edison’s electrical bulb [1,2], CF’s
are now consistently adopted for applications requiring

*Corresponding author. E-mail: vlasaponara@ucdavis.edu. W: +1-530-754-8938

© 2015 DEStech Publications, Inc. All rights reserved.
doi:10.12783/issn. 2168-4286/2.4/Pinto

composites for structural applications, it is necessary to es-
tablish structural health monitoring (SHM) techniques that
can provide information on the structural integrity of a com-
posite in real time and thus maintain structural safety during
its lifecycle. A promising feature of CFs, over other (electri-
cally insulating) fiber reinforcements, is their intrinsic elec-
trical conductivity and piezoresistive properties. When used
in FRPCs, such a feature can render a coupled electrome-

183



184 B. PINTO, J. KU-HERRERA, S. KERN, V. LA SAPONARA and F. AVILES

chanical response to the composite, which can be exploited
to monitor its own strain and damage in real time [3]. The
piezoresistive behavior of individual CFs when subjected to
tensile strains along the fiber direction was initially observed
by Owston [4]. Since then, several investigations have been
performed to exploit the intrinsic CF ability to sense strain
and damage based on the electrical resistance change of CF/
polymer composites under several loading scenarios, includ-
ing quasi-static uniaxial tension [5] and compression [6],
impact [7], fatigue [8—10], and flexure [11,12].

Condition-based maintenance in large composite assem-
blies utilizing composite structural components, such as
wind turbines and aircraft, is commonly carried out through
non-destructive testing methods such as acoustic emission,
ultrasonics, eddy currents, radiography, fiber optics, and
other surface-mounted or embedded sensors [13,14]. Acous-
tic emission is a well-established technique used to moni-
tor damage in real time within composite structures; how-
ever only new accumulated damage can be detected [15],
the equipment necessary to implement such a technique is
expensive, and the technique is sensitive to external noise
[16,17], which may lead to the generation of false positives.
Eddy currents are another alternative approach for small
scale structures but their implementation for large scale
structures is still in development [18]. Embedded sensors,
e.g. piezoelectric transducers, optic fibers, fiber Bragg grat-
ing sensors, have been also explored for SHM. Their ability
to successfully monitor damage in composites is counteract-
ed by the fact that their embedment within composites may
induce stress concentrations that compromise the structural
integrity [19,20]. A smaller size of the sensors with respect
to the composite ply thickness would alleviate this problem
(see for example discussion on optic fibers and fiber Bragg
grating sensors in [20]). Surface-mounted sensors such as
strain gauges only measure localized surface deformations
limiting their use for SHM. Additionally, metal-foil strain
gauges have gauge factors of ~2 [21], while CF/polymer
composites can achieve gauge factors up to ~50 [22], con-
firming the potential of CFs as SHM (piezoresistive) sen-
sors.

Although there are several investigations on the piezo-
resistive self-monitoring of CF/polymer composites using
standard specimens with rectangular cross-section [5,10—
12,22-24], very few attempts have been made to utilize CFs
as strain sensors for structural composite components [25],
such as an I-shaped cross-section. Hence, further efforts
should be conducted to extend the electrical resistance ap-
proach to more complex-shapes and realistic scenarios suit-
able for structural applications. The group of Deborah Chung
has thoroughly investigated this area using CF for piezore-
sistive-based sensing in composites [7-9,11,22,26,27]. They
have investigated for example, the piezoresistive behavior
of a filament wound CF/epoxy cylinder subjected to drop
impacts [27]. The electromechanical behavior of uniax-

ial tensile and compressive tests often starts with simple
rectangular cross-section specimens as discussed in Ref.
[22,23,28,29]. To characterize the behavior of a structural
component, such as an I-shaped beam, knowledge of its
flexural behavior is of paramount importance. In an effort
to further extend this technique towards more realistic appli-
cations in structural components, this work investigates the
effectiveness of the electrical resistance technique applied
to a composite beam of I-shaped cross-section under mono-
tonic and cyclic flexural loading scenarios. Conventional
specimens of rectangular cross-section are also examined as
a reference. Given the complex nature of flexural loading,
the composite’s piezoresistive response of both the bottom
(tensile) and top (compressive) surfaces are simultaneously
monitored. Dedicated microscopic analysis is used to assist
in correlating the observed electrical resistance changes with
the composite’s failure.

2. MATERIALS AND METHODS

2.1. Materials

Specimens with rectangular and I-shaped cross-sections
were manufactured using Torayca T700SC 12K (Soller
Composites, NH, USA) uniaxial woven CF and an epoxy
polymer matrix LAM125/LAM237 (Pro-Set, MI, USA). Ac-
cording to the manufacturer, the CF has a nominal electrical
resistivity of ~1.6 x 10 Q.cm with a filament diameter of
~7 um [30]. As suggested by the manufacturer, a 100:28 ep-
oxy/hardener ratio was used to manufacture all composites.

2.2. Manufacturing of Rectangular and I-shaped
Cross-section Specimens

A vacuum-assisted resin transfer molding procedure was
utilized to fabricate the CF/epoxy specimens of rectangular
cross-section with a layup of [0],5. Prior to infusion the ep-
oxy/hardener mixture was degassed for 25 min to help re-
move air bubbles and reduce voids within the composite.
The rectangular specimens were cured at room temperature
for 14 h and then post-cured at 82°C for an additional 8 hina
convection oven. The cured laminates were cut into individ-
ual specimens, to nominal dimensions of 183 mm (length) x
25 mm (width) x 3.5 mm (thickness), using a water-cooled
diamond impregnated saw blade.

A wet hand layup procedure was used to fabricate the CF/
epoxy specimens with I-shaped cross-section. To produce
the I-shaped cross-section, an aluminum mold was con-
structed in which the web and flanges were cured together
as a single piece. This mold produced a 1.2 m long I-shaped
beam. Figure 1 shows a schematic of the ply orientations
and a section (25 mm/228 mm of total length) of the final I-
shaped specimen. The fabrication procedure begins by thor-
oughly coating the interior of the aluminum mold surface
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Figure 1. Picture of cropped I-shaped specimen (left) and schematic of ply orientations (right). Dimensions in mm (not to scale).

with wax to ease the separation of I-shaped beam from the
mold after curing. Flat flange plies (see Figure 1) comprised
of six 0° plies are stacked upon the bottom of the mold. Us-
ing the side mold inserts, channel-shaped plies are formed
using £45° off-axis plies as indicated in Figure 1. These
channel-shaped plies extend from the web into the flanges.
To improve the fiber continuity at the web/flange joints (see
Figure 1), four CF tows were inserted at this junction, as
suggested by Zhou and Hood [31]. Another set of flat flange
plies are stacked before closing the mold to form the top
flange. Finally, the impregnated plies within the mold were
held under uniform pressure in the horizontal and vertical
directions using clamps and cured in an oven at 50°C for
8 h. The resulting 1.2 m I-beam was cut into 5 individual
specimens to nominal dimensions of 228 mm (length) x 12
mm (width) X 12 mm (height), as in Figure 1.

2.3. Electrode Instrumentation

Electrodes were attached to the top (compressive side)
and bottom (tensile side) surfaces of both types of specimen
using two electrical contacts at each surface. An electrode
separation of 25 mm for the rectangular and 50 mm for the
I-shaped specimens were used as indicated in Figure 2. In
order to instrument such electrodes, the specimen’s surface
was first lightly sanded to expose the CF. After sanding the
specimens, a strip of silver paint (Ted Pella Inc., CA, USA)
was applied to define each electrode contact and provide a
conductive pathway across the CF tows. Finally, a strip of
conductive silver epoxy paste (MG Chemicals, Surrey, B.C.,
Canada) was used to attach 30 AWG copper wires to func-
tion as electrodes for electrical resistance measurements.

2.4. Test Setup and Instrumentation

A hydraulic material testing system (MTS 810) equipped
with a 244 kN load cell was used to load the specimens placed
on a four-point bending fixture (WTF-FL-52 Wyoming Test
Fixtures, UT, USA) as shown in Figure 2. Following pro-
cedure B of ASTM standard D7264 [32], all specimens had

the loading points centered and spaced with a distance equal
to one-half the support span (i.e. 76 mm for the rectangular
and 92 mm for the I-shaped specimens as indicated in Figure
2). These dimensions correspond to support span-to-thick-
ness ratios of respectively 40:1 (for rectangular) and 16:1
(for I-shaped). All tests were conducted at a displacement
rate of I mm/min, including monotonic and cyclic loadings.
Recorded data included force measurements obtained from
the MTS load cell and displacement from the MTS linear
variable differential transformer. Surface-based electrical re-
sistance (R) measurements were collected using two digital
multimeters (DMM) (Agilent 34401A and 34410A) using
the internal four-wire setting (Kelvin measurement) and re-
corded using Agilent’s Benchvue data acquisition software.
Since the specimens are under flexural loading, one surface
is under compressive stress/strain while the opposite surface
is under tensile stress/strain, volume based electrical resis-
tance measurements commonly utilized for uniaxial tensile/
compression tests would not be suitable. One DMM was al-
located to measure the electrical resistance of the specimen’s
side under tensile strain, and the other DMM was allocated
for the specimen’s side under compressive strain. To pre-

Loading span
76 (rectangular), 92 (I-shaped)

Electrode spacing
L\ 25 (rectangular), 50 (I-shaped)

/

Support span
152 (rectangular), 183 (I-shaped)
Figure 2. Schematic of four-point bending setup and electrode

spacing for specimens with rectangular and I-shaped cross-sections
(all dimensions in mm).
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vent potential electrical current leakage, electrically insu-
lated tape was placed between the specimens’ surface and
the contact points of the four-point bending fixture. In order
to synchronize data obtained from both the MTS and Agilent
Benchvue data acquisitions, post-processing of the data sets
was performed through linear interpolation.

For the cyclic tests, three specimens for each cross-sec-
tion were tested for 30 cycles, increasing the maximum ap-
plied displacement after every 10th cycle. For specimens
with rectangular cross-section, the first ten cycles reached a
maximum displacement amplitude of 2.5 mm, followed by
an increase in amplitude to 5 mm for ten more cycles, and
finally to 7.5 mm for the last ten cycles. For the specimens
with I-shaped cross-section, the maximum displacements
for each set of ten cycles were 0.75 mm, 1.5 mm and 2.25
mm, applied sequentially. These set maximum displacement
amplitudes were chosen based on the response of the mono-
tonic flexural loading tests.

2.5. Calculation of Gauge Factors

In order to characterize the piezoresistive response of the
CF/epoxy composites, a metric of strain sensitivity known
as a gauge factor (K) was used. A gauge factor is defined
as the (linear) relationship between the fractional electrical
resistance change (AR/R)) and strain (¢) [21]. The fractional
electrical resistance is defined as the relative change in elec-
trical resistance (AR = R — R,;) with respect to the resistance
at zero strain (R;). Under flexural loading, a specimen will
simultaneously undergo tensile and compressive longitudi-
nal strains, which are maximum at opposite surfaces. There-
fore, within a fixed strain region which was approximately
linear, tensile (K;) and compressive (K) gauge factors were
calculated for each rectangular and I-shaped specimen. Both
K and K, for all rectangular and I-shaped cross-section
specimens, were calculated from a fixed strain range of
0.05% to 0.3%. In order to calculate K and K, the instanta-
neous strain ¢ (instead of machine cross-head displacement,
0) is required. The relationship between 0 and the longitudi-
nal strain (¢) is a function of the specimen’s thickness (4) and
the support span length (L) used, i.e.,

= 4.3L625h (1)

This equation may suffer from some inaccuracies, giv-
en the finite compliance of the machine and test apparatus,
as well as the fact that it was derived from isotropic beam
theory. Therefore, initial tests were conducted using strain
gauges to directly measure &, on both tensile and compres-
sive sides, while simultaneously recording J. This procedure
allowed for ¢ to be obtained from J and correct for such inac-
curacies. The corrected values of ¢ were found to be always
within ~10% error for rectangular and ~3% for I-shaped

cross section specimens with respect to the strain directly
calculated from Equation (1).

2.6. Scanning Electron Microscopy

A Phillips FEI XL30 scanning electron microscope
(SEM) using a field emission gun electron source was uti-
lized to obtain images which enabled the study of failure
mechanisms of the CF/epoxy rectangular specimens. After
flexural testing, the rectangular specimens were trimmed in
order to fit inside the SEM chamber. A layer of gold was
sputtered onto the specimen’s surface to improve the image
quality and to prevent the buildup of electrical charge within
the specimens. Micrographs taken on the analyzed speci-
mens were collected by setting an accelerating voltage of
20 kV with a 40 um aperture. While sub-surface damage can
be assumed to have occurred in all rectangular specimens
tested, identification of evident failure of the composites at
their exposed surface (where the micrographs were taken)
was not possible for all specimens analyzed. Therefore, a
total of 14 replicates were observed and analyzed to provide
meaningful correlations.

3. RESULTS AND DISCUSSION

3.1. Strain and Damage Sensing Under Monotonic
Flexural Loading

3.1.1. Specimens with Rectangular Cross-section

Representative load-displacement curves are shown in
Figure 3 for the specimens with rectangular cross-section
tested under flexural loading, along with the coupled elec-
tromechanical response on both top and bottom surfaces. In
Figure 3, the applied load (left vertical axis) and the fraction-
al resistance change (AR/R,, right vertical axis) are plotted
as a function of the machine’s cross-head displacement (),
for the bottom [Figure 3(a)] and top [Figure 3(b)] surfaces.
On the tensile side [Figure 3(a)], AR/R,, increases monotoni-
cally until the specimen’s collapse. For small displacements
(0 <4 mm), AR/R, increases in a nearly linear fashion with
increasing o. This behavior can be attributed to the intrinsic
piezoresistivity of the stretched CFs, enhanced by a reduc-
tion in the density of fiber contacts (i.e. increase in the lateral
distance between adjacent fibers) [11,26]. In addition, it is
assumed that residual compressive stresses on the CF, ini-
tially created from the mismatch of the CF and epoxy ther-
mal expansion properties, are slowly released, dictating the
gradual increase AR/R,, for small displacement [3]. From ap-
proximately 4 < J < 6 mm, the slope of AR/R,, increases at a
slightly faster rate in a nonlinear fashion, conceivably due to
the onset of fiber damage within the composite. Finally, for
0 > 6 mm, AR/R, continues to increase linearly until the
specimen collapses, which is attributed to the increased
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Figure 3. Monotonic flexural response of a representative specimen with rectangular cross-section until failure: (a) tensile surface

(b) compressive surface.

damage within the composite [22]. During the linear AR/R,,
region, seen at small deformation (6 < 6 mm), it is assumed
that the composite behaves elastically and AR is mainly due
to strain; as such the calculation of gauge factors is appro-
priate in that region. Gauge factors were thus computed us-
ing the strain-displacement relation in Equation (1), along
with the correction factor described in Section 2.5. For the
tensile side, the piezoresistive response yielded an average
value of K, =31.5 + 13.9 (see Table 1), which is one order
of magnitude higher than the value previously reported for
an individual CF (K, = 1.3 — 1.7 [4]) and comparable to that
reported for the transverse (with respect to the loading direc-
tion) resistance of a continuous CF/epoxy composite (K, =
34.2 — 48.7 [22]) under uniaxial tension. The high variation
of K in our results could stem from variation in the initial
degree of fiber alignment from specimen to specimen (which
can render differences in the initial density of fiber contacts),
differences in residual stresses during composite curing, and
the complex nature of such a coupled phenomenon.

The behavior of AR/R,, on the compressive side, Figure
3(b), is quite different to that of the tensile side [Figure 3(a)].
For the compressive side, the global behavior of AR/R,, is
nonlinear and non-monotonic, first decreasing and then in-
creasing. After a small toe adjustment [region 0-a in Figure
3(b)], AR/R linearly decreases with the applied deformation
(0 <4 mm, region a-b in Figure 3(b). This region a-b is as-
sumed to be within the elastic region of the composite, and
thus the associated metric of piezoresistivity (K.) for the

rectangular cross-section specimen under compression was
quantified in such a region. For the compressive side, the
piezoresistive response yielded an average value of K-=9.1
+ 3 (see Table 1), which is three times less than the K listed
in Table 1 for a rectangular cross-section. This piezoresistive
response is expected to be driven by an increase in the den-
sity of CF lateral contacts forming new conductive pathways
[11]. Following this linear region [4 < < 7 mm, region b-c
in Figure 3(b)], AR/R, continues decreasing at a slightly dif-
ferent rate, which is attributed to the onset of fiber break-
age for a few fibers. The first strong indication of significant
fiber damage on the compressive side is seen at the region
7 <0 <8 mm [region c-d in Figure 3(b)], where AR/R, forms
a valley and reaches a minimum value. After reaching this
minimum [J > 8 mm, region d-e in Figure 3(b)] the AR/R,
response increases, suggesting fiber rupture and permanent
damage which coincides with a load drop representing the
loss of the composite’s load-bearing capability.

The composite’s failure was identified to occur on the
compressive side. In general, for a FRPCs, several indica-
tions of compressive-dominated failure exist, including
crushing, shearing, crack growth within the matrix, and
fiber micro-buckling [33,34]. In order to investigate the
damage progression and how the compressive electrome-
chanical response correlates to specific failure mechanisms,
SEM micrographs of the rectangular specimens were taken
at increasing levels of J. Figure 4 shows the compressive
load-displacement and corresponding AR/R,, for rectangular

Table 1. Rectangular and I-shaped Cross-section Gauge Factors.

Average Median
Specimen Cross-section Number of Replicates Ky K¢ Ky K¢
Rectangular 16 31.5+13.9 9.1+3.0 30.3 8.7
I-shaped 5 20.0+5.1 3217 19.0 3.0
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specimens tested up to a maximum displacement of J,,,, - 6,
8 and 9 mm, as well as a reference (pristine) specimen which
was not loaded. Post-mortem SEM micrographs were taken
at the 1-3 plane on the specimen which was within the “pure
bending” region as shown in Figure 4(a). Lettered markers
(a,b,c.d,e) help to highlight specific regions of the AR/R,, re-
sponse and correspond to those described in Figure 3(b). As
a reference, Figure 4(a) shows a SEM picture of a specimen
which was not loaded, portraying the undamaged state of the
rectangular cross-section specimen. For the maximum dis-
placement of 6 mm shown in Figure 4(b), AR/R, decreases
until point “c” and the corresponding SEM micrograph in
Figure 4(b) (right) was taken. At this state, the micrograph
shows slightly bent fibers indicating fiber micro-buckling
closer to the compressive surface, but without indications of
fracture. This observation shows that the rectangular speci-
men is accumulating damage induced by the distortion of
the fibers and forming kink bands [35]. In addition, it has
been shown by Parry and Wronski [36], that kink band prop-
agations lead to the formation of interlaminar cracks and
eventual delamination of CF/epoxy under flexure. A second
rectangular specimen tested to a maximum displacement of
8 mm is shown in Figure 4(c). Herein, the AR/R,, response
decreases until point “c”, leveling off and forming a valley
(minimum region) between points “c” and “d”. Region “c-d”
corresponds to a change in trend as indicated in Figure3(b).
The corresponding micrograph [Figure 4(c)] shows an in-
terlaminar crack propagating along the fiber direction trig-
gering delamination among the plies. This evidence of dam-
age is directly correlated to the abrupt change in AR/R, at
0 ~ 8mm in the electromechanical response shown in Figure
4(c). Delamination reduces the density of fiber contacts in
the through-thickness direction, and hence it is expected to
cause the observed inversion of the AR/R,, trend (from nega-
tive to positive). Finally, in Figure 4(d) the steep increase in
AR/R, close to 0 ~ 9 mm (region “d-e”) is evidently associ-
ated to a drop in load and the specimen’s collapse.

3.1.2. Specimens with I-shaped Cross-section

Figure 5 shows the representative mechanical and electro-
mechanical behavior of a CF/epoxy specimen with I-shaped
cross-section corresponding to the tensile [Figure 5(a)] and
compressive surfaces [Figure 5(b)]. The load (left vertical
axis) and AR/R,, (right vertical axis) are simultaneously plot-
ted as a function of ¢ in the same fashion for the specimens
with rectangular cross-section. Comparing the mechanical
behavior of the specimens with I-shaped cross-section (Fig-
ure 5) to those of rectangular cross-section (Figure 3), it is
clear that the I-shaped cross-section is structurally stiffer and
fails at lower levels of displacement. Similar to the speci-
mens of rectangular cross-section, the electromechanical
behavior of the I-shaped specimens shows a linear increase
of AR/R,, on the tensile side [Figure 5(a)], with the electrical

behavior almost replicating the mechanical behavior indicat-
ing an outstanding straightforward electromechanical corre-
lation. On the other hand, the behavior of AR/R, on the com-
pressive side is somewhat different, as the signal is noisier
and AR/R, is less sensitive to strain/displacement than for
the tensile side. However, the compressive AR/R,, response
still shows a clear correlation with the mechanical loading,
initiating with a nearly linear zone (at the elastic region,
0 <2 mm, where gauge factors are calculated), leveling off
at the onset of damage (2 mm < J <3 mm) and reversing its
trend once the load-displacement curve shows a clear indi-
cation of damage (J > 3 mm). Gauge factors for low strain
levels (0.1% < & < 0.3%) for specimens with I-shaped cross-
section were also obtained to assess the strain sensitivity for
both the tensile and compressive sides of the I-shaped speci-
men and are summarized in Table 1. Similar to the speci-
mens with rectangular cross-section, the I-shaped cross-
section K, = 20 + 5.1 (tensile) is significantly larger than
K-=3.2 =+ 1.7 (compressive). For the tensile response, the
maximum change in AR/R,, of the representative rectangular
specimen reaches AR/R, ~ 70% (at 6 ~10 mm), whereas for
the representative I-shaped specimens AR/R,, reaches only
up to AR/R, ~ 7% (at 6 ~2.5 mm). On the compressive side,
a minimum value of AR/R, ~—5% (at J ~7.5 mm) is obtained
for the representative rectangular specimen, while a value of
AR/R, ~—1% (at 6 ~3 mm) is reached for the representative
I-shaped specimen. It should be observed that there is quite a
lot of scatter in K for specimens with rectangular cross sec-
tion, so box plots (see Appendix A) may suggest statistical
equivalence of the strain sensitivity for both cross-sections.
However, the differences shown in the overall AR/R, mag-
nitude changes clearly demonstrate a reduction in the strain
sensitivity from the specimens with rectangular to I-shaped
cross section. The reasoning behind this lowered strain sen-
sitivity of the I-shaped cross-section can be made further
evident by comparing the mechanical behavior (load versus
deflection curves) of the I-shaped and the rectangular cross-
section response after reaching the maximum load. For rect-
angular specimens, the failure of the specimens is accom-
panied by a drastic drop in load [see Figure 3(a)], whereas
the specimens with I-shaped cross-section are significantly
stiffer and after they reach their maximum load they are still
capable of carrying relatively high loads [see Figure 5(a)],
given the significant amount of still unbroken fibers.

3.2. Strain and Damage Sensing under Incremental
Cyclic Loading

3.2.1. Specimens with Rectangular Cross-section

In order to determine the progressive electromechanical
behavior under cycling flexural loading, rectangular speci-
mens were first cycle loaded at incrementally increasing
displacement amplitudes of 2.5 mm (cycles 1-10), 5 mm
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Starting with the loading segment of cycle 1 for the tensile
response [Figure 6(a)], the rectangular specimen is deformed
up to 2.5 mm with a corresponding AR/R, peak amplitude of
~2%. Immediately upon the following unloading segment
of cycle 1, AR/R, begins to decrease. Although the applied
displacement returns to zero, the AR/R, response does not.
Cycles 2 to 10 repeat this pattern with the AR/R,, peak val-
ues at 2.5 mm displacement progressively decreasing for
increasing number of cycles, seeming to level off after the
7th cycle. This irreversible response of AR/R,, is thought to
originate from the release of compressive residual stress-
es introduced during the curing and post-curing steps, as
pointed out previously by other authors [3]. This irrevers-
ible response should be distinguished from the irreversible
response due to the composite’s damage, as it is assumed
the mechanical loading up to 2.5 mm is within the elastic
range. Further evidence which supports that these irrevers-
ible changes in AR comes from the release of compressive
residual stresses is that the AR signal seems to level off af-
ter several repetitions (~7) of the loading cycle, becoming
reproducible and returning to almost zero thereafter. For
the second group of cycles (cycles 11-20), the tensile AR/
R, response increases to a AR/R, peak amplitude of ~4%,
corresponding to 5 mm displacement. Similar to the first
group, AR/R, peak values also gradually decrease for in-
creasing number of cycles. A similar behavior is observed
for cycles 21-30 with an applied displacement of 7.5 mm,
indicating damage accumulation as inferred from the SEM
micrographs of Figure 4.

