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ABSTRACT: Electrospun polyacrylonitrile (PAN) nanofibers were stabilized at 2808C for 1 h in an ambient condition, and then car-

bonized at 8508C in inert argon gas for additional 1 h in order to fabricate highly pure carbonous nanofibers for the development of

highly sensitive sensors in structural health monitoring (SHM) of composite aircraft and wind turbines. This study manifests the

real-time strain response of the carbonized PAN nanofibers under various tensile loadings. The prepared carbon nanofibers were

placed on top of the carbon fiber pre-preg composite as a single layer. Using a hand lay-up method, and then co-cured with the pre-

preg composites in a vacuum oven following the curing cycle of the composite. The electric wires were connected to the top surface

of the composite panels where the cohesively bonded conductive nanofibers were placed prior to the tensile and compression loadings

in the grips of the tensile unit. The test results clearly showed that the carbonized electrospun PAN nanofibers on the carbon fiber

composites were remarkably performed well. Even the small strain rates (e.g., 0.020% strain) on the composite panels were easily

detected through voltage and resistance changes of the panels. The change in voltage can be mainly attributed to the breakage/

deformation of the conductive network of the carbonized PAN nanofibers under the loadings. The primary goal of the present study

is to develop a cost-effective, lightweight, and flexible strain sensor for the SHM of composite aircraft and wind turbines. VC 2015 Wiley

Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43235.
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INTRODUCTION

Structural health monitoring (SHM) is a method of implement-

ing a damage identification strategy for all kinds of infrastructures

such as bridges, tunnels, aircrafts, wind turbines, ships, skyscrap-

ers, and towers in order to examine the prevailing health condi-

tions in real-time and provide an approximate estimation of the

remaining service life of the structures.1–3 SHM allows engineers

to use the sensing of the structural responses against all types of

external and internal loadings during the service in accordance

with proper data acquisition and model updating techniques to

appraise the condition of a structure. The purpose of SHM is to

effectively monitor the damages in infrastructures in real-time by

embedding a nondestructive evaluation system (NDE) system

into the structure and take preventive measures before a cata-

strophic failure.4 A traditional inspection system is costly and

time consuming. The SHM system is less time consuming and

prevents failure during operation. The prospective advantages of

SHM are enormous, since the maintenance procedures for struc-

tures can change from schedule-based to condition-based, result-

ing in cutting down on the period for which structure is out of

service and corresponding cost savings, as well as reduction in

labor requirements.

Composite materials present more challenges in inspection due to

the presence of voids, anisotropy, resin-rich regions, fiber pull-

outs, and delamination. Composite materials generally fail as a

result of an interacting damage mode and damages generally

occur beneath the top surface of ply. Strain sensors are extensively

used in many engineering fields for monitoring and damage

detection in infrastructures.5 Conventional strain gauges are lim-

ited by the necessary requirements of the strain gauge to be able

to measure strain in a specific direction, and they possess limited

sensitivity.5 The demand for new materials for sensors is on rise,

and use of the carbon-based materials for sensors holds the prom-

ise of fulfilling the drawbacks that conventional sensors present,

owing to their superior mechanical and electrical properties.6,7

Recently, there has been a major interest in using polymer nano-

composites as strain sensors due to their outstanding properties.8

Carbon nanofibers possess excellent thermal and electrical properties;

have wide range of applications, such as structural components,
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wound dressing, and reinforcement in composites, filtration mem-

branes, textiles, electronics, and lithium ions batteries.9–13 The most

promising technique for the synthesis of carbon nanofiber is electro-

spinning where polyacrylonitrile (PAN) can be used for the main car-

bon sources of polymeric precursor.10,11 In this study, PAN-derived

carbon fibers were generated through electrospinning process fol-

lowed by stabilization and carbonization to remove all non-

carboneous material and ensure pure carbon material formation in

the resulting nanofibers. The main advantage of carbon fibers having

diameter in nanosize is the high surface area to volume ratio, which

can reach as high as 102 as compared to microfibers.14 Electrospun

fibers experience large elongation and thinning with a strain rate of

around 1000 S21 and the drawing ratio is as high as 104.15,16

The purpose of this study was to use Electrospun Polyacryloni-

trile (PAN) nanofibers (PAN-derived carbon fibers) heat-treated

them to remove all non-carboneous material and apply them as

sensors for composite structures.

EXPERIMENTAL

Materials

Polyacrylonitrile (PAN) having molecular weight 150,000 g/

mole (CAS no. 25014-41-9) %) and dimethylformamide (DMF)

(CAS no. 68-12-2, 99.8%) were purchased from Sigma-Aldrich

and used without any further purification. The pre-preg carbon

fibers were purchased from Cytec Engineering Materials (Part

No. 5320-1). The pre-preg were cured according to the instruc-

tions from manufacturer’s manual.

Method

Fabrication and Carbonization of PAN Nanofibers. PAN pow-

der was dissolved in DMF solvent at 90:10% weight ratios and the

mixture was subjected to shear mixing at 500 rpm for 1 h on a hot

plate. Particular care was taken to ensure a homogeneous blend/

dissolution of the mixture (polymeric solution). The polymeric

solution was then transformed to a 10 mL syringe with an inside

diameter of 10 mm. Nanofibers were fabricated using an electro-

spinning process. The electrospinning was carried out at 25 kV

DC with 1 mL/h of a feed rate and 25 cm of the distance between

the capillary tube and collector screen. The as-produced PAN

nanofibers were converted to carbon nanofibers by stabilizing in an

ambient environment at 2808C for 