For the compressive response [Figure 6(b)], at the first
cycle AR/R, decreases to ~ —2% for an applied displace-
ment of 2.5 mm. Upon unloading AR/R,, returns back to the
R, value, which only occurs for the first cycle. Upon sub-
sequent loading at the same displacement amplitude (cycle
2-10), AR/R, follows the same pattern maintaining a AR/R
amplitude of ~ —2%, but shifted towards more negative val-
ues of AR/R,,. This behavior is similar to the quasi-isotropic
CF/epoxy specimens under cyclic flexural loading observed
in Ref. [11]. For cycles 11-20, the compressive AR/R,, re-
sponse cycles with an amplitude of ~ —4%, with minimum
values progressively decreasing for increasing number of
cycles. The AR/R,, response in Figure 4 indicates that dam-
age at the compressive side occurs earlier than at the tension
side. Based on this, it is suggested that the irreversible nature
of AR/R not returning to zero is an indication of initial com-
posite damage such as fiber micro-buckling and occurrence
of shear bands, as shown in Figure 4(b). Finally for cycles
21-30, AR/R,, cycles with an amplitude of ~ —8%, with each
cycle’s minimum value continuing to decrease for increas-
ing number of cycles. This consistent irreversible nature
highlights the conductive CF ability to provide information
on pre-existing damage and accumulation of new damage
by measurement of the instantaneous R and knowledge of
the referenced Ry,

3.2.2. Specimens with I-shaped cross-section

The electromechanical behavior was also investigated
for specimens with I-shaped cross-section loaded under
flexural cycling incremental displacement amplitudes of
0.75 mm (cycles 1-10), to 1.5 mm (cycles 11-20), and 2.25
mm (cycles 21-30). Figure 7 shows the displacement (left
vertical axis) and fractional resistance response (right verti-
cal axis) as a function of time for the tensile [Figure 7(a)]
and compressive [Figure 7(b)] sides. Similar to the rectan-
gular specimens, during a given loading segment the AR/
R, response increases on the tensile side and decreases on
the compressive side of the I-shaped specimen for increas-
ing displacement, such that displacement peaks correspond
to AR/R, peak values. Starting with the tensile response of
the loading segment corresponding to the first cycle [Figure
7(a)], the I-shaped specimen is deformed up to 0.75 mm with
a corresponding AR/R small increase of ~1%. Immediately,
upon the following unloading segment AR/R, decreases. The
maximum AR/R, peak values of cycles 1-10 on the tensile
surface [Figure 7(a)] continue to decrease irreversibly for
increasing number of cycles with an average AR/R, peak
amplitude of ~0.5% throughout the cycles. An increase in
the displacement amplitude from 0.75 mm to 1.5 mm (cycles
11-20) and then to 2.25 mm (cycles 21-3) corresponds to an
increase in the AR/R,, peak amplitude to ~2% and ~3%, re-
spectively. As before, the amplitudes of AR/R, clearly show
a dependency with applied strain and signs of irreversible
damage. Consistent with the monotonic results of Figure
5(a), the I-shaped specimens tested under cyclic loading
show a reduction in the AR/R,, sensitivity to applied defor-
mation in contrast to the cyclic response of the rectangular
cross-section specimens.

The AR/R,, compressive response of the I-shaped speci-
men [Figure 7(b)] is qualitatively quite similar to that of the
rectangular specimen [Figure 6(b)] but consistently less sen-
sitive to an applied strain. Similar to the rectangular cross-
section specimens, the I-shaped cross-section compressive
AR/R response mirrors the AR/R,, tensile response, yielding
minimum AR/R,, values at the compressive side that coincide
to the peak (maximum) AR/R, values at the tensile side. For
increased displacement, the magnitude of the compressive
AR/R response decreases such that the displacement peaks
correspond to minimum AR/R,, values. Similar to the cyclic
response of specimens with I-shaped cross-section, AR/R,,
amplitudes correspond to increasing displacement ampli-
tudes, and indicate damage with irreversible residual electri-
cal resistance changes.

4. CONCLUSIONS
The piezoresistive behavior and the ability of the elec-

trical resistance signal to monitor damage in continuous
carbon fiber/epoxy composites under flexural loading was
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Figure 7. Cyclic flexural loading at incremental displacement amplitudes for a representative specimen with I-shaped cross-section on (a) ten-
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analyzed for specimens with rectangular and I-shaped cross-
sections. For both the rectangular and I-shaped cross-sec-
tions, the fractional change in electrical resistance (AR/R,) at
the tensile side of the specimen yields a nonlinear response
that increases monotonically up to failure. In contrast, the
AR/R, compressive behavior is highly nonlinear and also
non-monotonic. This compressive behavior initially decreas-
es linearly for small deformations, then further decreases at
a different rate leveling off to a minimum value such that a
valley is formed, and finally reverses its trend and increases
upon significant composite damage up to the complete col-
lapse of the specimen. Using the electrical resistance ap-
proach specimens with both rectangular and I-shaped cross-
sections produced responses which demonstrate their ability
to self-sense tensile and compressive strain and composite
damage. Given the observed failure mechanisms of both
specimens, the compressive side proved to be particularly
sensitive to failure events such as fiber micro-buckling, fi-
ber deformation by formation of matrix shear bands and oc-
currence of transverse cracking. The I-shaped cross-section
specimens showed a reduced strain and damage sensitivity,
which indicates that the geometry and stiffness of a struc-
tural member should be taken into account in order to extend

the application of the electrical resistance approach to prac-
tical operation of composite structures. Irreversible AR/R,,
changes after each cycle of the flexural cyclic loading either
at the tensile or compressive sides are associated to irrevers-
ible mechanical phenomena indicated by changes in the AR/
R, peaks for each cycle. This irreversible phenomena occurs
first due to the release of residual stresses occurred during
composite manufacturing, then to the re-orientation and re-
arrangement of the fibers upon loading, and finally due to
the occurrence of failure mechanisms within the composite
at elevated loads. This damage accumulated under cycling
loading, also indicated by the cumulative residual electrical
resistance changes in the composite, yields a hysteretic elec-
tromechanical behavior.

It is thus concluded that the electrical resistance ap-
proach to monitor structural integrity can be extended to
structural members such as an I-beam, but the response
may depend on many factors such as the cross-section
thickness and geometry, curing conditions and lamination
sequence. Therefore, detailed characterization, calibra-
tion and analysis are needed for varying geometric cross-
sections and composite fiber orientations of a composite
structural member.
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APPENDIX A

The measured gauge factors are listed in Table Al for
specimens with rectangular cross-section and Table A2 for
the I-shaped ones.

In order to display the variability of the gauge factors of
individual specimens, box plots were computed for tensile
and compressive gauge factors, respectively shown in Fig-
ures Al and A2. A common hypothesis test such as the t-test
would require the data sets to be normally distributed. In the
case of the data shown in Tables A1 and A2, one normal-
ity test (Lilliefors test) indicated the data to be normal, with
95% confidence, while another normality test (Kolmogorov-
Smirnov test) gave the opposite outcome. On the other hand,
box plots are not parametric (i.e., they allow comparisons
among sets, independent of their distribution), and were thus
used in this case. The data is shown in a box, with its top and
bottom lines being respectively the 75 percentile and the 25
percentile of the data. The center of the box is the median
and the 50 percentile. The box extends to the maximum and
minimum values through so-called whiskers. Outliers are
represented by a symbol (for example, a cross). The result
from Figure Al indicates that the two sets of samples may
have statistically similar gauge factors with 95% confidence.

Table A1. Gauge Factors for Specimens with
Rectangular Cross-section.

Specimen Ky Kc

1 13.9 8.0
2 32.0 7.0
3 29.3 9.7
4 23.6 7.4
5 14.4 71

6 27.6 6.2
7 343 1.4
8 50.6 8.5
9 32.1 3.0
10 28.8 12.7
1 15.2 9.0
12 20.2 8.7
13 314 7.9
14 16.8 5.0
15 40.8 10.3
16 63.4 17.1

Table A2. Gauge Factors for Specimens with I-shaped
Cross-section.

Specimen Ky Kc
1 19.0 3.0
2 27.0 6.0
3 229 1.9
4 14.2 1.9
16 16.6 34

This outcome is most likely due to the large scatter. When
reviewing the actual sensitivity of the two sets over the en-
tire life spans of the specimens, it is clear that the rectangular
cross-sections have a much higher sensitivity with respect
to the I-shaped cross-sections. The box plot in Figure Al
is provided for sake of completeness and reproducibility. In
Figure A2, the interpretation of the box plot is that the two
sets are statistically different, which is indeed supported by
the different sensitivity on the compressive side of the speci-
mens.
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Figure A1. Box plot of tensile gauge factors for specimens with rect-
angular and I-shaped cross-section.
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Figure A2. Box plot of compressive gauge factors for specimens
with rectangular and I-shaped cross-section.

onN A~ O
T




Journal of Multifunctional Composites, 2 (2014) 195-206

€.> Journal of Multifunctional Composites o

g

]

i

: , ==
journal homepage: http://jmc.destechpub.com 4 ‘Tf"’

28

Carbon Based Nanostructures Hybrids for Composites Materials:
The Graphene—Carbon Nanotubes Interaction Investigation
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Universidade Federal de Minas Gerais, Belo Horizonte, Minas Gerais, 31270-901, Brazil

ABSTRACT

Two different carbon based nanostructures, multiwall carbon nanotubes and multi-
layered graphene, were incorporated to carbon epoxy laminates. X-ray diffractometry
indicates an average particle size of 22 nm for the multi-layer graphene (MLG) nano-
structures. TEM observations revealed a thickness of 10 graphene layers, and a hy-
brid nanostructure where MWNT interpenetrated the MLG nanostructure. To be able
to disperse more efficiently the carbon based nanostructures two different surfactants
were employed, i.e. Sodium dodecylbenzenesulfonate (SDBS) and Polyoxyethylene
nonylphenyl ether (IGEPAL CO890). The dispersion of surfactants associated to gra-
phene led to increase on stiffness and strength, for both tensile and bending loads.
If on the top of these surfactants/graphene additions, CNTs are added, the improve-
ment is even better. For tensile tests, the average peak stress increase from 542.76
MPa (blank specimen) to 667.51 MPa (CO 890 and graphene/CNT), while for bending
the peak stress improved from 369.40 MPa (blank specimen) to 584.15 MPa (CO 890
and graphene/CNT). The association of carbon based nanostructures (graphene and
CNT) associated to surfactants seems to be a promising route to improve carbon/epoxy
composites. Finally, the addition of carbon based nanostructures increased the hybrid
composites toughness between 39.59% (from 4.712 to 6. 578 J/m? x 10%) and 180.65%
(from 4.712 to 13. 225 J/m3 x 10%).

© 2015 DEStech Publications, Inc. All rights reserved.

1. INTRODUCTION

Carbon based materials uniqueness is well known. As
discussed by Zhu et al. [1], carbon has unique hybridization
properties as a result of its structure capabilities to morphing
due to changes in synthesis conditions. Moreover, Mauter
and Elimelec [2] pointed out those tailor-made manipula-
tions of these carbon based materials can reach a degree not
yet matched by inorganic nanostructures. Among the most
important carbon based nanostructures, carbon nanotubes
(CNTs) and graphene nanosheets (GN) are truly the most
important ones. Saito et al. [3] defined carbon nanotube as
a honeycomb lattice rolled into a cylinder. As discussed by
Carley et al. [4], carbon nanotubes have been the center of

*Corresponding author. E-mail: avila@demec.ufmg.br; W: +1-530-754-8938

© 2015 DEStech Publications, Inc. All rights reserved.
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many researches due to their dimensions and remarkable
electro-mechanical properties. In general, a CNT diameter
has a nanometer size and its length can be more than 1 um.
Its large aspect ratio (length/diameter) is appointed as one of
the reasons for the CNTs notable properties. Kalamkarov et
al. [5] were able to model singlewalled nanotubes (SWNTSs)
and predict specific strength around 600 times larger than
steel. It is worth to mention that SWNT’s density is approxi-
mately 1/8 of steel. CNT capabilities have been observed ex-
perimentally and verified by numerical analysis. Frankland
et al. [6], Jin and Yuan [7] and Agrawal ef al. [8] are among
those researchers who employed molecular dynamics for an-
alyzing CNTs. The atomistic simulation approach was em-
ployed by Belytschko et al. [9], Lurie et al. [10], Gates et al.
[11], while the nano-mechanics modeling was described by
Liu et al. [12], Ruoff and Pugno [13], Li and Chou [14], Avi-
la et al. [15]. The basic difference between the two groups of
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modeling is the approach employed. The molecular mechan-
ics ones are based on finite element simulations where beam
elements replaced the covalent bonds while Van der Waals
bonds were represented by spring elements. The atomistic
modeling employed chemical potentials, e.g. the Moore’s
one, to describe the carbon-carbon bonds. Although CNTs
have tremendous potential in a large variety of applications,
e.g. aerospace and medical industries, there is no consensus
about their exact mechanical properties. The experiments
performed up to now have presented large variability due
to the inherent complexity of manipulating these materials.
However, their potential is unquestionable, in special for
composites.

The recent developments on CNT synthesis led to dra-
matically decreased into its cost. As a consequence, the
number of researchers using carbon based nanostructures
increased, and the results on nano-reinforcement of compos-
ites laminates are encouraging. Among those researchers are
Kim et al. [16] whom described no significant increase on
tensile properties of the addition of CNTs to carbon fibers/
epoxy laminates. Nonetheless, they noticed an enhancement
on flexural modulus (=12%) and strength (=18%) with the
addition of 0.3 wt. % of CNT to the epoxy system. These
properties enhancement can be attributed to changes into
flexural failure mechanisms. Following the same idea, Chou
et al. [17] discussed the influence of CNTs into the failure
of laminates composites. They even proposed the concept
of a multi-phase inter-laminar architecture that can bridge
inter-laminar cracks. Wicks et al. [18] actually produced
the multi-phase nano reinforced laminated composites pro-
posed by Chou et al. [17]. In Wicks’ laminate, CNTs were
grown in situ in all fibers leading to a “fuzzy” fibers con-
figuration. As mentioned by Wicks, aligned CNTs bridges
the plies interfaces, which can lead to an increase on tough-
ness, for the steady state condition, 76% higher than the con-
ventional laminated systems. Notice that for the interlayer
nano reinforcement some issues must be considered, i.e. the
interfacial bonds between carbon nanotubes, fiber/matrix
system and the length effect into this “grip condition”. To
understand the failure mechanism, Shokrieh and Rafiee [19]
modeled the CNT length effect on reinforcement effective-
ness. Moreover, they concluded that for carbon nanotubes
with length less than 100 nm, the improvement on stiffness
for CNT/polymeric systems is negligible. Experimental data
provided by Ma et al. [20] demonstrated the limitations of
using CNTs with aspect ratio smaller than 100 into polymer-
ic systems. The “fuzzy” fibers configuration developed by
Wicks et al. [18] is also limited as all plies have to be loaded
with carbon nanotubes. This increase on “fiber density” due
to the “CNTs loads” can lead to manufacturing limitations,
e.g. a severe decrease on resin flow channels into vacuum
assisted impregnation. It is clear that alternative techniques
must be developed.

The CNT dispersion into composite materials has being

attempted using different techniques, e.g. sonication, high
shear mixing, etc. . The CNT infusion into laminated com-
posites and its alignment by applying an electric field af-
ter the infusion was studied by Domingues ef al. [21]. The
major criticism on Domingues’ work is the amount of CNT
dispersed which is around 0.1 wt.%. Another approach tried
to link CNTs to laminated composites was implemented by
Yan et al. [22]. Wu’s work was based on electrochemical
grafting of CNTs on carbon fibers surface. Although the
technique described by Wu et al. [22] seems to be effective,
it is limited to the CNT concentration into the solution.

Moreover, as noticed by Wu, there were “preferential re-
gions” for CNTs direct attachment to carbon fibers. These
preferred sites were fibers’ grooves and edges. This phenom-
enon led to a non-uniform distribution of CNT on carbon
fibers surface. Another technique used to attaching CNTs to
carbon fibers was studied by De Riccardis et al. [23] and
Vilatela et al. [24]. In their case, the chemical vapor depo-
sition (CVD) technique was employed for directly grown
CNTs into carbon fibers. De Riccardis’ work was based on
deposition of nickel clusters and later on the CNTs were
grown by hot filament chemical vapor deposition (HFCVD)
technique. By using ferrocene as precursor, and CVD as the
growing process, Vilatela was also able to obtain good quali-
ty CNTs. Moreover, the CVD technique employed by Vilate-
la et al. [24] seems to be much simpler and easier to control.
Although the results presented by De Riccardis et al. [23]
and Vilatela ef al. [24] seem to be encouraging, much work
has to be done for applications to laminated composites, in
special high performance carbon fiber/epoxy systems. It is
clear that CNTs can be used as potential reinforcement for
nanocomposites and/or multi-scale composites, but recent-
ly graphene nanosheets are emerging as another option to
CNTs.

Another class of carbon based materials was described
by Gein and Novoselov [25], i.e. graphene nanosheets. They
defined graphene as a single layer of carbon atoms tightly
packed into a two-dimensional (2D) honeycomb lattice. This
carbon atom monolayer array is the building block for gra-
phitic materials. Furthermore, Lee et al. [26] mentioned that
graphene effective elastic modulus follows a normal distri-
bution with a peak close to 1.0 TPa, which is equivalent to
the SWNT. This high stiffness and elevated strength (Zhang
etal. [27] reported a 130 GPa value), can be attributed to two
factors, i.e. the elevated specific surface area (= 2600 m?/g)
and the strong carbon-carbon covalent bonds. Odegard ef al.
[28] investigated these properties using molecular dynamics
simulations and based on his results, it was possible to pos-
tulate that they are valuable options for improving mechani-
cal properties of composites laminates. Furthermore, these
reinforcements at micro/nano scale can be used for creating
a new class of composite materials, i.e. multi-scaled com-
posites (MSC). The MSC are multi-phase reinforced com-
posites, i.e. in addition to traditional reinforcement carbon
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fibers; the matrix is replaced by nanocomposites. As com-
mented by Joshi and Dikshirt [29], nanocomposites can be
obtained by dispersing nanoparticles/nanostructures into the
polymeric matrix. The dispersion process can create inside
the polymeric matrix three different nanostructures, i.e. in-
tercalated, exfoliated and mixed. As discussed by Gouda
et al. [30], the exfoliated nanostructured are the ones with
best mechanical performance due to the largest surface
area. Furthermore, Avila et al. [31] pointed out that carbon
based nano-structures, i.e. carbon nanotubes and graphene
nanosheets (GN) can be combined to traditional composites
for a multi-scale reinforcement.

One of the pioneers on graphite platelets and graphene re-
search is Yasmin et al. [32], they stated that graphene based
nanocomposites can be an alternative option for engineering
applications due to their outstanding specific strength and
stiffness. However, the different routes to obtain graphene
nanosheets and their dispersion processes can lead to large
variety of mechanical properties. The first route for obtain-
ing graphene nanosheets (GN) was based on mechanical
cleavage. Nevertheless, as discussed by Balandin et al. [33],
this technique is time consuming and a series of defects can
be introduced during this process. An alternative to mechan-
ical cleavage is the chemical route. A large variety of chemi-
cal routes is also combined with thermal effects, e.g. ther-
mal shock. The work developed by Stankovich et al. [34]
is one example. They pointed out that a common route for
graphite platelets, which can be used as graphene nanosheets
precursor, is based on graphite expansion. The expanded
graphite is produced from graphite intercalation compounds
thru intercalant rapid evaporation at elevated temperature.
Once the expanded graphite is obtained, techniques as ultra-
sonication and/or ball milling can be used to obtain graph-
ite nanoplatelets and later on graphene nanosheets. These
graphite nanoplatelets consist of hundreds of stacked gra-
phene layers. Few layers of graphene can be obtained by
dispersing the graphite nanoplatelets into an aqueous solu-
tion using ultra sonication followed by ultracentrifugation.
To overcame this extra procedure, Ruoff’s research group
[34] proposed the use of graphite oxide (GO) instead of ex-
panded graphite (EG). As observed by Allen et al. [35], the
advantages of GO method are the low-cost and massive scal-
ability. However, the major criticism to GO method is the
use of hydrazine for GO’s chemical reduction. Cooper ef al.
[36] pointed out the hydrazine high toxicity and the envi-
ronmental concerns about its use. As noted by Stankovich
et al. [34], the chemical reduction has the objective of res-
toration of graphitic network of sp? bonds and consequently
increases on electrical conductivity. However, coagulation
can occur during the reduction of exfoliated graphene oxide
nanoplatelets, which makes virtually impossible to disperse
these nanostructures within polymeric matrices. Another
problem was detected by Dreyer et al. [37]. According to
them, the degree of oxidation caused by differences in start-

ing graphite sources or oxidation protocol can cause sub-
stantial variations in the GO structure and properties. This
was the case of the work reported by Marcano et al. [38]. By
introducing a modification on Hummer’s method, i.e. they
used a mix of H,SO,/H;PO, at ratio of 9:1 and by excluding
the NaNOj;, they were able to obtain a larger amount of GO.
However, the use of hydrazine for GO reduction was pres-
ent. Again, this harmful chemical component was employed,
which is the major criticism of their work. A possible solu-
tion for hydrazine use was proposed by Shahil and Balandin
[39]. They proposed a methodology based on natural graph-
ite ultra-sonication on an aqueous solution of sodium chlo-
rate followed by centrifugation and mechanical exfoliation
by ultra-sonication and high shear mixing. This methodol-
ogy can lead to multilayer graphene (MLG) consisting of
1-10 stacked atomic monolayers. However, this procedure
does not guarantee the homogeneity required for engineer-
ing applications. Moreover, it is possible source of voids due
to air bubbles entrapment during the mixing/cure procedure.
A possible solution for this problem was proposed by Avila
etal. [31]. They employed N, N Dimethylformamide (DMF)
as a solvent. No aqueous solution of sodium chlorate was
used. Ultra sonication (20 KHz for 2 hours) followed by a
high shear mixing at 17400 RPM (2 hours) lead to MLG
with the number of graphene monolayers stacked between
2-50. After the DMF evaporation, the nanocomposite con-
solidation was made by dispersing the MLGs into the epoxy
resin again using the high shear mix procedure under restrict
temperature control (< 50°C). Another dispersion procedure
was employed by Yang ef al. [40]. Yang’s work, however,
took the advantage of the hydrophilic condition of GO nano-
platelets after oxidation. Therefore, they first dispersed the
GO nanoplatelets into an aqueous (they employed a 1mg/
mL concentration) solution using ultra sonication and later
on the resulting solution was added to the polyvinyl alco-
hol (PVA) solution. This procedure can only be employed
due to the special nature of such nanocomposite (both PVA
and GO are hydrophilic). Their mechanical results indicated
an increase on tensile strength around 30% with addition of
3.5% graphene. This increase on tensile strength could be
related to the decrease on crystallinity reported by Yang and
co-workers [40]. It is a well-known fact that high degree of
crystallinity makes polymer brittle and stiffer. By observing
fracture surfaces, Yang et al. [40] noticed layered-structures
with uniformly dispersed graphene nanosheets into PVA
matrix. Moreover, the graphene dispersion into PVA ma-
trix leads to a change into the overall macroscopic behav-
ior from brittle to ductile. This phenomenon can be related
to the decrease on crystallinity. A much higher increase on
tensile strength was reported by Kuilla ef al. [41], where the
addition of 0.7% by weight of GO lead to an improvement
on tensile strength closes to 150%. This substantial increase
seems to be related to crystallinity changes, and the solu-
tion blending technique employed. According to Wang ef al.
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[42], an “extra” exfoliation is provided by this technique due
to GO’s swelling. Young ef al. [43], however, provided an-
other explanation for such increase. They recalled that GO’s
individual nanoplatelets are often wrinkled, which provides
an additional superficial area. Rafiee et al. [44] went further,
as they were able to link this “extra” superficial area effect
into matrix toughening (in their case epoxy). It is important
to point out that superficial area is not the only issue that
must be considered. The total number of layers (which can
be translated into total thickness), separation of graphene
layers and shape are also important, as they can influence
the matrix toughness by controlling the crack propagation.
Moreover, as discussed by Mukhopadhyay and Gupta [45],
the surface energy is also another issue, as high surface en-
ergy help to improve dispersion into polymeric matrices.
Unfortunately, a much easier dispersion provided by high
surface energy also leads to a decrease on conductivity. This
trade-off is the key issue for polymeric matrix/graphene
nanocomposites. All these techniques have a problem in
common, i.e. the cluster formation.

To avoid the graphene/CNT cluster/agglomerates Tkalya
et al. [46] suggested the usage of surfactants. According to
them, during the dispersion process by sonication (by bath
or horn) carbon based nanostructures are exfoliated into in-
dividual nanostructure. This debundle/exfoliation process is
due to the mechanical energy provided by sonication which
overcomes the Van der Waals interactions between CNTs
bundles or graphene platelets. If this energy is removed, the
individual nanostructures have the tendency to agglomerate.
The usage of surfactants during the sonication promotes the
surfactant molecules adsorption onto individual exfoliated
nanostructures and consequently avoiding agglomeration.
The idea of using surfactants into aqueous solution to dis-
perse carbon based nanostructures and later on incorporate
the exfoliated nanostructures into polymeric solution was
proposed by Pu et al. [47]. The called the attention that pris-
tine graphene is naturally hydrophobic, therefore, producing
a stable suspension (graphene in water or organic solvent)
is a critical issue during the nanocomposite synthesis. Both
Tkalya et al. [46] and Pu et al. [47] investigated the usage
of surfactants as carbon based nanostructures (graphene or
CNTs) dispersion “facilitator”. As discussed by them, from
the large number of surfactants two can be considered the
most promising, i.e. nonylphenylether (CO890) and Sodi-
um dodecylbenzenesulfonate (SDBS). According to Mital
[48], the usage of surfactants not only create a stable solu-
tion (graphene in water or organic solvent) but it is also al-
lows the network formation inside the polymer matrix. This
percolation process can lead to multifunctional composites,
which includes electrical conductivity.

This paper focuses on investigation of surfactant effects
on carbon/epoxy composites nano-modified by graphene
and carbon nanotubes. The key parameters evaluated are
mechanical properties under tension and bending as function

of surfactant employed and carbon based nanostructures.
2. EXPERIMENTAL PROCEDURES

This research final goal is to understand how the sur-
factants changes the dispersion process of carbon nano-
tubes and/or graphene into epoxy systems and its effect on
the overall carbon/epoxy composite materials behavior. To
achieve such goal, a series of hybrid composite materials was
manufactured and tested under tensile and bending loadings.
The nanostructures formed were composed of multi-layered
graphene and/or multiwall carbon nanotubes (MWNT). The
MWNT were grown by CVD as described by Lacerda et al.
[49], while the multi-layered graphene were produced from
expandable graphite using the technique developed by Avila
et al. [50]. As discussed by Avila et al. [51], the optimum
concentration for MWNT dispersion into epoxy system
seems to be around 0.3 wt. %. Silva Neto ef al. [52] argues
that multi-layered graphene (MLG) dispersion into epoxy
systems has a saturation limit close to 2 wt.%. Therefore, the
amount of MLG employed in this research will be up to 0.3
wt.%, the same quantity of carbon nanotubes.

Based on Tkalya et al. [46] and Pu ef al. [47] results, two
surfactants were selected, i.e. nonylphenylether (CO890)
and Sodium dodecylbenzenesulfonate (SDBS). The gra-
phene aqueous solutions were prepared at 200 ppm and
300 ppm for SDBS and CO890, respectively. According to
Tkalya et al. [46], these are the optimum concentrations. A
bath sonication system at 42 KHz was employed for at least
30 minutes. After the graphene was completely dispersed,
the aqueous solution was dried in a vacuum oven for 24
hours. The dried powder was later on dispersed into the ep-
oxy system following the process described in Avila et al.
[53], i.e. horn sonication at 20 KHz for 60 minutes followed
by high shear mixing at 17400 RPM for 60 minutes. During
the dispersion process, the temperature was kept constant
(=36°C) by iced water. The laminate is a four layer symmet-
ric and balanced composite, where the fibers are plain weave
carbon woven fabric with 200 g/m? areal density supplied
by Texglass Inc. The resin is a DBGA epoxy system AR300/
AH30-150 provided by Barracudatec Inc. with a gel time of
30 minutes and average viscosity (resin+hardner) of 1000
cps. The laminate consolidation after a hand lay-up was cure
on air for 24 hours followed by a post-cure, i.e. a uniform
pressure of 1.0 atm at 80°C for 6 hours. Nine plates, with
fiber/resin weight fraction of approximately 50/50, were pre-
pared and its configurations were listed on Table 1. From
each plate, twelve samples, i.e. six for tensile and six for
three point bending tests, were cut using diamond saw.

The code system can be described as follows: 15G-
SDBS-00N stands for 0.15 wt.% of multi-layer graphene
dispersed with SDBS surfactant and mixed into a pure epoxy
system (0.0 wt.% of multi-walled carbon nanotubes). The
30G-CO890-30N represents a 0.30 wt.% of MLG dispersed
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Table 1. Testing Groups Characteristics.

MWNT MLG CO0890 SDBS

Group ID [wt. %] [wt. %] [ppm] [ppm]
Baseline 0.0 0.0 0.0 0.0
15G-SDBS-00N 0.0 0.15 0.0 200
30G-SDBS-00N 0.0 0.30 0.0 200
15G-SDBS-30N 0.3 0.15 0.0 200
30G-SDBS-30N 0.3 0.30 0.0 200
15G-C0O890-00N 0.0 0.15 300 0.0
30G-CO890-00N 0.0 0.30 300 0.0
15G-C0O890-30N 0.3 0.15 300 0.0
30G-C0O890-30N 0.3 0.30 300 0.0

with CO890 and mixed into a epoxy system where 0.30 wt%
of MWNT was previously dispersed using sonication.

The morphological investigation was performed us-
ing a FEG Quanta 200 FEI scanning electron microscopy
(SEM) and a Tecnai G2-12 transmission electron micros-
copy (TEM), while the overall macroscopic behavior was
evaluated tensile and short-beam three point bending tests.
The tensile test follows the ASTM D3039 standard [54],
while the short-beam bending tests followed the ASTM D
790 standard [55]. The three point bending tests were per-
formed using an aspect ratio L/d (support spam/specimen
depth) of 16:1, close to the ASTM recommendation for high
performance composites. As described by the ASTM D 3039
an electronic extensometer was used to obtain the Young’s
modulus. However, to avoid damage to the extensometer
the tests were paused at 50% of the failure and the exten-
someter was removed and the test was reinitiated. The same
procedure was adopted to the tensile tests based on ASTM
D638 standard [56]. Furthermore, an LVDF (linear variable
differential transformer) was employed to obtain mid-span
displacement for the ASTM D790 tests. Finally, an atomic
force microscopy (Asylum MFP-3ASA) was employed to
observe the carbon based nanostructures dispersion inside
the polymeric system.

3. EXPERIMENTAL DATA AND ANALYSIS

A morphological analysis on carbon nanotube and gra-
phene interaction is observed in Figure 1. It shows the CNT
somehow “entered” the MLG layers. These interlocking
structures can provide the extra grip for increasing strength.
The same hybrid nanostructure (CNTs+MLG) was observed
in Figures 1(c)—(d). Notice that multi-layered graphene spot-
ted varied from 8—12 layers. The darker spot in Figure 1(a),
which indicates a much larger number of layers has an as-
pect ratio (length/width) of 2 while the lighter areas present
aspect ratio from 6 to 12. All of this indicates the presence
of Van der Waals forces, which is the possible interaction
force between CNTs and MLG. According to Zhu ef al. [1]
carbon nanotubes and graphene share similar surface feature

and many properties are common. The hypothesis of Van
der Waals bonds is based on these carbon based nanostruc-
tures (graphene and carbon nanotubes) are not functional-
ized, i.e. used as growth. However, the presence of some
“free chemical bonds” cannot be discarded but is unlike to
occur. The presence of surfactant can also be an important
factor. Tkalya et al. [46] discussed the “wrapping” mecha-
nism as possible explanation for this complex interaction.
The TEM observation on Figure 1(b) seems to be this case
where layers of graphene surrounded carbon nanotubes. An
overall micrograph of this three dimensional nanostructure
is shown in Figure 1(c). As commented before, it is clear the
evidence of different layers of graphene surrounding/wrap-
ping nanotubes. But, when a much higher magnification is
placed in one of the edges, an interesting phenomenon seems
to be spotted. In Figure 1(d), like a needle a sharp edge of a
multi-layer graphene seems to penetrate a carbon nanotube
wall. It seems an evidence of interactions between the two
types of carbon based nanostructures and the polymeric ma-
trix around them. The same idea was proposed by O’Connell
et al. [57] when considering the carbon nanotube and the
polymeric matrix.

Although the morphological analysis via TEM seems to
indicate an interaction between the two nanostructures, the
surfactants and the epoxy resin. The resulting nanostructure
can act as barriers during crack formation/propagation when
the composite is under loading. The AFM representation on
Figure 2(a) can give an estimation of the 3D nanostructures
formed. For example, for the CO890 surfactant and the gra-
phene (0.15 wt.%) and carbon nanotube (0.30 wt.%), this
3D nanostructure has a height peak of 205 nm [Figures
3(a)—(b)], which is equivalent of 600 atomic layers of car-
bon. This value seems not to be compatible with the two
original carbon based nanostructures (multi-layer graphene
and multiwall carbon nanotubes) employed. Therefore, the
only reason for such height is the surfactant interaction. A
more detailed analysis of such 3D nanostructure must be
performed.

A complete analysis, however, must include a mechanical
testing of such composite material. By performing mechani-
cal tests, it will be possible to correlate the composite overall
mechanical behavior and the nanostructures formed inside
the epoxy system and its interactions with the carbon fibers.

The first set of mechanical experiments is based on three
point bending tests. By observing the mechanical behavior
under bending and its failure mode, it is possible to under-
stand how the carbon based nanostructures associated to dif-
ferent surfactants affect stiffness and strength. Figure 4(a)
shows the flexural elastic moduli, while the bending strength
is represented by Figure 4(b). The surfactant usage seems to
improve both stiffness and strength, when compared against
the blank samples (carbon fiber/epoxy with surfactant or car-
bon based nanostructures). Considering the surfactant effect,
the SDBS dispersion into the epoxy system lead to an aver-



200 A. AVILA, V. MUNHOZ, A. OLIVEIRA and E. MONTEIRO

ey 500 NM

(©

i 10 mﬁ

(d)

Figure 1. TEM observations of MWNT-MLG interactions.

age increase on stiffness close to 90.69%, while the strength
improvement was around 55.66%. The average mechanical
properties enhancement with the addition of CO890, the sec-
ond surfactant, was 92.69% and 58.13%, for stiffness and
strength respectively. These improvements can be attributed
to failure mode changes as shown in Figure 5. Another im-
portant issue is the interaction between graphene and carbon

nanotubes. As it can be observed in Figure 6, the stress-strain
curves, the addition of carbon nanotubes in presence of
surfactant, either SDBS or CO890, improved both mechani-
cal properties, i.e. stiffness and strength. This is an indica-
tion of interactions between graphene and carbon nanotubes
as shown in Figures 1(a)—(d). The wrapping hypothesis can
explain, at least at nanoscale, the mechanical behavior.
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Figure 2. AFM 3 D representation of graphene, nanotube and sur-
factant interaction.

Notice that such 3D nanostructures, the ones enfolded,
seems to act as barriers for crack propagation, which leads
to a much higher energy release. As it can observed from
the previous figures, the addition of surfactant (SDBS and
CO890) and graphene could be the reason for mechani-
cal properties enhancement (stiffness = 59.78%, strength
~ 39.57%, for SDBS and stiffness = 63.82%, strength =
46.38%, for CO890), the additional improvement seems
to be provided by the carbon nanotubes and its interaction
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with the graphene. From Figure 6, another hypothesis can be
formulated. The CO890 surfactant appears to be more effi-
cient regardless the carbon nanostructure. Notice that Figure
6 is composed by curves/data from the tests, which can be
considered representative of the samples overall behavior.
These curves are experimental data adjoining to the average
overall samples behavior for each set studied.

The next step is the tensile properties evaluation. Figures
7(a)—(b) describe the stiffness and strength variation based
on surfactant type and carbon nanostructure. As it can be no-
ticed, the usage of surfactants as a carbon based nanostruc-
ture dispersant “facilitator” seems to be effective. The SDBS
surfactant/graphene addition leads to an average increase on
tensile elastic moduli close to 8.84%. However, if the CNT
contribution is also considered, the SDBS+graphene+CNT
addition promoted a stiffness improvement close to 55.26%.
A similar trend was observed when the CO890 effect is ana-
lyzed. The stiffness increase for the CO890 addition without
CNT was around 69.06%. However, the addition of CNT led
to a much smaller increase on stiffness, i.e. =<10.85%. It was
expected, like in bending, the addition of CNTs should lead
to a much higher increase on stiffness. One possible expla-
nation for such behavior could be problems during the ten-
sile tests, i.e. tab delamination. When the tensile strength is
analyzed, the following trend can be identified. An average
increase on tensile strength with addition of SDBS/graphene
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Figure 3. AFM measurements of nanostructures formed.
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Figure 4. Three point Bending results. (a) Elastic moduli; (b) Flexural strength.

was close to 7.66% and, and an increase nearly 27.97% was
notice for the CO890/graphene composition. When the ad-
dition of CNT is considered on the top of SDBS/graphene
and CO890/graphene, the increase was close to 27.02% and
22.98%, respectively. Notice that in both cases (SDBS and
CO890 surfactants) the largest increase was observed for
the 0.15 wt.% graphene addition. Figure 8 shows the stress-
strain curves where two distinct groups can be identified.
Changes on epoxy matrix behavior from brittle to ductile
can be the reason for such good behavior. A typical ductile
epoxy/carbon fiber fracture is represented in Figure 9. To
have a complete analysis of the these hybrid laminates, the
toughness is calculated for each group. The addition of car-
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Figure 5. SEM observation of a fracture on bending with the pres-
ence of surfactant.

bon based nanostructures lead to an increase on toughness
in all cases. The range on toughness improvement was be-
tween 39.59% (15G-CO890-00N) and 180.65% (30G-SD-
BS-00N), for more details see Figure 10.

To be able to verify the brittle-ductile transition a series
of tensile tests based on ASTM D 638 were performed. The
stiffness and strength variations based on those results were
shown in Figure 11.

A complete analysis of the mode failure transition will
not be complete without the stress-strain curve. Figure 12
shows the representative curves for the tensile tests of the
dogbone shape specimens. By analyzing Figures 11 and 12
some conclusions can be drawn. First, a decrease on stiffness
was also followed by an increase on displacement. Second,
this increase on displacement at failure can be described as a
transition from fragile to ductile failure behavior. The group
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Figure 5. Stress-Strain curves under bending loads.
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Figure 7. Tensile test results. (a) Stiffness; (b) Strength.

made of 0.30 wt.% graphene with SDBS and no carbon
nanotube (30G-SDBS-00N) is a representative set of this
brittle-ductile transition. Noticie that in this case, a decrease
on stiffness was followed by an increase of displacement at
failure. Figure 13 shows two micrographs, the first one of the
baseline sample and the second one is the 30G-SDBS-00N
sample. As it can be notice, in the second case the fracture is
ductile, as the necking formation is unmistakable observed.

4. CONCLUSION

Two different carbon based nanostructures, multiwall
carbon nanotubes and multi-layered graphene, were incor-
porated to carbon epoxy laminated. X-ray diffractometry
indicates an average particle size of 22 nm for the multi-
layer graphene (MLG) nanostructures. TEM observations
revealed a thickness of 10 graphene layers, and a hybrid
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Figure 8. Stress-strain curves. Tensile tests.

nanostructure where MWNT interpenetrated the MLG nano-
structure. To be able to disperse more efficiently the carbon
based nanostructures two different surfactants were em-
ployed, i.e. Sodium dodecyl sulfate (SDBS) and Polyoxy-
ethylene nonylphenyl ether (IGEPAL CO890). The disper-
sion of surfactants associated to graphene led to increase on
stiffness and strength, for both tensile and bending loads. If
on the top of these surfactants/graphene additions, CNTs are
added, the improvement is even better. For tensile tests, the
average peak stress increase from 542.76 MPa (blank speci-
men) to 667.51 MPa (CO 890 and graphene/CNT), while for
bending the peak stress improved from 369.40 MPa (blank
specimen) to 584.15 MPa (CO 890 and graphene/CNT) .
The association of carbon based nanostructures (graphene
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Figure 9. Ductile fracture micrograph.
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Figure 10. Toughness data for hybrid laminates.

and CNT) associated to surfactants seems to be a promis-
ing route to improve carbon/epoxy composites. The average
increase on flexure elastic moduli reach a peak of 92.62%
while for tensile elastic moduli was up to 69.06%. In all cas-
es, this increase can be attributed to two factors. The first one
could be due to the formation of a wrapped 3D nanostruc-
ture (CNTs surrounded by graphene nanosheets), which can
act as barriers to crack formation/propagation. This issue is
critical in bending loads. For the tensile tests, the second fac-
tor is the change on epoxy behavior from brittle to ductile. In
sum, the addition of carbon based nanostructures (CNTs and
graphene) associated to surfactants could be a viable route to
improve even more carbon/epoxy composites.
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Polymer matrix composites (PMCs) are widespread in engineering applications due
to their superior mechanical properties at low weight. However, they are susceptible
to damage due to their low interlaminar mechanical properties and poor electrical and
thermal conductivities in the transverse direction to the laminate. Moreover, methods to
inspect the embedded damage and to ensure the reliability of composites are expen-
sive and labor intensive. Recently, mechanophore-based smart polymer has attracted
significant attention, especially for self-sensing of matrix damage in PMCs. A cyclobu-
tane-based self-sensing approach using 1,1,1-tris (cinnamoyloxymethyl) ethane (TCE)
and poly (vinyl cinnamate) (PVCi) has been studied in this paper. The developed TCE
and PVCi based smart polymer blends were characterized to understand their thermal
and mechanical properties. The self-sensing function was investigated at both the poly-
mer level and composite laminate level. Fluorescence emissions from fiber reinforced
composite laminate were observed on specimens subjected to low velocity impact load

and low cycle fatigue load, indicating the presence of matrix cracks.

© 2015 DEStech Publications, Inc. All rights reserved.

1. INTRODUCTION

The field of fiber reinforced composite materials has
grown rapidly in the last decade such that over 20 million
tons are now produced every year for a variety of applications
including aerospace, civil, and mechanical infrastructures.
However, concerns remain about the structural integrity of
composite materials subject to fatigue and impact loading,
as such materials are susceptible to cracks or delamination
that form deep within the structure. In addition, the failure
mechanisms of composite laminates are more complicated
and damage detection is challenging. Damage accumulation
in composites is progressive in nature, with damage initia-
tion in the formation of microscale matrix cracks that lead
to delamination and even fiber fracture. Matrix damage can
cause significant reduction in load carrying capability of the
laminate and early failure. The integrity of polymer matrices

*Corresponding author. E-mail: yingtao@ou.edu; Phone: 1 405 325-3663;
Fax: 1 405 325-1088

© 2015 DEStech Publications, Inc. All rights reserved.
doi:10.12783/issn. 2168-4286/2.4/Zou

in composites is therefore critical for structural durability
and operational safety.

Identification of matrix cracks and delamination in poly-
mer composites is of significant importance so that preven-
tative maintenance can be taken before catastrophic struc-
tural failure. Scientists and engineers have been developing
damage detection technologies over many years, which are
recognized as nondestructive evaluation (NDE) and struc-
tural health monitoring (SHM) techniques. Common NDE
techniques include ultrasonics [1], acoustic emission [2,3],
infrared thermography [4], etc. Although these techniques
have been well validated in laboratory environments, in-
field applications, especially real-time NDE (also referred
to as SHM), are still difficult due to the bulky size of NDE
equipment and the time-consuming data post-processing and
decision making procedures. SHM techniques combining
sensors and complex feature extraction algorithms have been
well studied [5-8]. Piezoelectric ceramic sensors have been
employed to record guided waves or impedance data for lo-
cal and global damage awareness [9—11]. The application of

207



208 J. ZOU, Y. LIU, A. CHATTOPADHYAY and L. DAI

advanced sensors, such as optic fibers [12,13] and wireless
sensors [14], and vibration based diagnostic methodologies
[15] have been reviewed and summarized in literature. How-
ever, current sensor based data driven SHM techniques are
incapable of early damage detection.

Nanoscale materials and smart materials provide the
potential solutions for real-time matrix crack detection in
polymer composites. Multiple nanoscale materials, such as
uniformly dispersed pristine carbon nanotubes and function-
alized carbon nanotubes [16,17], aligned carbon nanotube
forests [18], carbon nanotube thread [19,20], graphene [21],
and nanoscale piezoelectric ceramics [22], have been inte-
grated within polymer matrix systems. By measuring the tai-
lored material properties, such as electrical impedance and
resistance, the local strain field and damage conditions can
be estimated for laminated composites under simple uniaxial
load conditions [23]. However, it is still difficult to detect
the matrix crack initiation at the early damage state under
complex fatigue and impact load conditions.

Recently, mechanophore-based polymers have received
increasing attention for damage detection in composites.
Such materials are able to translate mechanical energy to
a chemical transformation so that the damage can be de-
tected by measuring a visible color change. Piermattei et al.
reported an optic activated mechanophore-linked polymer,
which could mechanically induce luminescence emission
at low stress level [24]. Such polymers incorporating the
bis(adamantly)-1,2-dioxetanes unit enabled the transduction
of force into luminescence by opening the four-membered
dioxetane ring with subsequent ketone product relaxation
from its excited state to the ground state. However, the time
for monitoring the mechanically induced luminescence
was short, which restricted its use in practical applications.
Pyran-based organic compounds, like spiropyrans, spiro-
oxazines, and naphthopyrans, are well known chromogenic
materials whose structure changes accompanied by a color
change induced by temperature or light. Davis ef al. synthe-
sized spiropyran-linked elastomeric polymers which could
act as force sensors in response to stress loading [25]. They
applied tensile testing and simultaneous optical spectrosco-
py to examine force-induced scissile transformation. Force
distribution was detected by monitoring the color change
due to a mechanically induced 6-electrocyclic ring-opening
reaction from colorless spiropyran to colored merocyanine
conformations. Our research group recently reported a cy-
clobutane-based polymer for early damage detection in ep-
oxy [26]. To our best knowledge, the color change mecha-
nisms have not been applied for early damage detection in
fiber reinforced composites.

Although mechanophore-linked polymers have provided
tremendous new opportunities, especially in the areas of
stress sensing and early crack/failure detection, many un-
known fundamentals as well as unexplored applications re-
main. Current research gives greater emphasis to pure and

bulk traditional polymers; synthesis relies solely on an in-
dividual chemistry/reaction mechanism that is often limited
and complicated. In this paper we have designed and synthe-
sized a mechanically responsive composite material system
by integrating cyclobutane-containing polymer into an epoxy
matrix and further extended this approach to identify low-cy-
cle fatigue damage in glass fiber reinforced polymer compos-
ites through mechanically induced fluorescence generation.

2. CONCEPTS OF SELF-SENSING POLYMER
MATERIALS

2.1. Self-sensing Concept using Fluorescence Based
Smart Polymer

Integrating smart materials within conventional compos-
ite matrix systems is a practical way to monitor and detect
the matrix crack damage in laminate composites. In par-
ticular, we applied cyclobutane as mechanophore functional
group to epoxy; the matrix system in the composite. Both
1,1,1-tris(cinnamoyloxymethyl) ethane (TCE) and poly (vi-
nyl cinnamate) (PVCi) were studied. TCE was dimerized
into cyclobutane rings under photoirradiation. This cyclic
product has been proved to efficiently generate fluorescence
emission upon the cleavage of the cyclobutane ring [27].
TCE has trifunctional mer units on each molecule. It forms
three-dimensional networks under UV photoirradiation.
For comparison, a second polymer, poly (vinyl cinnamate)
(PVCi) with the functional group as the side chain on the
polymer to form a cross-linked polymer, was selected. PVCi
is commercially available and very prominent in photo-
chemistry with some attractive characteristics [28,29].

The cyclobutane-based polymer was produced by photo-
dimerization of the C=C bond from the cinnamoyl function
group of TCE and PVCi, respectively. Cyclobutane-based
polymers were dispersed in the epoxy as self-sensing crack
sensors. When the polymer blends undergo crack formation
and propagation, the cyclobutane is mechanochemically
cleaved to afford the chemicals that are capable of strong
fluorescence emission, indicating the location of the crack
in the epoxy, as shown in Figure 1. In this work, the effect
of the functionalization of two different cyclobutane-based
cross-linked polymers on the thermal and mechanical prop-
erties of new epoxy matrix composites was investigated and
the relationship of the stress-spectroscopic signals of the
composites was also studied.

2.2. Material Preparation and Characterization

In this work, all of the following listed materials and
reagents were used as received. 1,1,1-tris(hydroxymethyl)
ethane (99%), cinnamoyl chloride (98%), tetrahydrofuran
(= 99.9%), 4-(dimethylamino)pyridine (= 99%), dichlo-
romethane (= 99.8%), ethanol (= 99.5%), and poly(vinyl
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Figure 1. Depiction of the blending approach to create a stress-sensitive material. (a) before crack formation; (b) after crack formation [23].

cinnamate) (PVCi, average Mn 45,000-55,000) were pur-
chased from Sigma-Aldrich. Sodium chloride (> 99%) and
water (HPLC) were purchased from Fisher Scientific. Epoxy
resin FS-A23 (digycidylether of bisphenol F, DGEBPF) and
epoxy hardener FS-B412 (diethylenetriamine, DETA) were
purchased from Epoxy System Inc.

The TCE polymers or PVCi polymers were prepared us-
ing the following procedure. Solid TCE or PVCi was first
dissolved in CH,Cl,. The solution was then applied on a
clean silicon mold to form a thin film and placed in a vac-
uum to evaporate the excess CH,Cl,. After the evaporation,
the thin film was photoirradiated under a UV light source
at 302 nm for 4 h. All of the silicon molds and glass slides
used for preparation of samples were pretreated with a mold
release agent.

To prepare polymer/epoxy polymer blends, the TCE or
PVCi solution was added to DGEBPF and thoroughly dis-
persed by using an ultrasonic probe sonicator (Sonics Vi-
braCell, 500W model) for 20 seconds. The mixture was
then placed in a vacuum chamber at 50°C to evaporate the
CH,Cl, until the mass of the mixture remained unchanged,
indicating that the excess CH,Cl, had evaporated. The resin
mixture was cooled to room temperature before DETA was
added and mixed (Mycg or Mpycit MEpoxy = 1:10; Mpgegpr:
Mpgra = 100:27). The mixture was sonicated in an ice bath
to prevent any premature curing. After the mixture became
homogenous, the mixture was poured into the silicon molds
and moved into a vacuum chamber to degas for 30 min, fol-
lowed by photoirradiation conducted by a UV lamp of 302
nm wavelength (UVP, UVM-28). According to the manu-
facturer’s data, the light density was approximately 1300
uWem2 at a distance of 3 cm. The sample was exposed to
UV light for 4 hours and cured overnight at room tempera-
ture at atmospheric pressure. A neat epoxy sample followed
a similar procedure for comparison. After simple machining,
the sample was ready for testing. The average dimension of
the cubic sample was 3 x 4 x § mm?>.

The glass fiber reinforced composites laminate was fabri-
cated using the wet layup method. A polymer blend contain-
ing uncured epoxy and 10 w.t.% TCE was first mixed thor-
oughly. The uncured composite was cured under a load of 50
kg for 10 minutes and photoirradiation for four hours under
UV light at 302 nm wavelength. In order to achieve further
improved performance, the composites were posted-cured at
60°C overnight in an oven and allowed to cool gradually.
The composite laminate sample size was 30 x 80 x 0.4 mm?>.

To characterize the mechanical and thermal properties
of the proposed polymer matrix system, differential scan-
ning calorimeter (DSC) thermal analysis, thermogravimetric
analysis (TGA), and dynamic mechanical analysis (DMA)
were conducted. The effect of the addition of the cross-
linked polymer to the epoxy on glass transition temperature
(T,) was studied using DSC. The experiments were per-
formed in a nitrogen atmosphere using TA Instruments Q20.
TGA monitors the amount and rate of change in the mass of
a sample as a function of temperature or time as a sample
is heated at a programmed rate in a controlled atmosphere.
The measurements are used primarily to determine the ther-
mal stabilities of materials. DMA was used to measure the
glass transition temperature, storage modulus, loss modulus.
Cross-link density of the neat epoxy, the epoxy blended with
TCE polymer, and the epoxy blended with PVCi polymer
was calculated through DMA. Experiments were performed
in a tension mode using a TA Instruments Q800. The detailed
property characterization results have been reported in [26].

3. MECHANICAL STRESS INDUCTED
SELF-SENSING POLYMER

The self-sensing capability of the proposed polymer was
first investigated at the polymer level. The goal for the appli-
cation of the cyclobutane-based polymer was to demonstrate
mechanochemical cleavage of a covalent bond and inves-
tigate the use of these cyclobutane polymers blended with
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(a) No coating

Fluorescence
Image under
UV light

Image under
white light

(c) PVCi

(b) TCE

Figure 2. Microscopic images of cracks generated by hammer hit on (a) a clean polystyrene substrate, (b) a polystyrene substrate coated with
cross-linked TCE and (c) PVCi polymer under a UV light. Images in second row were the corresponding images under a white light.

epoxy as damage sensors by visual detection for composite
laminates. Here, we applied a simple and direct method for
detecting mechanochemical reactions with UV microscopy.
The fluorescence response was first confirmed by coating
cross-linked TCE polymer film on a polystyrene substrate.
The cracks were generated by low velocity impacts using
a hammer and observed using UV microscopy, as shown in
Figure 2. Under the microscope with white light, the cracks
were observed both on the polystyrene and polystyrene with
coating. But the fluorescent signal was only detected on the
polystyrene coated with cross-linked TCE polymer exposed
to UV light. Furthermore, the cross-linked PVCi polymer
was coated on the polystyrene substrate. The fluorescence

owt.%

Fluorescence
Image under
UV light

(D - N TR .,'. -
Ry i —— Lol

e
Figure 3. Microscopic images of fluorescence emission along cracks generated by hammer hit on polymer blends (a) 0 wt.% (b) with 10 wt.%
(c) 30 wt. % (d) 50 wt.% cross-linked TCE polymer. Images in the second row were the corresponding images under white light.

emission was observed along the crack as well. The results
indicated that the mechanochemical cleavage of cyclobutane
occurred along the crack propagation and induced the fluo-
rescence generation.

To further understand the self-sensing capabilities of the
proposed smart polymer system, experiments were conduct-
ed under a quasi-static compression load condition using
polymer cubic samples fabricated by the following proce-
dures in Section 2.2. When the cracks were generated by
external force on the polymer blends with different amounts
of the cross-linked TCE polymer, fluorescence emission
from the cracks was clearly observed under UV and white
light both, as shown in Figure 3. The fluorescent signal was

30 wt.% 50 wt.%

[LREA™ N . R B Al —_
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Figure 4. Microscopic images of fluorescence emission in response to different strains of epoxy with 10 wt.% cross-linked TCE polymer blends.

further augmented with increasing amounts of cross-linked
TCE polymer (30 w.t.% and 50 w.t.%) blended with epoxy.
No fluorescence emission was found on neat epoxy in the
same experimental conditions. From the images, epoxy with
10 wt.% cross-linked TCE polymer gave strong enough flu-
orescent emission to detect the damage. Thus, the content
of 10 wt.% was used for the following fluorescence tests.
Comparing the images under white light and UV light, it is
noted that the proposed cyclobutane-based smart polymers
were able to clearly identify the existence of polymer cracks
when mixed with structural epoxy. The detailed crack shape
and crack depth were represented by the intensity of fluores-
cence lights. The green light intensity of fluorescence im-
ages became stronger as more cracks existed in the polymer
matrix system.

Neat epoxy and smart polymer samples were compressed
to different strains, respectively. As shown in Figure 3, no
fluorescence was detected on the neat epoxy. The evolu-
tion of induced fluorescence emission on the epoxy samples
mixed with 10 wt.% TCE is shown in Figure 4. For all the
polymer samples, limited fluorescence was observed before
the stress passing yield point. However, the intensity of fluo-
rescence emission from the proposed polymer significantly

Point a

8e+7 4
N . A
o 6e+7 4 \ c
= a
50 um 50 um
o ol e
2e+7 4
’ Epoxy/PVCi
0.00 0.0 0.10 0.15 0.2C
Strain

increased right after stress passing the yield point and mi-
crocracks starting to form. Those cracks could not be clearly
observed under white light, indicating that the fluorescence
emission could provide a higher sensitivity and easier detec-
tion for the location of cracks, especially cracks at the mi-
cro scale. It is also notable that fluorescence emission along
the crack intensified with strain after the yield point. Similar
results were observed using epoxy samples mixed with 10
wt.% PVCi smart polymers, as shown in Figure 5. In addi-
tion, through characterization of both TCE and PVCi smart
polymers, it is shown that PVCi based smart polymers have
a higher glass transition temperature, which results in better
thermal stability and more potentials for practical applica-
tions in fiber reinforced composites.

In order to further explore the relationship between the
strains and their corresponding fluorescence response, ten
fluorescent micrographs were processed by ImagelJ. The av-
erage fluorescence densities and related deviation for each
mechanical load state were calculated. The density change
as a function of strain was plotted in Figure 6. As expect-
ed, the densities increased with the accumulation of strain,
which indicates that the more cleavages of cyclobutane were
activated as strained increased.

Point b Point ¢

Figure 5. Microscopic images of fluorescence emission in response to different strains of epoxy with 10 wt.% cross-linked PVCi polymer blends.
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Figure 6. Integrated density of fluorescence emission in response to different strains of epoxy w/ 10 wt.% cross-linked (a) TCE and (b) PVCi

polymer blends.

4. SELF-SENSING OF LOW CYCLE FATIGUE
DAMAGE IN COMPOSITE LAMINATE

In general, fatigue of fiber reinforced composite materials
is a complex phenomenon. Multiple parameters, including
fiber type, matrix type, load conditions, and boundary condi-
tions, can significantly influence the fatigue performance of
composites. Fatigue damage starts very early and the extent
of the damage zones grows steadily, but the damage type in
these zones can change. For example, small matrix cracks
can lead to large size delamination as damage accumulates.
Therefore, being able to efficiently detect early matrix cracks
in composite laminates are critical for the structural safety
and reliability of composites. The proposed self-sensing

275e+7

method using cyclobutane based smart polymers was further
studied under low fatigue cycle load conditions.

The fluorescence response on the glass fiber reinforced
composite (GFRC) was first validated by the damage ap-
plied with a hammer. A circle was marked and the damage
was made by the hammer impacted on one side of the single
sheet within the circle, as seen in Figure 7 (right). The im-
ages within the circle before and after the damage were col-
lected and compared. Obviously, the fluorescence was ob-
served along the fiber after the damage was applied, as seen
in Figure 7 (left).

The fatigue tests were performed on a glass fiber rein-
forced composite (GFRC) sheet under uniaxial tensile load
conditions. A 4 mm wide hole in the center of the specimen

N
%‘
Z
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Before Damage
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Figure 7. (Left) Fluorescence density of fiberglass epoxy composite with 10% TCE before and after damage
was applied. (right) GFRC specimen under a white light.
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Figure 8. (Left) Experimental setup of the unidirectional tensile fa-
tigue test using GFRC sample; (Right) GFRC sample with tensile
load.

was introduced before the fatigue test to create a stress con-
centrate area and the fatigue damage was expected to initiate
around the hole. A TestResource 800L mechanical testing
system was used in the experiment, as shown in Figure 8.
The specimen was cycled in a load-controlled mode at stress
ratio (R), 0,i,/0max = 0.1 on a uniaxial fatigue frame operat-
ing with a sinusoidal waveform at a frequency of 2 Hz, as
seen in Figure 9. Maximum stress (1000 N) and minimum
stress (100 N) was constant for each cycle of a test. The
number of fatigue cycles was recorded. After the application
of a certain number of load cycles, the test was stopped. The
specimen was removed from the fatigue frame and photo-
graphed under white light and a UV microscope. Then the
specimen was remounted and fatigue cycles continued. The
fluorescent intensity at each fatigue cycle loading was cal-
culated through ImagelJ. The average data against cycles are
shown in Figure 9. The fatigue fracture surface of the speci-

500 Cycles

f=1Hz

Frae= 1000 N

Force

Time
Figure 9. Low cycle fatigue load history applied in the experiment.

men was sputter coated with a thin layer of gold to observe
the fatigue crack growth under the scanning electron micro-
scope (SEM). The specimens for SEM were sputter coated
with gold and viewed by SEM-XL30 (FEI). The specimens
for SEM experiments were prepared by placing a piece of
GFRC sheet onto a newly cleaved mica substrate and ap-
plying Au coating of 10—15 nm thick using a sputter coater.
In order to monitor the crack growth on the GFRC speci-
men, SEM characterization of the specimen was carried out.
Figure 10 shows the matrix cracks, matrix crack and fiber
breakage on the GFRP specimen surface. Figure 10 (left)
shows micro-cracks on the matrix after 500 cycles. The ex-
posure of glass fibers after 1,000 cycles in Figure 10 (mid-
dle) shows interface debonding. These exposed glass fibers
tend to fracture under cyclic tensile force. After 1350 fatigue
cycles, more breakage of glass fibers was observed as well
as matrix cracks, causing a noticeable propagation along the
longitudinal direction, as shown in Figure 10 (right). The
corresponding macroscopic images are shown in Figure 10
(inset). With increasing fatigue cycles, the cracks developed
in the 0° direction and became visible. The higher the number
of fatigue cycles, the more cracks formed. UV microscopic
images of fluorescence emission at different fatigue stages
are shown in Figure 11. The damages were first formed

1350 Cycles

Figure 10. SEM micrographs of glass fiber reinforced epoxy composite with 10% TCE at different fatigue cycle stages. insets are the images

under white light.
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0 Cycles 500 Cycles

1000 Cycles

1350 Cycles

Figure 11. Microscopic images of fluorescence emission on GFRC
in response to different fatigue cycle stages.

along the glass fibers in the 0° direction. With cycles, the
fluorescence emission became more obvious and the cracks
along the glass fibers at 90° direction grew as well. Fluores-
cent micrographs at different fatigue cycles were processed
through ImageJ and the average fluorescence densities were
calculated. The corresponding fluorescence density change
was plotted in Figure 12. As expected, the density intensified
as cycles increased, indicating that there were more cyclobu-
tane molecules cleaved into cinnamate molecules due to the
weaker bond strength on the cyclobutane ring than on the
other bonds.

5. CONCLUSION

In this paper, a novel self-sensing approach is devel-
oped to detect the matrix cracking in composite laminates.
The cyclobutane based smart polymers were synthesized
and integrated within conventional epoxies. Once external
forces were applied on the smart polymer and composites,
fluorescence emissions were observed under UV micro-
scope. Both TCE and PVCi based smart polymers were in-
vestigated. Compared to smart polymers with TCE, poly-
mers integrated with PVCi showed stronger fluorescence
intensity at the same stress level, which lead to stronger
sensing capabilities to stress and matrix crack damage.
The smart polymers were further applied to GFRP com-
posites to detect the low cyclic fatigue damage. Signifi-
cant fluorescence emissions were measured as the damage
accumulated during the experiments. The developed self-
sensing approach provided a new method to efficiently de-
tect matrix cracks in composites without using any bulky
NDE equipment or complicated SHM sensors. This devel-
oped self-sensing method provides a practical approach to
identify structural damage in composites under complex
load conditions.

3.1e+7
3.0e+7 A }
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Figure 12. Microscopic images of fluorescence emission on GFRC
in response to different fatigue cycle stages.
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Carbon nanotube yarns are lightweight, stiff, strong, ductile and electrically conductive
fiber-like materials that exhibit a piezoresistive response. This piezoresistive character-
istic of the carbon nanotube yarns is being tapped to measure strain in polymeric and
laminated composite materials through resistance measurements without adding much
weight or altering the integrity of the host material. Furthermore, the same principle is
being used to detect damage and delamination in laminated composite materials. This
paper includes the experimental results of a study about damage detection in laminat-
ed polymeric composite materials using carbon nanotube yarn sensors. A combination
of sensor configurations including yarns stitched through the thickness direction of the
composite laminate and yarns placed straight cross wide to the laminate are used to
detect the presence of damage as well as its extent and propagation pattern. As the
laminated composite is mechanically loaded, the yarn sensors capture instantaneously
delamination as demonstrated by their resistance response. Crucially, the yarn sensors
are sensitive enough to provide a significant resistance increase output that serves as
an indication of an impending delamination. Minor damage such as porosity or other
fabrication details are also captured as evidenced by a small increase in the resistance
of the yarn sensor. The experimental results also show the ability of a combination of dif-
ferent yarn sensors to detect the exact location and extent of the delamination through-
out the entire loading process. Damage detection using carbon nanotube yarns may
offer a highly adaptive, practical, and sensitive structural health monitoring method.

© 2015 DEStech Publications, Inc. All rights reserved.

1. INTRODUCTION

Monitoring the structural health of composite materials
and structures has been the focus of research for several de-
cades. Non-destructive evaluation (NDE) methods include
acoustic monitoring, laser vibrometry, thermal imaging,
piezoresistive carbon microfiber reinforcement, X-rays, and
several other techniques [1]. They offer precise information
regarding the structural integrity of a laminated composite
but require costly, prolonged and complex procedures that
make their use impractical in many applications. Structural
health monitoring (SHM) methods provide constant and im-

*Corresponding author. Tel: 1 (202) 319-4382, Fax: 1 (202) 319-5173,
E-mail: abot@cua.edu.

© 2015 DEStech Publications, Inc. All rights reserved.
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mediate feedback of the state of health of a structure includ-
ing potential damage [2]. SHM methods may include vibra-
tion analysis, strain gauges, fiber optic sensors, stress wave
propagation techniques as well as several other methods
[2]. SHM methods that utilize micro-strain sensors can cap-
ture strain variation due to piezoresistive effects, resonance
monitoring, piezoelectric effects, capacitance variation, or
changes in optical properties [3].

Piezoresistive methods work on the principle of varia-
tions in strain being proportional to changes in resistance.
Commonly used piezoresistive devices include metal alloy-
polymeric films or metallic foil strain gauges. These strain
gauges are able to capture very low fluctuations of strain
with a maximum range of about 5% [3]. Similarly, semi-
conductor gauges rely on the piezoresistive properties of
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silicone and germanium correlating the change in resistance
with variations of stress instead of strain [4]. Although the
semiconductor gauges are less expensive, more ductile, and
operate with a gauge factor up to one hundred times higher
than that of metallic foil gauges, they are significantly non-
linear in operation and suffer from high temperature sen-
sitivity [4].

Despite the advantages of the previously mentioned
piezoresistive-based SHM methods, they cannot detect ini-
tiating damage in composite materials with high compac-
tion or multifaceted construction. More critically, they fail
to achieve damage detection without altering the micro-
structure of the composite material. An alternative method
of strain monitoring and damage detection that may offer the
advantages of the previously mentioned methods without
their drawbacks consists of the use carbon nanotube (CNT)
yarns [5-9] that are intricately integrated into the fiber rein-
forcements of composite materials [10—14]. The concept is
that CNT yarns are integrated in a laminated composite ma-
terial forming a continuous sensor circuit, and their inher-
ent piezoresistive sensitivity would capture small amounts
of strain within the host material [10—13]. Unlike other
SHM methods, integrated CNT yarn sensors may offer a
non-destructive, simpler, easily customizable and robust
alternative of damage detection in laminated composite
materials.

Delamination in laminated composites consists of the
separation of their layers and represents a significant risk
to their integrity [15]. Delamination can occur at the edge,
near the surface, or in the center of the laminated compos-
ite. Typically, edge delamination occurs because of loading
perpendicular to the axis of a beam near its edge. While
delamination may occur during processing of the material,
interlaminar normal and shear loading cases typically lead
to delamination when interlaminar shear stress compo-
nents, T3 and 1,3, exceed their strength values under the
maximum stress failure criterion, or when the strain energy
release rate, G;., exceeds its maximum allowable value un-
der the fracture mechanics criterion [15]. While the range in
size of delamination and damage can vary drastically, it may
elude the detection capabilities of most techniques that mon-
itor change in material geometry such as metallic foil strain
gauges, which are more suitable for surface strain detection,
or optical fiber monitoring that requires complex equipment
and data analysis. The ability of the CNT yarn sensors to
detect mode II-dominated delamination in laminated com-
posite materials had been previously shown by these authors
[10]. This paper presents the results of an experimental study
about the detection of delamination and minor damage in-
cluding their exact location and extent using a combination
of different types of integrated CNT yarn sensors. Further-
more, it provides a detailed explanation of the methodology
and the mechanisms of capturing delamination using the
CNT yarn sensors.

2. CARBON NANOTUBE YARN SENSOR

The CNT yarns in this study were dry-spun from the sides
of 400 to 500 pm-high vertically aligned arrays composed
of multi-walled carbon nanotubes (MWCNTSs) grown by
water-assisted Chemical Vapor Deposition (CVD) [16—-19].
The CNT yarns are composed of one or three intertwined
threads. The CNT yarns composed of three threads have a
total diameter of about 25 pm, a density of about 0.9 g cm™3,
and the twist of the single thread varies between 558 and
868 m~!. A Scanning Electron Microscopy (SEM) image of
the 3-thread yarn is presented in Figure 1(a). The CNT yarns
composed of one thread have a diameter of about 29 um
and a corresponding SEM image is shown in Figure 1(b).
CNT yarns exhibit a piezoresistive response that depends on
the exact construction of the material including the nanotube
diameter, length and chirality, twist angle of the yarn, fab-
rication technique and other yarn characteristics [20,21].
The response of unconstrained 1-thread yarns subjected
to quasi-static uniaxial tension loading exhibits a negative
piezoresistivity [14]. The response of laterally constrained
yarns is being determined and will be used to predict the re-
sponse of the yarn sensors that are integrated in polymeric
and composite materials. This piezoresistive characteristic
of the CNT yarn is being used for sensing purposes and
provide real time monitoring of the structural health of a
polymeric or composite material through resistance mea-
surements [10—13].

3. FABRICATION OF SELF-SENSING COMPOSITE
MATERIALS

The fabrication of the self-sensing laminated polymeric
composite samples with the integrated CNT yarn sensors
comprises three stages: CNT yarn integration into the dry
fabric layers, curing of the laminated composites, and prepa-
ration of the CNT yarn sensor circuits. It should be noted
that in the case of integrating CNT yarns into a carbon fiber
laminated composite, an additional step consisting of coat-
ing the CNT yarn would be necessary to prevent short-cir-
cuiting between the carbon fibers and the CNT yarns. In this
study, the CNT yarns are integrated in a glass fabric/epoxy
laminated composite and the following process is used to
integrate the CNT yarns into the fabric reinforcement. The
CNT yarn requires unwrapping from the spool and careful
inspection for defects such as sharp bends or frays, which
can degrade both its mechanical and electrical properties.
The CNT yarn is then secured to the head of a sewing nee-
dle and securely stitched into four layers of the glass fabric,
which constitute the central layers of the laminated compos-
ite consisting of six or eight layers in this study. Before the
first stitch is made, an artificial delamination may be inserted
between the two central layers to control the location of the
initiation of delamination growth. After stitching the CNT
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Figure 1. SEM images of CNT yarn used as the sensor in the self-sensing composite materials: (a) 3-thread yarn; (b) 1-thread yarn. Top view
schematic configurations consisting of laminated composite samples instrumented with CNT yarn sensors: (c) single stitched yarn sensor; (d)

dual stitched yarn sensor; (e) combined stitched and straight yarn sensors.

yarns into the central layers, colloidal silver epoxy is applied
at its ends to connect electrically the CNT yarns. The silver
epoxy is applied in thin coats to the 3-mm-ends of CNT yarn
and formed into a flat connector. Additional dry fabric layers
are then added to complete the layup of the laminated com-
posite. Figure 1(c)—(e) show schematics of the samples con-
taining various configurations of the CNT yarn sensors. An
optical image of a self-sensing laminated composite sample
showing the silver epoxy electrodes is presented in Figure 2.

The next step in the composite fabrication process con-
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Sensor
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L

Figure 2. Optical image of a 6-layer glass/epoxy laminated com-
posite sample and superimposed schematics of the integrated yarn
sensors including stitched ones (through layers 2-5) and straight
ones (between layers 2 and 3). Wires are later connected to the
electrodes for resistance measurements.

@ Artificial 45 {5
Delamination Sy

sists of the impregnation of the yarn sensor-integrated com-
posite layers using a hand lay-up process. The polymeric
phase consists of ToolFusion™, a room temperature-curing
epoxy system composed of resin and hardener, which are
combined in a 5:1 resin to hardener ratio. After impregna-
tion, the layers are sandwiched between four layers of dry
carbon fiber layers acting as bleeders in order to maintain
an approximate 65% fiber volume fraction. The composite
sample is then placed in a mold and cured under full vacuum
and 480 kPa of pressure for ten hours. After the self-sensing
composite sample is removed from the mold, the electrical
connections are checked to make sure they are intact. At this
point, more silver epoxy may be applied to the electrodes if
needed.

4. COUPLED MECHANICAL-ELECTRICAL
MEASUREMENTS

The coupled mechanical and electrical characterization
of the self-sensing composite samples requires accurate and
sensitive testing equipment to capture load, displacement
and resistance histories. An MTS Criterion 43, displace-
ment-controlled mechanical testing platform fitted with a 30
kN-load cell, is used in combination with a 3-point bending
fixture as shown in the schematic of Figure 3. Loading is
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Figure 3. Schematic of experimental setup of self-sensing composite sample subjected to 3-point bending: side and end cross-
sectional views of laminated composite beam sample instrumented with stitched and straight yarn sensors.

monitored by a Testworks4 software controller that acquires
load and displacement histories data at 1 Hz. To minimize
the effect of the contact resistance, the two lower supports
are positioned between the electrical connections of the
stitched yarn sensor circuits, thus creating a zero stress area
near the electrodes throughout the entire loading process.
The self-sensing composite samples are loaded at a rate of
0.2 mm min~'.

Electrical monitoring of the self-sensing composite sam-
ples requires a measurement system that can accommodate
to the differences in the resistance ranges of each yarn sensor
circuit. A National Instruments (NI) data acquisition chassis
(DAq) Model 1978 equipped with a NI 9219 card is used
along with a NI 4072 digital multi-meter (DMM) mounted
on an NI PXI 1033 chassis. The DMM is capable of moni-
toring a single yarn sensor circuit at a time with a maximum
resistance range of 1 MQ while the DAq chassis can cap-
ture multiple yarn sensor circuits with a maximum range of
10.5 kQ. The resistance monitoring is achieved with a NI
LabVIEW Signal Express software program. After the self-
sensing composite sample is secured in the 3-point bending
fixture, electrical connections are made using small alligator
clips. The resistance history data is acquired at a rate of 1 Hz.

5. DAMAGE DETECTION RESULTS

It has been demonstrated that CNT yarn sensors inte-
grated in laminated composite materials are able to detect
delamination [10]. The following results include the details
of the damage detection and its localization and progression

throughout the loading process in laminated composite ma-
terials. The mechanical/electrical response of self-sensing
composite samples consisting of a glass plain weave archi-
tecture and sensor configurations like the ones indicated in
Figure 1(c) and 1(d) is presented in Figures 4 to 7. Figure
4(a) shows the load, P, in terms of time, ¢, representing the
load history and the resistance, R, in terms of time, ¢, repre-
senting the resistance history. Figure 4(b) shows the delta
resistance, AR, or the difference between the actual resis-
tance and the initial resistance in terms of time, ¢, represent-
ing the delta resistance history. Delamination in the sample
is identified by the sudden decrease of the maximum load in
the load history curve (event A). Delamination is detected
by the stitched yarn sensor as evidenced by the significant
increase in the resistance and delta resistance (event B) and
by the increase of the resistance to infinity (event C). The
time delay between events A and B was 67 s. This delay
apparently implies that the yarn sensor may not be able to
capture the delamination instantaneously. However, as it can
be observed in Figure 4(b), a significant change in delta re-
sistance slope (event D) is noticeable 48 s before event A.
The resistance increases by 137 Q between events D and
A, by 40 Q between events A and B, and by 450 Q between
events B and E, where the significant increase in resistance
immediately is halted after the delmination. This response
of the yarn sensor demonstrates its ability to not only detect
the delamination but also to anticipate it (event D) even be-
fore the load-history response of the laminated composite
sample indicates it (event A). The corresponding deflections
of this composite sample between events A and B is 0.68
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Figure 4. Detection of mode ll-dominated delamination in 6-layer glass/epoxy laminated composite sample using a single stitched yarn sensor
configuration. (a) Load and resistance versus time curves. (b) Load and delta resistance versus time curves.
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Figure 5. Detection of mode II-dominated delamination in 6-layer glass/epoxy laminated composite sample using a single stitched yarn sensor
configuration. (a) Load and resistance versus displacement curves. (b) Delta resistance versus displacement curve.
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mm [Figure 5(a)], and 0.29 mm between events D and A
[Figure 5(b)], respectively. In addition, the yarn sensor was
able to withstand loading well in excess of the maximum
load as well as capture the delamination without its circuit
failing. The yarn sensor failed (event C) 504 s after event A
as shown in Figure 4(a).

In order to detect minor damage prior to major delami-
nation, the self-sensing composite samples were loaded and
unloaded within the elastic region [13]. A small amount of
internal damage occurred and it was revealed as a load re-
duction of 2 N (event F) as shown in Figure 6. It was also
observed that the yarn sensor experienced an increase in the
resistance of 1.2 Q (between events G1 and H1) with a time
delay of 14 s between events F and H1 (Figure 6). The cor-
responding deflection between these two events was deter-
mined to be 0.05 mm.

Since the laminated composite samples were subjected
to bending loading, the sections of the yarn sensor in the
upper portion of the beam (above the neutral axis) undergo
compressive strains and those in the lower portion of the

beam (below the neutral axis) undergo tensile strains. Con-
sequently, the overall resistance of the stitched yarn sensor
includes contributions to the resistance from the yarn sec-
tions under tension and from those under compression. It
had been determined that the piezoresistive response of the
unconstrained yarn under uniaxial tension exhibits a piezo-
resistivity that is dependent on the strain rate [14,22]. The
piezoresistive response of the CNT yarn under uniaxial com-
pression is currently being investigated. The corresponding
responses of the CNT yarn embedded in a polymer under
tension and compression are also being determined. The ini-
tial decrease in the overall resistance of the CNT yarn inside
the composite beam may be explained once the previous re-
sponses are obtained and the corresponding modeling results
become available.

In order to confirm the results obtained with one yarn sen-
sor, a configuration like that in Figure 1(d) consisting of two
yarn sensors was used to monitor damage and delamination.
An artificial delamination of 1 cm in diameter was centered
between the two yarn sensors allowing a gap of 2.5 mm be-
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Figure 6. Detection of minor damage in 6-layer glass/epoxy laminated composite sample using a single stitched yarn sensor configuration: load
and delta resistance versus time curves. The minute reduction in the load history curve indicates the presence of microscopic damage, which is
detected by the yarn sensor after a few seconds in the form of a significant resistance increase.
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Figure 7. Detection of minor damage and mode lI-dominated delamination in 6-layer glass/epoxy laminated composite sample using a double
stitched yarn sensor configuration: load and delta resistance versus time curves. Both reductions in the load history curve indicating first, the
presence of microscopic damage, and later, delamination, are detected by the stitched yarn sensors after a few seconds as demonstrated by

events G2, D1 and B1 and B2.

tween the yarn sensors and the delamination [13]. Figure 7
shows the load and the delta resistance histories of the two
yarn sensors. It is observed that all the previously described
events are also present and some occur almost simultane-
ously (time delay of 11 s between events B1 and B2). The
D event, associated with the anticipation of an impending
delamination, is obvious in CNT yarn sensor #1 (event
D1). The G event, associated with the sensor’s response
to a minor damage in the sample, is obvious in CNT yarn
sensor #2 (event G2). Both yarn sensors withstood the ap-
plied load and responded in a similar way demonstrating
a relatively symmetrical growth progression of the initial
delamination.

The determination of the exact location of delamination
and its progression in the laminated composite samples can
be achieved with a configuration consisting of a combina-
tion of different yarn sensors like the one shown in Figure
le, which includes stitched yarn sensors and straight cross
wide yarn sensors. The through-the-thickness stitched yarn
sensors allow the determination of delamination but only

additional straight yarn sensors parallel to the composite
laminate layers and along the beam’s width direction are
able to detect the precise location of the delamination or
the damage. Figure 2 shows an image of a fabricated self-
sensing composite sample containing both types of yarn
sensors. It is worth mentioning that the straight yarn sen-
sors were configured for two point probe measurements
but the stitched sensors were set up for four point probe
measurements so that contact resistance does not play any
role. It is worth mentioning that damage detection based
on a significant delta resistance increase does not need to
rely on minute resistance measurements and thus two probe
measurements are deemed appropriate and sufficient. Figure 8
shows the load and resistance histories of all the yarn sensors.

The two stitched yarn sensors, indicated as continuous
and dotted red lines, respectively (stitched yarn sensor #1
and #2) in Figure 8, show sensitivity to the deformation
throughout the entire loading process of the laminated com-
posite sample as indicated by the initial resistance decrease
followed by a resistance increase. They both detect the de-
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lamination as shown by the corresponding jumps in the re-
sistance and the time delay between these events (B1 and
B2) is 151 s. This time delay could be attributed to a slight
asymmetric growth of the initial delamination. In these par-
ticular experiments, four straight yarn sensors were placed
as indicated in the inset of Figure 8. All the straight yarn sen-
sors increase their resistance output during the entire load-
ing process and delamination progress. Straight yarn sensor
circuit #4, indicated as a continuous brown line in Figure
8, exhibits a resistance increase of about 4.3 Q before fail-
ing and when the delamination reaches its location at about
280 s before the delamination reaches the first stitched yarn
sensor. The two outer straight yarn sensors, indicated as a
continuous green line (straight yarn sensor circuit #5) and
as a continuous yellow line (straight yarn sensor circuit #6)
in Figure 8, exhibit an increasing resistance of several ohms
over time. However, these outer straight yarn sensors do not
fail because the delamination does not reach them before the
sample experienced a significant deformation and the test is
stopped. The yarn sensor that is proximate to the load ap-

plication point (straight yarn sensor circuit #3) in Figure
8 tends to exhibit significant noise due to the transversely
compressive load exerted at the center of the beam that ap-
plies pressure on the sensor.

Many experiments were run using shorter beam config-
urations and it was observed consistently that the straight
yarn sensor closest to the delamination fails first and sub-
sequently the other straight yarn sensors fail as the delami-
nation propagates and reaches their locations. The straight
yarn sensors are being placed between the central layers of
the laminate, and are thus not subject to bending stresses
but only shear stresses. The correlation between the stress
level and the resistance of the yarn sensor requires further
investigation.

6. CONCLUSIONS

An experimental study was conducted to evaluate the
ability of piezoresistive-based, integrated and distributed,
carbon nanotube yarn sensors to detect minor damage and
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sors configuration: load and delta resistance versus time curves.
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delamination in laminated composite materials, determine
the specific location of the damage and delamination, and
further understand the yarn sensors’ response in this moni-
toring methodology. The study included monitoring the
growth of preset delamination defects and randomly ap-
pearing damage during loading of glass fabric polymeric
laminated composite samples using integrated yarn sen-
sors. The study showed the ability of the yarn sensors to
not only capture the delamination but also anticipate it as
exhibited by a significant increase in the resistance of the
stitched yarn sensors ahead of the delamination. The sensi-
tivity of the yarn sensors is also exhibited by their ability to
detect minor damage as demonstrated by a slight increase
in their resistance immediately after the load experiences
a small reduction. Despite the sensitivity of the integrated
yarn sensors, they are able to sustain significant deforma-
tion and fail, as exhibited by their resistance increase to
infinity, when the host laminated composite fails. The exact
location and progression of a delamination was determined
by additional straight yarn sensors that yield a higher re-
sistance output when the delamination reaches their spe-
cific locations. All the previous findings further contribute
to demonstrate the feasibility of a multi-sensor network of
integrated and distributed carbon nanotube yarn sensors
to monitor an entire designated area and pinpoint the ex-
act location of damage. These carbon nanotube yarn sen-
sors provide excellent piezoresistive response to loading
without compromising the integrity of the laminated com-
posite, offering thus the potential for developing a highly
adaptive, practical, and sensitive structural health moni-
toring technique. However, many questions remain to be
answered through more research including the correlation
between the strain and the resistance in the yarn sensor for
the different strain and damage levels in the host composite
material.
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The current work aims to explore the potential for in-situ structural health monitoring
in polymer bonded energetic materials through the introduction of carbon nanotubes
(CNTs) into the binder phase as a means to establish a significant piezoresistive re-
sponse through the resulting nanocomposite binder. The experimental effort herein is
focused towards electro-mechanical characterization of surrogate materials in place
of actual energetic (explosive) materials in order to provide proof of concept for the
strain and damage sensing. The electrical conductivity and the piezoresistive behavior
of samples containing randomly oriented, well dispersed MWNTSs at concentrations of
0.09-0.6 %wt introduced into the epoxy binder of 70 %wt granulated sugar-epoxy hy-
brid composites are evaluated. In the computational modeling e.ort herein, the effective
piezoresistive response of these nanocomposite bonded polymer explosives (NCBX) is
evaluated using a computational micromechanics approach based on a 2-scale hier-
archal model connecting the CNT-polymer nanocomposite scale (nanoscale) to the ex-
plosive grain structure scale (microscale). Scanning Electron Microscopy (SEM) based
microstructure morphology of as-produced MWNT-sugar-epoxy hybrid composites is
used to construct a representative microscale computational domain. The nanocom-
posite binding medium is modeled as electromechanical cohesive zones between
adjacent explosive grains which are representative of effective electromechanical re-
sponse of CNT-polymer nanocomposites. The effective electromechanical properties of
CNT-polymer nanocomposites are obtained using the Mori-Tanaka method allowing for
random and aligned orientations of CNTs within the binder. The real time in-situ electri-
cal resistance measurements under quasi-static tensile loading obtained both experi-
mentally and in computational modeling demonstrate the strain and damage sensing
potential in hybrid composites.
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1. INTRODUCTION

Energetic materials, such as polymer bonded explosives
(PBXs) [1-9] which are composed of two phases, namely,
the explosive material and a polymeric binder, are a class
of composite materials designed to release high amounts
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of energy in response to a trigger. PBXs are used in vari-
ous applications such as rocket propellants and detonators
[10]. Typically, these energetic materials are comprised
of explosive materials such as HMX (Octahydro-1,3,5,7-
tetranitro-1,3,5,7-tetrazocine), RDX (1,3,5-Trinitroperhy-
dro -1,3,5-triazine), PETN (pentaerythritol-tetranitrate), or
TATB (triamino -trinitrobenzene) which are present in the
composite in the form of small (~100 pm) crystals. Polymer
binder materials, e.g. estane, are used in these composites
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which typically constitute around 10% or less of the vol-
ume. The overall mechanical properties of the composite
are largely determined by the polymer binder because of
relatively larger compliance when compared to explosive
grains. In addition, the polymer binder contributes signifi-
cantly to the improvement of the toughness and impact toler-
ance of such composites [11].

Numerous experimental tests have been performed on
energetics and mock/surrogate materials over the years of
energetics development. These mock/surrogate materials
have similar microstructural features and mechanical prop-
erties as the energetic crystals, but they are non-energetic
which makes them safer to work with. Peeters [1] et al. per-
formed tensile and compression testing for different strain
rates at room temperature on PBX 9501, PBX 9502 and
900-10 mock materials, as wells as creep and cyclic tests
for each material not only to provide a data set for energetic
materials constitutive model development, but also to ob-
tain a phenomenological characterization of energetics. Liu
et al. [2] fabricated PBX 9502 specimens containing a cav-
ity in order to investigate damage initiation, progression and
cracking under compression. It was observed that the non-
uniform stress distribution around cavity in the energetic
material resulted in the development of microcracks under
compression. Liu ef al. [3] also examined the aging effects
in high explosives. Brazilian disk samples made of pristine
and artificially aged PBX 9501 materials were subjected to
compression testing at different temperatures in conjunction
with digital image correlation in order to observe micro-
crack initiation, propagation and accumulation. Aged PBX
9501 samples were much weaker and much more brittle than
pristine ones, leading to easier macroscopic cracking. Liu et
al. [4] investigated the fracture process of PBS 9501 sugar
mock, a PBX 9501 high explosive simulant mock. The most
dominat mechanical failure mechanism in high explosives
of microcrack initiation and propagation was similarly ob-
served in PBS 9501 sugar mock material. It was also ob-
served that crystal interlocking and friction along with bind-
er stretching contributed to the formation and extension of
stress-bridging zones, leading to crack bridging processes.
Liu et al. [5] also tested Mock 900-21, a PBX 9501 high
explosive simulant which was subjected to monotonic and
cyclic loading in order to assess the macroscopic crack for-
mation and its extension in these materials. It was postulated
that the heterogeneity in the microstructure of the energetic
material led to macroscopic crack formation under cyclic
loading at load levels which were below the failure stresses
observed for monotonic strain to failure.

Seidel ef al. [12,13] developed viscoelastic cohesive zone
models for highly filled polymers such as LX17, with a phe-
nomenological damage law. They observed that cohesive
zone models captured nonlinear material behavior, forma-
tion and coalescence of microcracks into macrocracks, and
eventual failure which are typically observed in the experi-

mental results. Barua et al. [14-16] studied the deformation
and damage of PBX materials subjected to dynamic loading
conditions using a cohesive zone finite element formula-
tion. They concluded that the main form of deformation is
debonding at the grain-binder interface which further leads
to cracking and sliding of the grains. In addition, Panchad-
hara and Gonthier [17,18] used a Lagrangian finite and dis-
crete element technique to study compaction of HMX under
uniaxial deformation waves and Hardin ef al. used a finite el-
ement framework to investigate thermomechanical response
of polycrystalline-HMX [19].

The explosive event in PBX is usually divided into vari-
ous stages: ignition, the growth of deflagration (burning)
and de.agration to detonation transition (DDT). Usually, a
shock impact event results in adiabatic compression of the
material which generates enough heat to trigger the desired
chemical reaction which leads to detonation immediately
[20]. However, in many situations which involve accidental
low velocity impact during transportation and handling or
tool drop, inadvertent ignition of the energetic material can
occur [21]. In order to assess the structural integrity of the
composite in terms of the current deformation and damage
state and prognostication of remaining life, it is anticipated
that the piezoresistive response of carbon nanotube(CNT)-
polymer nanocomposites can be exploited by infusing CNTs
in the polymer binder phase. The CNT-polymer nanocom-
posites have been experimentally shown to exhibit an inher-
ent piezoresistive response [22—28]. Nanocomposite gauge
factors between 1 and 20 have been typically reported in the
literature [22-28] in comparison to commercially available
(metallic) strain gauges with gauge factor of 2. In order to
ascertain CNT orientation effects on nanocomposite piezo-
resistivity, Sengezer and Seidel [29,30] dispersed aligned
SWNTs in a blend of two different photopolymerizable
monomers which consisted of urethane dimethacrylate
(UDMA) and 1,6-hexanediol dimethacrylate (HDDMA).
It was observed that the electrical resistance change of as-
produced aligned nanocomposites subjected to cyclic tensile
loading followed the applied deformation with no lag and
the transverse piezoresistive response sensitivity surpassed
the axial piezoresistive response. On a larger scale, Gao et al.
[31] premixed 0.5 %owt MWCNTs in EPON 862 epoxy resin
and used vacuum assisted resin transfer molding to produce
[0/90], cross-ply E-glass fiber composite laminates. Us-
ing quasi-static tension tests, the composite laminates were
quasi static monotonic loaded until failure and cyclic loaded
while simultaneously monitoring changes in the electrical
resistivity and taking acoustic emission data. Piezoresistive
response outperformed acoustic emission measurements by
not only detecting the onset of damage prior to noticeable
effects in the stress strain response, i.e. measuring instances
of new damage initiation, but also in being able to provide
continuous assessment of the damage state between damage
initiation events.
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The piezoresistive response in CNT-polymer nanocom-
posites originiates primarily from three factors, i.e. the evo-
Iution of CNT networks at the microscale [32,33], nanoscale
electron hopping/quantum tunneling [33-39] and inherent
CNT piezoresistivity [32,40-44] . Several modeling efforts
[32,33,35,45,46] have attempted to model the CNT-polymer
piezoresistive response by idealizing the nanotubes as rigid
members dispersed in the polymer medium forming a 2-D or
3D stick network. For the electrical problem, these nanotube
networks are represented by an equivalent resistor network
where each resistor represents either the CNT resistance or
the intertube electron hopping/quantum tunneling resistance.
These nanotube networks and corresponding resistance net-
works evolve on application of strains resulting in an effec-
tive piezoresistive response. Other modeling efforts [47-50]
have tried to appropriately include the microstructure mor-
phology and physical effects (e.g. Electron Hopping, in-
herent CNT piezoresistivity) starting at the nanoscale and
transitioning them to the macroscale through micromechan-
ics based homogenization schemes to explore the effective
piezoresistive response of such nanocomposites.

In the current work, the electro-mechanical characteriza-
tion of surrogate hybrid MWNT-sugar-epoxy composites is
conducted in order to provide proof of concept for in-situ
strain and damage sensing in nanocomposite bonded ex-
plosives. In addition, effective piezoresistive response of
NCBX materials is studied computationally using a micro-
mechanics based hierarchical multiscale framework where
the nanocomposite binder is modeled through electrome-
chanical cohesive zones representative of effective CNT-
polymer piezoresistive response. It is expected that the
results presented in the current work will provide basis to
explore optimum NCBX microstructure for in-situ detection
of strain and damage state.

2. EXPERIMENTAL INVESTIGATION

2.1. Fabrication of MWNT-sugar-epoxy
Nanocomposites and Microstructural Morphology
Assessment

In the present study, MWNTs and granulated sugar have
been dispersed in 105 Epoxy Resin/206 Slow Hardener
(West System) (being 5 parts 105 epoxy resin and 1 part 206
slow hardener). The epoxy system was selected as the binder
for its general coating and bonding applications along with
its low viscosity and very long working life at room tem-
perature. The pristine MWNTs (PD15L15) (NanoLab) were
reported to have a purity of more than 95%. The granulated
pure cane sugar (Domino®) was used as a surrogate mate-
rial in place of actual explosive materials. Neat sugar-epoxy
samples were prepared with a weight ratio of 70/30 (corre-
sponding to 72 %vol sugar) to obtain the neat sugar-epoxy
mixture, with this ratio likewise being maintained in the

preparation of hybrid binder samples having concentrations
of 0.09, 0.15, 0.3 and 0.6 %wt MWNTs relative to the en-
tire sugar-epoxy-MWNT sample (corresponding to 0.3, 0.5,
1 and 2 %wt MWNTs relative to the epoxy, respectively).
In preparing hybrid composite samples, varying weight con-
centrations of MWNTs were added first to the lower viscos-
ity (compared to epoxy) fast evaporating acetone solvent
with 2.5 ml acetone used for each 0.01 grams of MWNTs.
MWNTs were dispersed in acetone using a bath sonication
for one hour with a QsonicaSonicator 4000 operating at 20
kHz and amplitude of 25% in order to obtain a more uniform
initial dispersion of MWNTs. 105 Epoxy resin was added to
the predispersed MWNTs-acetone solutions and resonicated
for an additional hour with the same settings to obtain a ho-
mogeneous MWNT distribution within the epoxy. Acetone
was evaporated from the solutions using a Buchi Rotavapor
RII rotary evaporator with a heating bath at 35°C. The afore-
mentioned curing agent and 70 %wt (72 %vol) surrogate
material (granulated pure cane sugar) was then added to
evaporated solution and blended thoroughly using mechani-
cal stirring with tongue depressors. The prepared mixtures
were cast into silicon molds and cured at room temperature
for 24 hours. Figure 1(a) shows the resulting specimens pre-
pared for quasi-static tensile testing. The neat sugar-epoxy
and MWNTs-sugar-epoxy hybrid composite specimens
have a gauge length of 11 mm, rescaled from ASTM stan-
dard D638 for specimen type IV, with the loading exerted
in longitudinal direction at a distance of 28.2 mm between
the grips.

Both the neat and hybrid surrogate material samples have
inherently multiscale material architectures with microstruc-
tural features ranging the nanoscale (nanotubes) and the me-
soscale (nanotube network) in the hybrid material to the mi-
croscale (grains) and macroscale of both the neat and hybrid
samples. In order to assess key morphological features of the
as-produced neat sugar-epoxy and hybrid MWNT-sugar-ep-
oxy composites such as MWNT and surrogate crystal distri-
bution, Scanning Electron Microscopy (SEM and FE-SEM)
was used. Figure 1 provides the SEM micrographs of neat-
72 %vol sugar-epoxy fracture surface where the sugar crys-
tal can be observed with associated length scales of ~ 200
pum. Additionally, regions of crystal pull-outs are observed
in contrast to the polymer coated crystal surfaces. The sur-
faces of these pull-outs appear to have epoxy polymer left
behind during the fracture event indicating that the fracture
appears to have occurred in the binder phase.

Figure 2 shows SEM micrographs taken using Neo-
Scope JCM-5000 Benchtop SEM for 0.6 %wt MWNT (2
%wt relative to epoxy)-hybrid composite fracture surfaces.
As with the neat sugar-epoxy samples, sugar crystals, pull-
outs and the polymer binder are visible in Figure 2(a) and
the zoomed versions Figures 2(b) and 2(c). It is not until
the scale is reduced to the order of 5 um in Figure 2(d) that
bundles/agglomerations of CNTs are observed in the form
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Figure 1. (a) As-produced, randomly oriented 0.6 wt%, 0.09 wt% MWNT-70 wt% sugar-epoxy, neat 70 wt% sugar-epoxy hybrid composites
(Wt% represents relative to the entire sugar-epoxy-MWNT sample), (b) and (c) SEM micrographs of neat-72 vol.% sugar-epoxy fracture surface.

of white clouds/specs on the fracture surface in the local Figure 3. Figures 3(a), 3(c) and 3(e) are micrographs taken
binder region. In order to confirm that the observed cloud- of the fracture surface for the 0.09 %wt MWNT samples
like structures are indeed bundles/agglomerations MWNTs, while Figures 3(b), 3(d) and 3(f) are taken from the fracture

FE-SEM micrographs were taken using a LEO/Zeiss 1550 surface of a 0.6 MWNT %wt sample. It is observed that the
high-performance Schottky field-emission SEM as shown in FE-SEM provides the capability to go to 200 nm length scale

Vac-High PC-Std. 10kV x100 — 200 M Vi L PC-Std. 10kV x 1300 — O ) YT
2 wt% MWNT 70% sugar-epoxy fracture surface W acture surface

' w A N )
Vac-High PC-Std. 10kV x 800  ——— 0 Vac-High PC-Std. 10kV x 5000
2 wt'c MWNT 70 gar-epoxy fracture surface 2 wi's MWNT 70% sugar-epoxy fracture surface
Figure 2. SEM photographs of hybrid composite fracture surface for 0.6 wt% MWNT (2 wt% relative to epoxy) samples at
different zoomed scales. Pull-out refers to the surfaces left behind by sugar crystals pulling out during the fracture event.
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Figure 3. FE-SEM micrographs of fracture surface for (a),(c),(e) 0.09 %wt MWNT-sugar-epoxy (0.3 %wt relative to epoxy)
samples, and (b),(d),(f) 0.6 %wt MWNT-sugar-epoxy (0.2 %wt relative to epoxy) samples.

on the scale bars in Figures 3(e) and 3(f) which is much finer
resolution (higher magnification) than the SEM pictures pre-
sented in Figure 2. The white cloud like structures observed
in Figure 2 are also observed for both 0.09 and 0.6 %wt
MWNT samples using the FE-SEM, as shown in Figures
3(a) and 3(b), respectively. On further zooming in to these
clouds, a collection of individual MWNTs is observed where
the MWNTs are sticking out of the fracture surface for each
of the samples. It is to be noted that the white clouds com-
prised of a collection of MWNTs are more difficult to isolate
for the 0.09 %wt as compared to the 0.6 MWNT %wt sample
because of smaller weight concentration of MWNTs for the

0.09 %wt samples. It is further observed that the MWNTs
are bundled/agglomerated in collections (local nanotube net-
works) within the local polymer binder which will have a
significance in the measured macroscale properties of these
nanocomposites.

2.2. Electrical Characterization of MWNT-Sugar-
Epoxy Hybrid Nanocomposites

The electrical properties of as-produced neat sugar-epoxy
and MWNT-sugar-epoxy hybrid composite samples were
measured using an Agilent Technologies E4980A Preci-
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sion LCR Meter. Conductive epoxy was used to connect
the electrodes as shown in Figure 4. The conductive epoxy
electrodes were cemented on top and bottom of the gauge
section at distance 4 mm apart on alternate sides of the sam-
ple to obtain volume conductivity measurements. Figure 4
shows the log-log scale plot of the frequency dependence
(range: 20 Hz—2 MHz) of absolute AC conductivity for as-
produced hybrid composites. It is to be noted that the data
presented in Figure 4 has error bars associated with each
data point calculated by testing 8 different samples for each
MWNT weight concentration. Neat sugar-epoxy composite
conductivity is plotted to provide a baseline measurement
to assess the effect of MWNT on the electrical conductiv-
ity.

For the neat sugar-epoxy samples, both the epoxy and the
sugar crystals are expected to have very low conductivity
and thus the effective composite displays strong insulator-
like behavior, i.e. frequency dependence as a function of the
input measurement frequency (20 Hz—2 MHz). The conduc-
tivity increases from ~2E-9 S/cm at low frequency (20 Hz)
to 1E-5 S/em at high frequency (1 MHz). On addition of
highly conductive MWNTs, the conductivity of the MWNT-
sugar-epoxy composite is observed to increase from that of
the baseline sugar-epoxy composite. As an example, at 20
Hz input measurement frequency, the conductivity of the
neat, 0.09, 0.15, 0.3 %wt MWNT hybrid composites is ob-

1E+01 1E+02 1E+03 1E+04

1E+05

served to be about 2E-9 S/cm, 6E-8 S/cm, 1E-7 S/cm and
4.4E-7 S/cm, respectively. The increase in effective con-
ductivity is attributed to formation of conductive pathways
within the local polymer binder (i.e. nanotube networks)
which make the binder more conductive as MWNT weight
concentration is increased. Large dependence of the conduc-
tivity on measurement frequency is still observed, therefore
indicating that the as-produced MWNT-sugar-epoxy hybrid
composites are still below percolation threshold', thus con-
tinuing to act more like an insulator than a conductor overall.
In contrast, the effective conductivity for 0.6 %wt MWNT-
sugar-epoxy hybrid composites demonstrated a four order
of magnitude increase in conductivity at low measurement
frequency (20 Hz) as compared to the neat sugar-epoxy
samples corresponding to a value of 1E-5 S/cm. In addition,
0.6 %wt MWNT hybrid composites’ conductivity was ob-
served to be less frequency dependent as compared to the
neat sugar-epoxy and the other MWNT weight concentra-
tion cases, which is an indication that the 0.6 %wt MWNT
hybrid composites is transitioning towards percolation lead-
ing to a more conductive behavior. It is noted that at 20 Hz
measurement frequency, conductivity measurements for
the neat sugar-epoxy and low weight concentration (0.09,
0.15 %wt) CNT-sugar-epoxy hybrid composites show high
degree of fluctuation because of their low conductivities.
However, the observations made for 20Hz frequency remain
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Figure 4. Assessment of neat and hybrid composite electrical conductivity at various measurement frequencies and at different MWNT con-
centrations. Inset shows conductive epoxy electrodes cemented on top and bottom of the gauge section of the dogbone specimen at a distance
4 mm apart to obtain volume conductivity measurements. The marked frequency (10kHz) indicates the frequency at which the resistance mea-
surements were made during piezoresistive testing.

1t is to be noted that percolation concentration mentioned here is for the entire MWNT-sugar-epoxy nanocomposite which is different from the local MWNT-epoxy percolation. Lo-
cal percolation of the nanocomposite binder is difficult to assess from the macroscale testing performed herein. However, the percolation threshold for MWNT-epoxy nanocomposites
has been reported in the literature to be in between 0.002 wt% to 5 wt% depending on the type of MWNT, aspect ratio and dispersion process [S1].
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Figure 5. Stress-strain and relative change in resistance-strain response of as-produced hybrid composites (a) Neat sugar-epoxy, (b) 0.15 wt%
MWNT hybrid composite (0.5 wt% relative to epoxy) R, = 16.53 MQ, (c) 0.3 wt% MWNT hybrid composite (1 wt% relative to epoxy) R, = 11.7MQ
and (d) 0.6 wt% MWNT hybrid composite (2 wt% relative to epoxy) R, = 0.82 MQ.

true for larger frequencies. For example, at 1kHz applied fre-
quency, the conductivity of the neat, 0.09, 0.15, 0.3 and 0.6
%wt MWNT concentration samples is observed to be about
1.1E-8 S/cm, 1.05E-7 S/cm, 1.3E-7 S/cm, 1.4E-7 S/cm and
1E-5 S/cm, respectively.

2.3. Piezoresistive Testing of MWNT-Sugar-Epoxy
Hybrid Nanocomposites

The piezoresistive behavior of MWNT-sugar-epoxy hy-
brid composites was obtained using a two terminal method
(volume resistivity test) applying 1 volt at 10 kHz, from an
Agilent Technologies E4980A Precision LCR Meter while
loading within an Instron testing system controlled by Lab-
VIEW. Four specimens were tested for each MWNT weight
concentration (0.15, 0.3 and 0.6%) for piezoresistivity mea-
surements. The quasi-static tensile loading was applied at a
constant rate of 0.025 mm/min which corresponds to a strain

rate of 0.00089 mm/mm/min. An average resistance reading
was obtained to detect strain and damage initiation as well
as its progression under quasi-static loading. The volume
piezoresistivity measurements were recorded in terms of rel-
ative resistance change (AR/R,) as the specimens underwent
deformation, where R, was initial unstrained resistance. The
piezoresistive sensitivity of randomly dispersed 0.15, 0.3
and 0.6 %wt MWNT-sugar-epoxy hybrid composites was
quantified by defining the gauge factor as G = (AR/R)/e. It
is to be noted that the symbol G is reserved for gauge factors
throughout the manuscript.

Figure 5(a) provides the baseline mechanical stress-strain
response of neat sugar-epoxy samples. It is observed that the
effective stress follows an initial linear elastic response up to
about 0.1% applied strain, depicted by region I. The initial
linear elastic stiffness of the neat sugar-epoxy composite is
observed to be 2.08 + 0.55 GPa, where the errors in initial
stiffness are calculated by averaging over the initial response
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of four different samples tested to ensure consistency of the
experiments. Thereafter, the effective stress-strain response
starts to deviate from the initial linear elastic behavior and
the effective stiffness of the composite reduces monotoni-
cally in region II. The reduction in effective composite stiff-
ness in region Il is attributed to local damage in the polymer
binder (microcracks) in response to local deformations on
application of tensile strains which reduces the load carry-
ing capacity of the composite. A peak stress of about SMPa
is observed at about 0.75% applied strain for the test pre-
sented here. Over four different samples, the peak stress was
observed to be 4.60 + 0.29MPa at an applied strain of 0.86
+ 0.26%. Finally, after the peak stress is reached, a sharp
decline in effective stress is observed because of macroscale
damage (macrocracks) of the composite dogbone specimen
leading to complete failure at about 0.85% applied strain, as
observed from region I11 in Figure 5(a)>.

The effective stress-strain response of nanocomposite
samples with addition of 0.15%wt of MWNTs to the epoxy
binder are shown in Figure 5(b). The effective stress-strain
response is observed to undergo an initial linear increase in
effective stress (region I) on application of less than 0.1%
strain. The initial stiffness averaged over four 0.15%wt
MWNT samples is observed to be 1.76 + 0.33GPa, which
is about 18% smaller than the neat polymer samples in com-
paring the mean values. The stress-strain response under-
goes a similar behavior as was observed for the neat polymer
samples progressing through a non-linear region (region II)
as the sample develops microcracks up to an average peak
stress of about 3.29 + 0.08MPa at an average strain of 1.06
+ 0.10%. While the average peak stress for the 0.15%wt
MWNT samples is observed to be 40% smaller than that of
the neat polymer samples, the strain to failure (region III)
is observed to be 1.40% which is 64% larger than that ob-
served for the neat epoxy shown in Figure 5(a).

In terms of the piezoresistive response of the 0.15%wt
MWNT samples, the relative change in resistance follows a
linear increase in initial linear elastic region I with a gauge
factor (G') of 7.74 calculated at 0.1% applied strain. The ob-
served relative change in resistance for region I can be attrib-
uted to the local deformations of the inherently piezoresis-
tive MWNT-epoxy binder in absence of interfacial damage
for low values of applied strains. It is to be noted that the
inherent MWNT-polymer piezoresistivity is dependent on
several factors including CNT network arrangement/mor-
phology distribution [32,33] and electron hopping/quantum
tunneling [33-39]. However, isolation of dominant piezore-
sistive mechanism in the local interfacial binder is diffcult
based on the macroscale tests conducted herein. On further
application of strain, a linear increase in relative change
in resistance is observed in region II with the correspond-

’The piezoresistive response for the neat sugar-epoxy hybrid composites was not mea-
sured since the relative change in resistance is expected to be insignificant.

ing gauge factor (G') of 7.49 calculated at the strain cor-
responding to peak stress (0.9%). The observed gauge factor
for region II starts to include the effect of local microcracks
developing within the polymer binder medium and at the
binder-crystal interfaces. Finally, development of macro-
cracks in region III leads to a non-linear evolution of rela-
tive change in resistance which can be closely correlated to
the corresponding changes in the stress-strain response. An
effective gauge factor (G'7) of 16.19 is observed just before
the failure strain (1.4%) indicating large scale damage of the
dog-bone specimen.

For the 0.3%wt MWNT samples, stress-strain response
regions similar to those observed for 0.15%wt MWNT case
are observed, i.e. linear elastic region I, microcracks based
stiffness reduction in region II and macrocracks leading to
eventual failure in region III, as shown in Figure 5(c). The
averaged initial stiffness of the 0.3%wt MWNT samples is
observed to be 2.50 + 0.26GPa, with an averaged peak stress
of 3.66 + 0.33MPa at an average applied strain of 0.36 +
0.05%. The change in resistance follows an initial linear in-
crease through regions I and II with effective gauge factors
(G" and G") of 5.81 and 5.78, respectively, again similar to
the 0.15%wt MWNT sample. Finally, in region III, macro-
cracks develop in the dog-bone sample resulting in loss of
load carrying capacity leading to eventual failure at around
1.2% applied strain. The relative change in resistance, in
region III, increases non linearly with close correlation to
the reduction in effective stress leading to a gauge factor of
71.04 just before failure.

Finally, the 0.6%wt MWNT sample features similar be-
havior as was observed for the 0.15%wt and 0.3%wt MWNT
in the stress-strain and relative change in resistance. The av-
eraged initial stiffness of the 0.6%wt MWNT samples is ob-
served to be 1.21 + 0.06GPa, with an averaged peak stress
of 2.70 + 0.19MPa at an average applied strain of 0.55 +
0.07%. The key parameters associated with the response are
shown in Table 1 along with the 0.15%wt, 0.3%wt MWNT
and neat epoxy samples, averaged over four different tests
on different samples. It is observed that the mechanical re-
sponse of the hybrid composites is close to the PBX-polymer
energetics published in the literature [10] where an ultimate
tensile strength between 3—5 MPa is reported with effective
stiffness between 0.5-5 GPa. One of the key differences in
the relative change in resistance for the 0.6%wt MWNT
sample is that it exhibits a non-monotonic behavior unlike
the other 0.15%wt and 0.3%wt MWNT cases for which the
relative change in resistance increases monotonically. For
such composites with granular composite microstructure, it
is difficult to constrain the developing microcracks to initi-
ate in the gauge section for the dog-bone samples like the
ones tested here. In some cases, microcracks can develop
outside of the gauge section which relax the local stresses in
the gauge section. While this information is not represented
in the effective stress which is calculated from the load cells



Experimental Characterization and Computational Modeling of Deformation and Damage Sensing 235
Table 1. Measured Stiffness, Ultimate Tensile Strength, Strain at Maximum Load and Gauge Factors
in the Three Identified Regions for Randomly Oriented-well Dispersed MWNTs Hybrid Composites
Before and After Damage Initiation and Propagation.
Ultimate Tensile Strength Tensile Strain at Maximum Load

Specimen Cross-section Initial Stiffness (GPa) (MPa) (%) G/ G" G
Neat 2.08 £ 0.55 4.60 +0.29 0.86 £ 0.26 - - -
0.15 wt% 1.76 £ 0.33 3.29+0.08 1.06 £ 0.10 774 749 16.19
0.30 wt% 2.50+0.26 3.66 £ 0.33 0.36 £ 0.05 581 578 71.04
0.60 wt% 1.21 £ 0.06 270+£0.19 0.55+£0.07 3.21 853 49.21

(i.e. always outside the electrode gauge section), the effec-
tive resistance can reduce because of local relaxation of the
specimen within the gauge section. Similar piezoresistive
responses were observed for a handful of samples in which
macrocracks were noted to occur outside of the electrodes,
though alternative sources of such behavior can include
complex rearrangements of the current carrying pathways
as the interfaces separate. More direct correlations for such
observations would require in-situ monitoring of the micro-
structure which is beyond the scope of the current work, but
some of these mechanisms will be explored in the subse-
quent modeling results.

3. COMPUTATIONAL MODELING
3.1. Model Description
3.1.1. Modeling Assumptions and RVEs

A modeling idealization of separation of scales in NCBX
nanocomposites goes through an effective homogeneous
macroscale medium transitioning through the explosive

crystal grain structure at the microscale [10] to the nanocom-
posite binding medium which has microstructural features

74

10pm Vac-High PC-Std. 10kV x 80
70% sugar-epoxy fracture surface
(a) (b)

(CNTs and CNT bundles/agglomerates) at the nanoscale
[47]. At the microscale explosive grains are bound together
with polymer nanocomposite with large grain volume frac-
tions as shown in Figure 1. Thus, the polymer nanocompos-
ite binder medium can effectively be thought of as a thin
interface connecting the explosive crystals. The effective
electromechanical response of the binding interface should
then represent the effective electromechanical response of
the CNT-polymer nanocomposite.

In the current work, the effective properties of CNT
bundles [47-50] will be used in a micromechanics based
homogenization framework to allow for random/aligned
orientations of these bundles within the polymer matrix.
The effective electromechanical properties of randomly ori-
ented/aligned CNT-polymer nanocomposites obtained are
then used to appropriately model the interfacial nanocom-
posite binder response. For the computational modeling of
the explosive grain structure at the microscale, representa-
tive volume elements (RVEs) are constructed based on (1)
idealized Voronoi Tessellation and (2) based on the SEM
micrograph obtained in the current work shown in Figre
1(b). Figure 6(a) shows an idealized 10-grain RVE gener-
ated using Voronoi Tessellation. Figure 6(b) shows the SEM
micrograph presented in Figure 1(b) overlaid with the iden-

200pum

(©

Figure 6. (a) Anidealized 10-grain RVE generated using Voronoi Tesselation. (b) Identification of grains from SEM photographs of neat-72 %vol
sugar-epoxy fracture surface, and (c) a 31-grain RVE inspired from the SEM microstructure morphology image in (b).



236 A. CHAURASIA, E. SENGEZER, K. TALAMADUPULA, S. POVOLNY and G. SEIDEL

tified crystal/grain structure used in building a 31-grain mi-
croscale RVE shown in Figure 6(c). It is to be noted that
the idealized 10-grain RVE is constructed at a much smaller
scale (~10 um) as compared to the 31-grain RVE for dem-
onstration with true micron sized grains which are typical
to some explosive materials [7-9]. The microscale RVEs
shown in Figures 6(a) and 6(c) are meshed using 3-noded
linear triangular finite elements where each grain edge is
resolved using 10 coincident node pair across the interface.
The constitutive response of these initially coincident node
pairs is governed by CNT-polymer nanocomposite based
electromechanical cohesive laws which are dependent on
the nanocomposite binder electromechanical properties
and estimates of initiation and evolution of damage at the
microscale.

3.1.2. Imperfect Interface Modeling through Cohesive
Zones

The nanocomposite binder medium between the explo-
sive grains is modeled using electromechanical cohesive
laws representing the electromechanical response of CNT-
polymer nanocomposites through normal and tangential
traction-separation laws combined with a normal interfacial
resistance-interfacial separation law. These laws are con-
structed using micromechanics based homogenization tech-
niques to evaluate the initial electromechanical properties
of the CNT-polymer nanocomposites in addition to material
properties such as experimentally observed cohesive frac-
ture energy.

The cohesive interface response for the mechanical
boundary value problem (BVP) is described in terms of bi-
linear normal and tangential traction-separation response as
shown in Figure 7. The normal traction-separation response,
shown in Figure 7(a), features an initial region of linearly
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increasing normal traction as the interface separation in-
creases (A-B). This region represents the part of the inter-
face response where the effective nanocomposite acts like
a linear-elastic material for small magnitude of strains with
no damage based reduction in the nanocomposite effective
stiffness. The local cohesive zone stiffness in the undam-
aged initial linear elastic region is constant (12'2 ). Normal
traction increases until it reaches the point of peak traction
(Z;"™ at B with interface separation, A#,") where local co-
hesive zone damage starts to initiate in the form of a linear
reduction in normal interfacial traction from the point of
peak traction. The local cohesive zone stiffness at any gener-
al point, C, on the traction separation curve is then given by
K¢ =i¢ / AiS ,such that KE < K. The decreasing stiff-
ness of the cohesive interface following the path B-C-D is
representative of damaging nanocomposite binder medium
where local damage results in reduced interface stiffness.
The linear reduction in interfacial normal tractions with in-
creasing interface separation continues until the normal in-
terface separation becomes zero at D, at a normal interface
separation of A#,"™*,i.e. complete failure of the cohesive
zones.

The tangential traction-separation law, shown in Figure
7(b), features a similar bilinear behavior with an initial lin-
ear increase in tangential traction with increasing tangential
interfacial separation in either direction (A-B). The local
tangential stiffness of the cohesive zone in this region is
constant and is given by I%to . However, once the tangential
traction reaches the maximum value of 7™ at B, with an
interface separation of A#;", the tangential traction under-
goes a flat plateau region with constant tangential traction
(BC) representing tangential sliding of the interface under
frictional contact. The tangential stiffness at any general
point is given by K =7 /A’ , such that K& < K.

In addition to the normal and tangential traction-separa-
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Figure 7. Schematic of the bilinear traction-separation laws used in the current work in the (a) normal and (b) tangential directions.
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Figure 8. (a) Schematic of the bilinear interface normal resistance-separation law used in the current work for the coupled electrostatic cohesive
zones and (b) the bilinear interface normal resistance-separation law for inherently piezoresistive binder.

tion laws, electrostatic cohesive zone laws are specified at
the explosive grain boundaries in terms of interfacial resis-
tance-normal interface separation laws to allow for current
density transfer across the nanocomposite binder interface.
The electrostatic cohesive law nominally follows a bilinear
response [Figure 8(a)] for a non-piezoresistive binder e.g.
pure polymer binder with no CNTs. The interfacial resis-
tance in the initial linear region of the electrostatic cohe-
sive law is given by

ﬁ(Aﬁn):%Aﬁn Aii, < AiiS" 1)

n

where A4 is the effective cross sectional area for the cohesive
zone node pair. The normal interface separation (A, ) acts
as the effective length of the polymer ligament connecting
the interface. In effect, the interface resistance increases lin-
early as the interface normal separation increases with a rate
given by /3/ A. It should be noted that the local resistance
of the cohesive zone is dependent on the separation distance,
thus, every cohesive zone could possibly have a different
current resistance for applied displacement boundary con-
ditions on the inhomogeneous microscale RVE. The local
resistivity of the polymer medium (p), however, remains
constant in absence of interfacial damage.

If the normal interface separation becomes larger than
A", the cohesive zone starts to get progressively dam-
aged up to Az,", where it gets completely damaged, i.e.
becomes an open circuit. The rate of change of resistance
with increasing interface separation should be larger than the
nominal slope with no interfacial damage to account for the
damage induced increase in p / A local polymer ligament
resistivity. For this study, it is assumed that the increase in

resistance with cohesive zone damage follows a linear re-
sponse with a higher rate of yp / A where y > 1. The sym-
bol, y, denotes the increase in rate of change of interfacial
resistance with interfacial damage, thus, for an undamaged
cohesive zone y = 1. The interfacial resistance for interface
separation larger than A" is given by

R(ad,) = %Aﬁ;iw + %(Aﬁn —A@Y)  AdL, 2 A (2)

The local cohesive zone resistivity on any general point
in BD of Figure 8(a) is given by the slope of the line join-
ing the current position on the interfacial resistance-normal
separation curve to the origin, and can be expressed as

A~sw A~sw
p(AG) = Pt g yp| 1= =0 | A, 2 AT (3)
Au, Au,

In the case where the cohesive zone interface is inter-
penetrating, i.e. Ad, <0, the interface resistance is fixed
at approximately zero, as shown in Figure 8(a). It is to be
noted that the bilinear normal traction-separation law shown
in Figure 7 and the bilinear interfacial resistance-separation
law shown in Figure 8 are coupled through the normal inter-
face separation and represent electromechanical response of
the binder medium. It is further noted that only normal cur-
rent density is allowed across the cohesive zone node pairs
through the normal interfacial resistance-normal interface
separation laws, however, the model can be readily extended
to allow for tangential current density through an appropri-
ate phenomenological model if required.

The discussion of the electrostatic cohesive zones so far
has been restricted to nominal non-piezoresistive binder me-
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dium e.g. pure polymer. Addition of CNTs to the binder re-
sults in the interface response to be inherently piezoresistive,
representative of CNT-polymer nanocomposites. Thus, the
bilinear normal interface resistance-separation law shown
in Figure 8 needs to be modified appropriately to account
for the inherent piezoresistivity of the nanocomposite binder
medium. By extending Equations (1) and (2) for piezoresis-
tive nanocomposite binder, the interface normal resistance-
separation can be mathematically expressed as shown in
Equation (4), where p, is the initial unstrained resistivity of
the nanocomposite binder, J, is the reference length associ-
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ated with the normal separation of the cohesive zone, Gj'*
and G;,V € are the effective nanocomposite gauge factors be-
fore and after the initiation of damage in the nanocomposite.
It is to be noted that J, scales normal interface separation
into normal interfacial stretch, and thus, relates the normal
separation to the local strain in the cohesive zone. In Figure
8(b), the effect of different combinations of G’ and G}
on the initial bilinear response is studied relating GJ' and
G‘;V © to a nominal gauge factor, G. The nominal gauge fac-
tor, G, is dependent on the inherent piezoresisitvity of the
interface binder material.
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3.1.3. Electromechanical Cohesive Zone Parameter
Estimation

The parameters used in construction of the electrome-
chanical cohesive laws determine the response of the nano-
composite binder. While a detailed modeling of the nano-
composite piezoresistive response from the subscales is
out of scope of the current work, estimates of the effective
properties, reported in the literature and using micromechan-
ics analysis, are used in the current work to construct the
electromechanical cohesive laws. As an example, estimates
of effective CNT-polymer nanocomposite stiffness compo-
nents are used to construct the mechanical cohesive law i.e.
the initial undamaged cohesive stiffness for normal mode of
separation is chosen based on the axial modulus of CNT-
polymer nanocomposites while estimates of effective shear
modulus is used to find the initial undamaged stiffness of the
cohesive law in tangential mode of separation.

The idealized 10-grain RVE [Figure 6(a)] is used in the
current work for demonstration of effective piezoresistive
response in the nanocomposite bound explosives. Further-
more, parametric studies are conducted by varying the elas-
tic modulus and conductivity of the explosive grains in ad-
dition to different nanocomposite piezoresistive response in
order to provide an initial assessment of different combina-
tions of properties which lead to the largest piezoresistive re-
sponse for the composite. For the 10-grain RVE, the strain to
initiation of damage and complete nanocomposite failure are
used to evaluate the interface separation peak traction and
the interface separation at complete failure of the cohesive
zone through an appropriate reference length of the cohe-
sive zones. The reference length for the interface is related to

the length scale of the microstructure and the binder volume
fraction such that integrating over the entire interface with
the reference length as cohesive zone thickness provides the
volume fraction of the interfacial binder during the averag-
ing process. For the electrostatic cohesive zones, the initial
resistivity is assigned using estimates of nanocomposite re-
sistivity [50,52] with the estimates of nanocomposite effec-
tive gauge factors [53,54] before and after damage initiation
used to allow for the bilinear electrostatic piezoresistive co-
hesive law to evolve into fully non-linear cohesive zone law
[Figure 8(b)]. For the 10-grain RVE, Table 2 summarizes the
parameters used in the construction of nanocomposite bind-
er’s coupled electromechanical cohesive zone laws along
with the material parameters used for the explosive grains,
where E, v and p are the linear elastic modulus, Poisson’s
ratio and resistivity of the explosive grains, respectively. It is
to be noted that parametric studies were conducted for some
of explosive properties and cohesive zone parameters, and
thus, a range is provided for these in Table 2. It is expected
that the parametric studies conducted on the 10-grain RVE
will provide insight into the effect of grain and binder prop-
erties on the NCBX piezoresistive response.

For the microstructure morphology inspired 31-grain
microscale RVE, the properties of the explosive grains are
fixed with the grains modeled as linear elastic materials with
mechanical properties corresponding to HMX crystals [15]
with an elastic modulus of 25 GPa and a Poisson’s ratio of
0.25. The electrostatic conductivity of the HMX grains are
not readily available in the literature, however, PBX con-
ductivity has been reported to be between 300 and 5000
S/m [55]. Based on these estimates for PBX conductivity, a
grain conductivity of 1000S/m is used in the current work.
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Table 2. Material Properties for the Explosive Grains
and Parameters for the Electromechanical Cohesive
Zones used in the Current Work.

Type of Property Parameter Value
E 10-250 GPa
Explosive grain properties v 0.32
p 0.01-2.5 Om
K9 10 GPa
AGY” 0.05
AGTE 0.50
Mechanical cohesive law o0
Ki 1 GPa
A" 0.10
é‘n 0.1 um
Po 0.1 Qm
Gl 0-5
Electrostatic cohesive law
Gl 0-10
y 10

The effective properties for the construction of electrome-
chanical cohesive zones are obtained using a more rigorous
micromechanics based evaluation of nanocomposite effec-
tive properties. The key assumption for the microscale RVE
binder medium is that the nanotube bundles, composed of
aligned SWCNTSs, are identical, well dispersed and aligned/
randomly oriented in the polymer matrix. For a given CNT
volume fraction within the bundle, in the unstrained state,
the mechanical response of the nanoscale bundle is obtained
using the Mori-Tanaka method [56] with aligned/randomly
oriented CNTs in the polymer medium. The CNT volume
fraction within the bundle is chosen to be 0.4 based on some
experimental estimates in literature [57]. The correspond-
ing unstrained electrostatic conductivity is obtained using
a finite element based micromechanical analysis allowing
for electron hopping at the nanoscale [47]. Once the bundle
properties are obtained, the Mori-Tanaka method is used to
allow for random/aligned orientations of the bundles within
the polymer matrix. The effective stiffness and electrostatic
conductivity for the microscale RVE is obtained by treat-
ing each orientation of a given bundle as a different phase,
and averaging over all possible orientations in a consistent
manner such that the orientations of nanotube bundles are
accounted for [52,53,58-60].

The effective unstrained properties shown in Table 3 are
used to construct the initial linear stiffness for the bilinear
normal and tangential traction-separation laws and the ini-
tial linear resistance-separation law shown in Figure 7 and
Figure 8, respectively. As an example, szff is used to con-

Table 3. Effective Electromechanical Properties of
CNT-polymer Nanocomposites Calculated using
the Mori-Tanaka Method Allowing for Different
Orientations of CNT Bundles. Three Different Weight
Concentrations (relative to epoxy polymer) are Shown
Corresponding to the Experimental Samples. Note
that the MWNT Concentrations are Shown here are
Relative to Epoxy Polymer.

Property 0.5 wt% 1 wt% 2 wt%
Global (V¢ ) 0.006 0.012 0.024
Local CNT (Vs 0.4 0.4 0.4

Bundle (V) 0.015 0.03 0.06

Random: C5 = CE (GPa) 8.06 9.77 11.34
Random: CZ (GPa) 4.95 5.93 6.77

Random: 357 = =7 (S/m) 61.16 93.68 127.62
Aligned: C5f (GPa) 9.39 11.74 13.94
Aligned: Ctf (GPa) 7.59 9.27 10.92
Aligned: CEIf (GPa) 5.55 7.29 9.16
Aligned: CEf' (GPa) 4.4 5.51 6.69
Aligned: =57 (S/m) 142.97 219.01  298.33
AIigned:Erfgr (S/m) 168 286 4.40

struct the initial normal traction-separation law stiffness as
Ky =CEH' /8, where ¢, is the reference length associated
with the normal mode of separation. For the 31-grain RVE,
a reference length of 47 um is calculated based on the nano-
composite binder volume fraction of 30%. Similarly, CZ/
is used to construct the initial tangential traction-separation
law stiffness, 126, for both the random and the aligned cases.
The initial resistivity of the cohesive zone used in the normal
resistance-separation law is obtained as 5 =1/2%/ for both
the random and aligned cases. In addition to the random and
aligned cases, an additional case with CNT bundles aligned
transverse (or tangential) to the interface is considered. The
initial properties for this case are obtained by replacing
C, CE and 2 by ', CH and 3, respectively,
obtained for the aligned case. It is to be noted that the prop-
erties shown in Table 3 are nanocomposite binder properties
local to the interface expressed in terms of local cohesive
zone coordinate system. In the finite element analysis, the
local stiffnesses and conductivities are transformed to the
global coordinate system before their influence is added to
the global finite element matrices.

In addition to the effective unstrained stiffnesses and con-
ductivities, the initiation and rate of damage for the nano-
composite cohesive zones needs to be estimated in order
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to evaluate A", A#™ and Az,™. These parameters are

obtained using cohesive fracture energy estimates for CNT-
polymer nanocomposite. It is assumed that the addition
of CNTs to the epoxy polymer system does not result in a
large change in the cohesive fracture energy such that the
polymer cohesive fracture energy (3.2MPa? [61], assuming
linear elastic brittle material response) can be used. There-
after, two different cases of bilinear cohesive zone normal
traction-separation laws are generated assuming brittle dam-
age and ductile damage of the interface, in absence of direct
experimental investigation of damage at the local interface
in such composites. For the brittle damage case, cohesive
fracture energy is approximated from the given undamaged
normal stiffness (chosen to be 10GPa which is nearly rep-
resentative of each alignment case) by specifying A" =
0.0225 and Az, = 0.0285. For the ductile damage case,
AdL," and Adiy™ are chosen to be 0.008 and 0.08, respec-
tively, keeping the cohesive fracture energy of the cohesive
zones for normal mode of separation constant at 3.2MPa.
For the tangential traction separation law, A" is assumed
to be equal to Az, for all cases. Finally, typical estimates
of nanocomposite effective gauge factors before (G,iv C) and
after (GdNC) damage initiation are chosen based on pub-
lished work in the literature which are typically reported to
be in between 1 and 20 [22-28].

3.1.4. Micromechanics Based Averaging for Effective
Properties

The general relationship for a piezoresistive material re-
lates the strain tensor to the relative change in resistivity,
i.e. current strain resistivity minus unstrained resistivity (Ap)
normalized by the unstrained resistivity (p,), as )

AP _
A k€K
O

In the current study, it will be assumed that the explosive
crystals are not inherently piezoresistive, i.e. all components
of the piezoresistive strain tensor are zero. However, due to
the piezoresistive nanocomposite binder and local interfacial
separation/damage, the effective macroscale material dem-
onstrates an effective piezoresistive response, i.e. H% has
non-zero components. The changes in volume averaged re-
sistivities needed to determine the components of the piezo-

3In the current work, the cohesive fracture energy is found using tensile test results ob-
tained from Epoxy Resin/206 Slow Hardener: Technical Data Sheet [61]. This is done
assuming the epoxy binder between the grains acts as ligaments connecting across
the interface at the microscale as was done in [13]. The cohesive fracture energy for
the interface can then be found using the initial stiffness of the polymer and the strain
to failure by evaluating the area under the assumed linear-elastic brittle constitutive
law response. The cohesive fracture energy for this case is 0.5 K¢ (in MPa), where
K™ is the initial linear elastic stiffness and ¢ is the strain to failure obtained from the
technical data sheet [61].

resistive strain tensor are obtained from the averaged repre-
sentation of Ohm’s law which is expanded as

<j1 )= 25{7.<E1>+2f{f<EA2>
S ©)
(Jy)= Z1{j‘<E1>+215f<E2>

The components of the effective conductivity tensor are
obtained by systematically allowing only one component
of the applied electric field to be non-zero, €.g. when E| is
non-zero, the conductivity components Zf{/ and Zf{f are
obtained from Equation (6). The effective conductivity com-
ponents obtained are then used to evaluate the effective re-
sistivity components. The effective piezoresistive response
is presented in terms of relative change in resistivity as a
function of applied strain in accordance with Equation (5).
For the experimentally obtained microstructure morphology
inspired 31-grain RVE, the effective response is presented in
terms of relative change in resistance to compare with the
experiments. The effective resistance (R) at a given strain
state is evaluated using the effective resistivity as

o (01"
ARVE

RY (¢)= ()

where LRVE is the length of the RVE in the direction of ap-
plied test electric field, i.e. x, direction, 48" is the area
transverse to the applied test electric field which is given
by the width of the RVE in the x, direction multiplied by the
plane strain thickness for the problem.

In order to quantify interfacial damage in the nanoscale
RVE, an averaged damage parameter (D,,,) is defined by
averaging the local damage in each of the cohesive zone
finite element node pairs which constitute the microscale
grain boundary interface. The averaged damage parameter is
mathematically expressed as

1 -y
Doy == jg, D(#)dA (8)

where X is any point lying along the interface, A" is the
total cohesive zone interface area perpendicular to the di-
rection of normal interface separation, i.e. cohesive zone
differential width multiplied by the plane strain thickness,
and D(X) is the local damage parameter defined at interface
location X¥. D(X) is defined based on the bilinear mechani-
cal cohesive zone law normal to the interface used in the
current study as

1 Aii, (%) < A2
Ail, (%) - AZ"

D(¥) = 1{ T A } A < AT, (X) < Aty ™
n n

0 AP <AL (9)
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Integrating the damage state across the entire set of in-
terfaces allows for representation of each cohesive zone in
the averaged damage parameter, where every cohesive zone
may possibly have a different state of damage depending on
the local interface separation.

3.2. NCBX Piezoresistive Modeling using Idealized
10-grain RVE

In order to evaluate the NCBX piezoresistive response,
ad-hoc electromechanical cohesive laws are constructed
based on known estimates of effective CNT-polymer nano-
composite electromechanical properties as shown in Table
2. Once the coupled electromechanical cohesive laws are
defined from the nanocomposite effective properties, an
idealized representative volume element (RVE) for the mi-
croscale grain boundary problem is constructed. For the
current work, a 10-grain model of the microscale NCBX is
constructed using Voronoi Tessellation as shown in the un-
deformed state in Figure 9(a). The grains are meshed using
linear triangular finite elements such that the 17 cohesive
zone edges have 187 initially coincident node pairs across
the interface connected through the electromechanical co-
hesive laws developed. In addition, Figure 9(a) shows the
deformed mesh after application of 2% tensile strain in the
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x, direction (with a displacement magnification factor of 5)
where the cohesive zones at the grain boundaries are ob-
served to separate. In addition to the properties provided in
Table 2, the Young’s modulus and resistivity of the explo-
sive grains are fixed at 50 GPa and 0.1 Qm, respectively,
for the demonstration case presented in Figure 9. The effec-
tive nanocomposite gauge factors before (Gy'*) and after
(G(ﬁ,v C) the initiation of damage are chosen to be 2 and 4,
respectively [53,54].

The electromechanical boundary value problem is solved
over the microscale RVE under plane strain assumptions as-
suming that the grain distribution is sufficiently random so
as to result in an effective isotropic response. Local stress
component (o,,) contours and local current density com-
ponent contours (J,) for the 10-grain problem are shown in
Figure 9(b) in the unstrained state along with 1% and 2% ap-
plied tension. In the unstrained state, o,, is zero everywhere
in the domain because of no applied deformation on the RVE
and J, is uniform over the domain because the applied uni-
form test electric field in the x, direction results in uniform
current density in absence of material inhomogeneities, i.e.
cohesive zone separation. As the applied tensile strains are
increased, the distribution of grain boundaries leads to lo-
calized cohesive zone separation along the edges leading to
redistribution of stress and current density pathways. On ap-
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Figure 9. (a) A sample result from the current grain boundary cohesive zone exploration of NCBX showing the undeformed and deformed
meshes with a displacement magnification factor of 5. (b) Local stress and current density contours are presented at different applied strain
states. (c) The corresponding effective piezoresistive response and averaged damage index.
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plication of larger strains, some of the current density path-
ways get completely severed because of cohesive zone dam-
age resulting in smaller current density across the interface.
The evolution of the current density pathways in response to
separating and damaging interfacial cohesive zones results
in an effective piezoresistive response of the microscale
RVE shown in Figure 9(c) obtained using micromechanics
based energy equivalence.

It is observed from Figure 9(c) that the effective stress
component (Gféf ) increases linearly from zero on applica-
tion of tensile strains up to an applied tensile strain of about
1.2%. It is to be noted that there is no damage accumula-
tion at the interfaces in the entire RVE up to 1.2% applied
strain which signifies that all of the cohesive zones are still
in the initial linear elastic region of the normal traction-
separation response. Thus, the initial stiffness of the effec-
tive microscale RVE is a function of the explosive crystal
stiffness, the normal and tangential cohesive zone initial
undamaged stiffnesses and the distribution of nanocompos-
ite binder cohesive zone edges in the microscale RVE. The
relative change in resistivity for this initial linear elastic re-
gion, in absence of cohesive zone damage is dependent on
the initial cohesive zone resistivity and the effective nano-
composite gauge factor before damage initiation, @(;v € At
an applied tensile strain of about 1.2%, a sharp reduction in
0'52]7 is observed which can be closely correlated to a sud-
den increase in the amount of interfacial damage and relative
change in effective resistivity (Apgf / pgz). This process is
accompanied by a rearrangement of local stress contours
and in local current density contours in the microscale RVE.
For the current case, it is observed that the relative change
in resistivity is about 8% in response to 2% applied strain
with about 5% interfacial damage accumulation in the RVE.
Thus, the result demonstrates that applied deformation in-
duced separation and damage of the binding polymer nano-
composite medium in the microscale NCBX RVE leads to
an effective piezoresistive response which can distinguish
between the linear elastic region and the damage evolution
regime. While the results presented in Figure 9 demonstrate
a coupled piezoresistive response in CNT-polymer nano-
composite bonded explosives for a given set of properties,
the properties of explosive grain crystals and CNT-polymer
nanocomposites can vary over a large range depending on
their type and microstructural morphology. Thus, in order to
explore the range of piezoresistive response in NCBX mate-
rials, parametric studies are conducted over these properties.

The first set of parametric study is conducted by vary-
ing the grain stiffness relative to the nanocomposite binder
stiffness in order to explore the similarities and differences
in cohesive zone separation behavior and associated piezo-
resistive response. In order to differentiate only between the
relative stiffness based piezoresistive response, the resistivity
of the explosive grains are set equal to the nanocomposite re-
sistivity provided in Table 2. In addition, the effective nano-

composite gauge factors before (Gév ) and after (GHI,V C) the
initiation of damage are chosen to be 2 and 4, respectively,
for all of the cases. The results obtained from the parametric
study are presented in Figure 10. Figure 10(a) shows the av-
eraged damage index of the cohesive zones obtained using
Equation 8 as a function of applied strain at different ratios
of grain stiffness to initial cohesive zone stiffness. For cases
where the grains are about the same stiffness as the nanocom-
posite binder, i.e grain to cohesive zone stiffness (E/E,.) of
1 and 2, the applied deformation gets distributed between the
grains and cohesive zones such that the interface separation
between the grain interfaces is less than Az,". Thus, the av-
eraged damage index for the entire microscale RVE is 1, i.e.
no damage accumulation at the interfaces. However, as the
relative stiffness of the grains increases, interfacial damage
accumulation is observed in the nanoscale RVE because the
applied deformations predominantly result in separation of
relatively more compliant interface. The local displacement
component (u,) contours for the £/E . ratios of 1 and 25 are
presented in Figure 10(c) in both the unstrained and 2% ap-
plied strain states. It is observed that for the case with equal
stiffnesses, there is insignificant separation in the cohesive
zones as compared to the case with E/E, _ ratio of 25 where
the grains act like nearly rigid bodies with minor deforma-
tion as the interfacial cohesive zones undergo significantly
large normal separation. Figure 10(d) presents the corre-
sponding local stress component (o,,) contours. Following
from the local displacement and stress component contours,
at 2% applied strain, the averaged damage index is observed
to be 0.94, 0.92 and 0.90 for cases with Eg/ECZ ratio of 5, 10
and 25, respectively, i.e. about 6%, 8% and 10% damage ac-
cumulation. The effective piezoresistive response of NCBX
is presented in Figure 10(b) in terms of relative change in
resistivity with applied strain. It is observed that increasing
the relative grain stiffness leads to a larger piezoresistive re-
sponse. For example, the relative change in resistivity at 2%
applied strain is observed to be close to zero for the cases
with E/E . ratios of 1 and 2 because of small cohesive zone
separations. However, the relative change in resistivity is ob-
served to be 0.081, 0.087 and 0.093 for cases where E /E,.
ratio is 5, 10 and 25, respectively, at 2% applied strain.

In addition to studying the effect of relative stiffness on
the effective NCBX piezoresistive response, test cases were
designed to explore the effect of relative difference in ini-
tial grain conductivity and cohesive zone conductivity. For
these test cases, the ratio of grain to cohesive zone stiffness
(E/E..) is fixed at 5 such that the applied deformations lead
to an appreciable amount of interface separation in the mi-
croscale RVE. The effective nanocomposite gauge factors
before (Gév C) and after (Gév ©) the initiation of damage
are chosen to be 2 and 4, respectively. Figure 11(a) shows
that the averaged damage index for all of these cases follow
a similar behavior because the mechanical BVP for all of
these cases has the same geometry and mechanical proper-
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ties. About 6% damage accumulation is observed in the mi-
croscale RVEs at 2% applied strain for each of these cases.
The effective piezoresistive response for the microscale
RVE is presented in Figure 11(b) in terms of relative change
in resistivity for different cases of relative grain conductivity
(S¢/S..) as a function of applied strain. It is observed that the
case with the largest relative grain conductivity, i.e 25 times
the cohesive zone conductivity, exhibits the largest effec-
tive piezoresistive response. For example, the case with the
S/, of 25 leads to a relative change in resistivity of 0.43
on application of 2% strain. In contrast, the case with S,/
S, of 0.1 undergoes a relative change in resistivity of 0.01
on application of 2% strain. The reason for such behavior
can be observed from the local electrostatic potential and
local current density contours presented in Figure 11(c) and
11(d), respectively, in the undeformed state and at 2% ap-
plied strain. It is observed from Figure 11(c) and 11(d) that
the local electrostatic potential and current density do not
undergo significant redistribution for the case with S,/S,.. of
0.1 even when the grain boundary gets separated by a sig-
nificant amount due to interfacial damage. For this case, the
interface is more conductive, hence, it the acts like a conduc-
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tive medium and allows insigniffcant hindrance to the cur-
rent density pathways connecting across the interface. How-
ever, as the grains become more conductive, the cohesive
zone interface acts as the barrier for current density where-
as the grains act predominantly as a conductive medium.
Thus, a significant amount of redistribution is observed
in the local electrostatic potential and current density as
the interfaces separate and accumulate damage. For non-
conductive grains (e.g. sugar crystals), however, tangential
current density in the binder medium (or explicit polymer
binder instead of cohesive interface) may lead to current
density pathways through the binder without going through
the grains significantly. In the current work such tangential
current density pathways which allow for current density
only through the binder are not captured in absence of tan-
gential electrostatic cohesive zones and explicit polymer
binder modeling.

The piezoresistive response of the nanocomposite binder
depends on the microstructural morphology of CNTs with-
in the polymer matrix. A range of gauge factors between 1
and 20 [22-28] are typically reported in the literature for
CNT-polymer nanocomposites. Hence, a parametric study is
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Figure 10. Comparison of (a) averaged damage index, (b) relative change in resistivity (c) local displacement contours and (d) local stress
component contours for the NCBX 10-grain microscale RVE with different relative stiffness of grains and cohesive zones. Note that symbol E
and E, are used for the elastic modulus and S, and S, for the conductivity of the grains and cohesive zone interface, respectively. G, and G,
are the effective nanocomposite gauge factors before (G(’)VC) and after (G(';’C ) the initiation of nanocomposite damage.
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Figure 11. Comparison of (a) averaged damage index and b) relative change in resistivity (c) local electrostatic potential contours and (d) local
current density contours for the NCBX 10-grain microscale RVE with different relative conductivities of grains and cohesive zones. Note that
symbol E, and E, are used for the elastic modulus and S, and SCLfor the conductlwty of the grains and cohesive zone interface, respectively.
G, and 62 are the effective nanocomposite gauge factors before (Go ) and after (G C) the initiation of nanocomposite damage.

conducted in the current work by varying the effective nano-
composite gauge factors before (Gév ©) and after (GZ,V ) the
initiation of damage, keeping the relative grain stiffness at 5
times the cohesive zone stiffness and the relative grain con-
ductivity equal to the cohesive zone. The mechanical BVP
for all of these cases is the same, hence, all of the cases un-
dergo same amount of interfacial damage accumulation with
applied strain as shown in Figure 12(a). About 6% interfacial
damage accumulation is observed for all of these cases at 2%
applied strain.

The effective piezoresistive response is presented in Fig-
ure 12(b), where the case with largest nanocomposite binder
gauge factors before (Gév ©) and after (Gév ) the initiation
of damage exhibits the largest piezoresistive response For
the case with zero gauge factors before ( ©) and after
( ©) the initiation of damage, the effectlve piezoresis-
tive response is purely governed by the separation and dam-
age of microscale interfaces resulting in a relative change
in resistivity of 0.04 at 2% applied strain. In contrast, for
the case with Go'“ =5 and G} =10, the effective piezo-
resistive response additionally depends on the piezoresistive
response of the local cohesive zone binder resulting in a rela-
tive change in resistivity of 0.12 at 2% applied strain. This

observation is tied to the interfacial resistance relation with
normal interface separation shown in Equation (4) which
specifies that larger gauge factors result in larger change in
interfacial resistance.

3.3. NCBX Piezoresistive Modeling using 31-grain
Microstructure Morphology Inspired RVE

In addition to the 10-grain RVE, the experimental mi-
crostructure inspired 31-strain RVE, shown in Figure 6, is
subjected to a parametric study to understand the effect of
CNT-polymer nanocomposite binder morphology on the
effective NCBX piezoresistive response. For the 31-grain
RVE, the material properties of the grains are assumed to be
constant corresponding to the HMX crystals [15,55] while
micromechanics based estimates of effective nanocomposite
electromechanical properties (Table 3) are used to construct
the cohesive normal and tangential traction-separation and
normal resistance-separation curves. Computational model
parameters explored parametrically include the (1) effect of
ductile versus brittle interfacial damage response at differ-
ent damage rates, (2) effect of CNT alignment at the inter-
face i.e. normal to the interface, tangential to the interface
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or randomly aligned, (3) effect of local CNT volume frac-
tion within the nanocomposite, (4) effect of nanocomposite
piezoresistivity.

In order to study the effect of different types of damage,
i.e. ductile vs. brittle, electromechanical cohesive laws are
constructed for 0.15% wtrandom CNT alignment atthe inter-
face with the gauge factors before (G ) and after ( )
the initiation of damage to be 2 and 4, respectively. The
effective initial undamaged electromechanical properties
C2 Cyy B and 21252?" for the nanocomposite are presented in
Table 3 and are used as estimates for the random alignment
case, are used as estimates of initial slopes of the normal and
tangential traction-separation and the normal resistance-sep-
aration laws respectively. Finally, the brittle and ductile dam-
age cases are approximated by specifying Au,"” = 0.0225,
Ai,™ =0.0285and Az =0.008, Aa,™ =0.08, respec-
t1ve1y, keeping the separation energy (1.e. cohesive fracture
energy) constant as described in Section 3.1.3. The compari-
son of the brittle vs ductile response is presented in Figure
13 in terms of the effective stress-strain behavior [Figure
13(a)] and relative change in effective resistance [Figure
13(b)] where the resistance of the RVE is calculated using
Equation (7). In addition, local stress and current density
contours are provided in the direction of applied strains/test
electric fields, i.e. x, direction, in Figure 13(c) and 13(d).

The effective stress-strain response for the ductile and
brittle damage cases presented in Figure 13(a) undergoes an
initial linear increase in effective stress for both the ductile
and brittle damage cases while the local cohesive interface
follows a linear elastic response everywhere in the RVE. At
about 0.5% applied tensile strain, the ductile damage case
starts to deviate from the linear elastic behavior because of
initiation of local damage and reduction in local stiffness
in some of the cohesive zones as indicated by the averaged
damage index which starts to decrease from its initial value
of 1. The local strain associated with damage initiation of
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the nanocomposite binder interface is much smaller for the
ductile cohesive zones (A#;" =0.0008) as compared to the
brittle cohesive zones (A" =0.0225) which leads to a
faster damage initiation in the local cohesive zones. Simi-
larly, the effective stress-strain response for the brittle case
deviates from the linear elastic behavior at about 1% strain
along with a reduction in the corresponding averaged dam-
age index. Once damage initiates in the local cohesive zones,
the effective stress-strain response for the ductile and brittle
damage cases evolves with significantly different effective
stress states for a given applied strain state. For example,
at 2% applied strain state, the effective stress for the brittle
and ductile damage cases is observed to be 36 MPa and 135
MPa, respectively, with about 20% damage accumulation
for both cases. The differences observed in the effective
stress at a given strain state can also be observed in Figure
13(c)which shows the local stress component (o,,) contours
in the 31-grain RVE for the ductile and brittle damage cases
in the unstrained state and at 1% and 2.3% applied tensile
strain. It is observed that the local interface separation and
damage paths are slightly different for the two cases because
of differences in local interface damage behaviors. In addi-
tion, at 2% applied strain state, the stress carrying columns
for the ductile case are weaker as compared to the brittle
damage case leading to the observed difference in effective
stress. It is noted that the effective stress-strain response for
the brittle damage case follows a more ductile behavior be-
cause while the local damage is brittle the effective response
is dependent on collective behavior of grains and interfaces.

It is worth noting that the relative change in effective re-
sistance for the ductile and brittle cases, shown in Figure
13(b), starts to increase from zero (in the unstrained state)
much before an observed deviation from the linear elastic
mechanical behavior. It is observed that the deviation in the
relative change in resistance starts to capture the local in-
terfacial damage faster than the stress-strain response, es-
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Figure 12. Comparison of (a) averaged damage index and (b) relative change in resistivity for the NCBX 10-grain microscale RVE with different
effective nanocomposite blnder gauge factors before (G0 ) and after (Gd ) the initiation of damage. G, and G, are the effective nanocompos-

ite gauge factors before (

) and after (G ) the initiation of nanocomposite damage.
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Figure 13. Comparison of ductile and brittle interfacial damage on the effective piezoresistive response with 0.15% wt random CNT alignment
at the interface with the gauge factors before (G(’,VC) and after (G(’,VC) the initiation of damage chosen to be 2 and 4, respectively. (a) Effective
stress-strain response along with the evolution of averaged damage index, (b) Relative change in effective resistance along with the effective
stress-strain response for comparison, (c) the local stress component (a,,) contours in the 31-grain RVE for the ductile and brittle damage cases
in the unstrained state, at 1% and 2% applied tensile strain, and (d) local current density contours show a difference in the evolution of current

density (J,) carrying pathways for the two cases in the unstrained state, at 1% and 2% applied tensile strain.

pecially for the brittle damage case, where the stress-strain
response is linear up to 1% applied strain whereas the rela-
tive change in resistance starts to increase significantly at
around 0.5% applied strain. The rate of increase of relative
change in effective resistance is observed to be sensitive to
the initiation and evolution of damage in the local cohesive
zones such that the ductile case has a larger change in resis-
tance at an applied strain of 1% because of larger damage
accumulation. At 1% applied strain, while the brittle damage
case undergoes about 7.4% increase in resistance, the duc-
tile damage case undergoes about 37% increase with about
12% and 3% averaged interfacial damage for the ductile and
brittle damage cases, respectively. Figure 13(d) shows the
local current density contours demonstrate the difference in
the evolution of current density (J,) carrying pathways for
the two cases in the unstrained state and at 1% and 2.3% ap-
plied tensile strain.

The ductile damage case was further studied by chang-
ing the local orientation of the CNTs in the nanocomposite
binder interface at a volume fraction of 0.15% wt and with
the gauge factors before (Gév C) and after (Gﬁ' C) the initia-
tion of damage to be 2 and 4, respectively. Three different

local orientation cases are considered in the current work
i.e. randomly oriented, aligned normal to the interface and
aligned tangential/parallel to the interface. The local orienta-
tion distribution of CNTs leads to differences in effective
undamaged nanocomposite electromechanical properties
used to construct the cohesive laws. These effective electro-
mechanical properties are obtained using the micromechan-
ics based Mori-Tanaka method as illustrated in Section 3.1.3
with properties for the aligned and randomly oriented CNTs
listed in Table 3. The aligned (normal to interface) proper-
ties are transformed by replacing cf;f’ , Cﬁff and Ef’; by
Cf;ff s CsEsﬂ and fo;f , respectively, to identify the electro-
mechanical properties for the transverse alignment case.
The effective stress-strain response for the three align-
ment cases is shown in Figure 14(a) along with the evolution
of averaged damage index. The initial linear elastic stiffness
for the three cases is observed to be different as the local
interfaces have different initial stiffness such that the aligned
case has the largest stiffness (9.39 GPa), followed by the
random case (8.06 GPa) and transverse alignment case (7.39
GPa). As such, the effective composite stiffnesses for the
aligned, random and transverse cases are observed to be 18.0
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GPa, 17.1 GPa and 16.5 GPa, respectively, i.e. largest for
larger degree of alignment normal to the interface. Follow-
ing from the initial stiffness , the peak stress is largest for the
aligned case and is observed to be around 1% applied strain
for each of the three cases. The averaged damage index is
observed to follow a similar evolution for the three cases
with about 22% damage observed at 2.3% applied strain.

The relative change in effective resistance for the three
alignment cases is presented in Figure 14(b). A larger dif-
ference is observed in the relative change in resistance with
applied strain for the three cases in comparison to the cor-
responding stress-strain response because while the different
orientations cause slight differences in the effective undam-
aged interface stiffnesses, they lead to much larger differenc-
es in undamaged effective conductivities, as observed from
Table 3. The unstrained interface conductivity is larger with
a larger degree of alignment normal to the interface i.e. the
aligned case (142.97 S/m) is most conductive followed by
random (61.16 S/m) and transverse (1.68 S/m) cases. How-
ever, the small undamaged conductivity for the transverse
case leads to a larger relative difference between the grain
(1000 S/m) and interface conductivities. In addition, the
more compliant transverse alignment (in comparison to the
grains) leads to larger interface separation. Thus, following
from the discussion of Figure 11 in Section 3.2, the largest
change in effective resistance is observed for the transverse
alignment case followed by the random and aligned cases.
For example, at 2.3% applied strain, the relative change in
resistance is observed to be 244%, 435% and 566% for the
aligned, random and transverse cases, respectively. The re-
sults indicate that while a larger degree of alignment normal
to the interface may improve the mechanical stiffness of the
material, transverse alignment leads to a larger piezoresis-
tive response for strain and damage sensing.

The random local CNT orientation case with ductile dam-
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age was further studied with different weight concentrations
(volume fractions) of CNTs in the nanocomposite binder
having the gauge factors before (Gév ©) and after (Gév C)
the initiation of damage to be 2 and 4, respectively. The ef-
fective undamaged electromechanical properties for each
weight concentration, i.e. 0.5%, 1% and 2%, are listed in
Table 3 along with the corresponding volume fractions. The
effective stress-strain response for the three cases is shown
in Figure 15(a) along with the corresponding evolution of
averaged damage index. The effective unstrained interface
stiffness is larger for larger weight concentration of CNTs
in the nanocomposite resulting in a larger initial effective
composite stiffness for the 0.6%wt case. The evolution of
stress-strain curve follows a similar behavior for the three
cases with larger observed stresses in the 0.6%wt case for
a given strain state followed by 0.3%wt and 0.15%wt. The
averaged damage index starts to deviate from its initial value
of 1 around 0.5% strain and about 22% average damage is
observed at 2.3% applied strain for all three cases.

The corresponding relative change in resistance for the
three cases with different weight concentrations are shown
in Figure 15(b). The local conductivity of the unstrained in-
terface obtained from Mori-Tanaka method is smallest for
the 0.15%wt (61.16S/m, 0.5%wt relative to epoxy) case fol-
lowed by 0.3%wt (93.68S/m, 1%wt relative to epoxy) and
0.6%wt (127.62S/m, 2%wt relative to epoxy) cases. The
0.15%wt case undergoes the largest change in effective re-
sistance with applied strains because the relative difference
between the grain (1000 S/m) and interface conductivities is
highest for this case. At 2.3% applied strain, a 435%, 300%
250% increase in resistance is observed for the 0.15%wt,
0.3%wt and 0.6%wt, respectively. Thus, a larger weight con-
centration of CNTs leads to a larger initial effective stiffness,
but a smaller weight concentration may produce a larger ef-
fective piezoresistive response for NCBX materials.
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Figure 14. Effect of local orientation of the CNTs in the nanocomposite binder interface, i.e. aligned, random and transverse, at a weight con-

centration of 0.15% wt and with the gauge factors before (G(')V

) and after (G)°) the initiation of damage chosen to be 2 and 4, respectively.

(a) Effective stress-strain response along with the evolution of averaged damage index, (b) Relative change in effective resistance along with

the effective stress-strain response for comparison.
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Figure 15. Effect of local weight concentrat/on of the randomly oriented CNTs in the nanocomposite binder interface undergoing ductile dam-

age with the gauge factors before (G0 ) and after (G ) the initiation of damage chosen to be 2 and 4, respectively. (a) Effective stress-strain
response along with the evolution of averaged damage index, (b) Relative change in effective resistance along with the effective stress-strain

response for comparison.

In the discussion so far, the gauge factors before and after
the initiation of damage have been chosen to be 2 and 4,
respectively, based on some typical values in the literature.
These values were kept constant even when the orienta-
tion and volume fraction of CNTs were varied to explore
the difference in response by varying one set of microstruc-
tural features/response. However, a typical nanocomposite
will exhibit different effective piezoresistive response as the
volume fractions and orientations of CNTs is changed. In
particular, the effective piezoresistive response of nanocom-
posite with transverse alignment of CNTs has been observed
to be stronger than the random and aligned cases [29,53].
Thus, the transverse case for 0.15%wt with ductile damage
is further studied by increasing (Gév ¢, GY¢) from (2,4) to
(5,10) and (20,40) along with a baseline case with no nano-
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composite piezoresistivity (0,0), i.e. the purely geometric
and damage dependent case. The effective stress-strain re-
sponse, shown in Figure 16(a), is observed to be the same
for all of these cases as the mechanical problem has the same
properties. Local interfacial damage is observed to initiate at
about 0.5% applied strain with approximately 22% average
interfacial damage observed at 2.3% applied strain.

The relative change in effective resistance increases as
the nanocomposite effective gauge factors are increased as
shown in Figure 16(b). At 1% applied strain, the relative
change in resistance is observed to be 1.83%, 2.46% and
6.06% larger for the (2,4), (5,10) and (20,40) cases, respec-
tively, as compared to the baseline (0,0) case. The observed
increase in resistance, however, is much smaller than that
observed for the 10-grain RVE presented in Figure 12(b).
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Figure 16. Effect of nanocomposite binder gauge factors before (é@’c) and after (é(',vc) the initiation of damage for 0.15%wt transversely
oriented CNTs in the nanocomposite binder interface undergoing ductile damage. (a) Effective stress-strain response along with the evolution

of averaged damage index, (b) Relative change in effect/ve resistance alon
are the effective nanocomposite gauge factors before (G0 ) and after (G

ng with the effective stress-strain response for comparison. G; and G,

) the initiation of nanocomposite damage.
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Figure 17. Comparison of damage rate going from ductile to brittle interfacial damage (with constant cohesive fracture energy) on the effective
plezoreSIst/ve response with 0.15% wt (relative to epoxy) random CNT alignment at the interface with the gauge factors before (G0 C) and after
(Gd ) the initiation of damage to be 2 and 4, respectively. (a) Effective stress-strain response along with the evolution of averaged damage

index, (b) Relative change in effective resistance along with the effective stress-strain response for comparison.

For the 10-grain RVE, there were only 2 grains across
the width of the sample. A change in local interface resis-
tance was reflected better in the effective response. For the
31-grain RVE there are several additional pathways that the
current density can travel through. Thus, the effect of local
interface piezoresistive response does not lead to as large a
change in effective piezoresistive response. It is to be noted
that at about 1% applied strain, the relative change in resis-
tance is observed to decrease slightly because local damage
of the cohesive zone leads to rearrangement of current car-
rying pathways through the 31-grain RVE.

Finally, the surface treatment of the grains during pro-
cessing could affect the interfacial separation and damage
between the grains and the polymer interface similar to how
functionalized CNT interfaces lead to different interfacial
response in CNT-polymer nanocomposites [62]. Thus, a
damage rate comparison is presented in Figure 17 with three
other interfacial damage rates in addition to the ductile and
brittle damage discussed earlier. The separation energy for
each of these cases is kept constant equal to the polymer
cohesive fracture energy (3.2 MPa) assuming that the CNTs
do not change it significantly. For each of these cases, the
interface nanocomposite binder has the 0.15%wt randomly
oriented CNTs with an undamaged and damaged effective
gauge factors of 2 and 4, respectively. The effective stress-
strain response for each of these cases is presented in Figure
17(a) along with the evolution of averaged damage index.
It is observed that the cases with faster damage initiation
deviate from the initial linear elastic response faster and the
corresponding averaged damage index deviates faster from
the initial value of 1 at smaller applied strain, i.e. going from
more ductile to more brittle like damage. The evolution of
damage index does not necessarily follow the order for all
strain states because of localized rearrangements in micro-

structure as damage develops at the local interfaces as was
similarly illustrated in the discussion for Figure 13 where a
comparison of brittle vs. ductile damage was presented. The
evolution of relative change in resistance follows from the
evolution of averaged damage index such that faster dam-
age initiation leads to larger relative change in resistance,
in general. However, some deviations from this trend are
observed at different states of applied strain which can be
closely correlated to the evolution of averaged damage in-
dex. In conclusion, while the more brittle like damage leads
to larger values of peak stress, the effective piezoresistive
response of ductile damage cases capture the effect of local
interfacial damage better.

3.4. Comparison of Computational Modeling and
Experimental Investigation

While the experimentally observed and computationally
obtained effective behavior is similar in terms of regions of
deviation from linear elastic response with damage progres-
sion and larger damage sensitivity of the relative change in re-
sistivity, some differences between the two are observed such
as (1) smaller experimentally obtained NCBX initial stiffness
(2) smaller peak stresses observed experimentally, and (3)
smaller relative change in resistivity observed experimental-
ly for a given strain state and weight concentration of CNTs.
For example, the peak stress observed in the experimental
results (Figure 5) was between 3 and 5 MPa, whereas those
computationally obtained from the 31-grain RVE were ob-
served to be between 75 and 150 MPa (Section 3). Similarly,
the experimentally observed relative change in resistance
was observed to be typically smaller than 1 at 2% applied
strain in comparison to the computationally obtained range
between 2 and 6 for 2% strain for the 31-grain RVE.
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Some of these differences could possibly be reduced by
lifting some of the modeling idealizations which include (1)
allowing for tangential current density through the interface,
(2) modeling of the polymer binder region explicitly and (3)
more accurate microstructure characterization of the CNT-
polymer nanocomposite to build RVEs for the nanocompos-
ite interface. On the other hand, there remains a large degree
of uncertainty regarding the identification of accurate mate-
rial properties for NCBX under the processing conditions
employed in preparing the surrogate samples characterized
in Section 2, such as uncertainty regarding (1) degree of un-
cured matrix pockets due to constrained curing of the poly-
mer matrix, (2) voids in nanocomposite binder which may
require degassing, and (3) interfacial bonding strength be-
tween the polymer nanocomposite and sugar crystals. Thus,
in order to explore possible reasons for these differences in
further detail, the model inputs are treated as tunable param-
eters in an effort to better reproduce experimental results us-
ing the 31-grain RVE.

In tuning the material properties, some of the proper-
ties were fixed initially, e.g. the mechanical properties of
the grains were fixed at the properties obtained for HMX
from the literature as indicated in Section 3.1.3. The remain-
ing model input parameters were varied. For example, the
electrostatic conductivity of the grains was reduced from the
nominal value of 1000S/m estimated for HMX grains (as
indicated in Section 3.1.3) as the sugar particles are believed
to be less conductive. In absence of estimates of sugar grain
conductivity a smaller grain conductivity of 1E-3S/m is used
herein. The mechanical properties of the effective nanocom-
posite binder were reduced significantly to reduce the large
initial stiffness and the peak stress obtained from the compu-
tational model. The nanocomposite axial stiffness was cho-
sen to be 0.3 GPa in comparison to ~10 GPa used earlier for
the 31-grain model, while the shear modulus was chosen to
be 0.15 GPa. The conductivity of the nanocomposite binder
medium was fixed at the derived value (61.16 S/m) for the
case where randomly aligned 0.5% weight concentrations of
CNTs were used. A ductile mode of damage was assumed
with rates of damage adjusted such that a A#Z," of 0.007 and
a Aa,™ of 0.013 was used in order to match the applied
strain at which the peak stress would occur. The choice of
initial stiffness and damage rates significantly reduces the
cohesive fracture energy of the interface from 3.2 MPa to
0.0136 MPa. Finally, the bilinear electrostatic cohesive law
damage rate parameter (y) was reduced from its nominal val-
ue of 10 to 2, while the nanocomposite binder gauge factors
before and after the initiation of damage were fixed at their
nominal value of 2 and 4.

The effective stress-strain and relative change in resis-
tance generated after calibrating the model are shown in
Figure 18 along with the experimentally obtained results for
the 0.3%wt MWNT concentration results shown earlier in
Figure 5. An initial stiffness of 1.46 GPa is obtained from
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Figure 18. Comparison of the stress-strain and relative change in
resistance response with applied strain obtained from the experi-
mental investigation (0.3%wt) and the calibrated 31-grain compu-
tational model.

the model, which is significantly smaller than the initial stiff-
nesses for cases presented in Section 3.3 before calibration,
as compared to 2.59 GPa obtained experimentally. A peak
stress of 3.8 MPa was obtained computationally which
compares well to the 3.40 MPa obtained experimentally.
The relative change in resistance obtained computationally
undergoes and initial linear increase, however the rate of
increase is much smaller for the model as compared to the
experiment. The relative change in resistance at a strain state
of 1.1%, however, is close to 0.5 for both cases. Overall,
while exact replication of the experimental results is difficult
given the complex interdependence of the effective response
on the material properties as illustrated in Section 3.3, the
calibrated model is much closer to the experimentally ob-
served behavior.

Some key conclusions which can be made based on this
calibration exercise include (1) the interface stiffness and
cohesive fracture energy of the nanocomposite binder is
significantly smaller as compared to estimated values indi-
cating weak interfacial bonding between the polymer and
grains and/or initial voids/cracks in the polymer binder, and
(2) the sugar grains are non-conductive which does not com-
pare well with estimates of HMX conductivity indicating
that while sugar grains may be a good mechanical surrogate
for HMX, they may be less suitable as a surrogate electri-
cally.

4. CONCLUSION

In the current work, experimental investigation of
MWNT-sugar-epoxy hybrid nanocomposites was performed
to assess their microstructure morphology, effective con-
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ductivity and deformation based effective piezoresistive
response. Additionally, 2-scale hierarchal computational
micromechanics based modeling framework was developed
to assess the variations in effective piezoresistive response
based on differences in material parameters and properties
to explore the design space for NCBX materials. The key
experimental observation from the current exploration of
NCBX piezoresistivity include

e The neat sugar-epoxy samples are non-conductive and
addition of MWNTs increases the effective conductivity
of the composite,

e The stress-strain response MWNT-sugar-epoxy hybrid
nanocomposites undergoes a ductile failure behavior
going through the initial linear elastic behavior, forma-
tion of microcracks leading to reduction in composite
stiffness and finally macrocracks result in eventual fail-
ure,

e The relative change in resistance captures the effect of
microcracks and macrocracks earlier than the stress strain
response resulting in gauge factors between 5—10 before
significant macrocrack formation and over 50 at compos-
ite failure.

In addition, the some of the key observations made from
the computational modeling include

e Effective NCBX piezoresistive response is largely depen-
dent on the relative difference in the explosive grains and
nanocomposite interface properties,

e A larger relative grain stiffness and conductivity as com-
pared to the nanocomposite binder results in a larger
NCBX piezoresistive response,

e Ductile mode of interfacial damage leads to smaller peak
stresses and larger relative change in resistance as com-
pared to brittle interfacial damage,

o Alignment of CNTs transverse (tangential) to the inter-
face and smaller CNT volume fractions lead to smaller
mechanical stiffness but a larger piezoresistive response,
and

e A larger inherent piezoresistivity of the nanocomposite
binder results in a larger effective NCBX piezoresistivity.

The initial piezoresistive testing of surrogate MWNT-
sugar-epoxy hybrid nanocomposites indicates that addition
of CNTs to the polymer binder can lead to piezoresistive re-
sponse based deformation and damage sensing. In addition,
the current work computationally explores the microstruc-
ture design space of NCBX materials which is expected to
be helpful in material design with optimized piezoresistive
response.
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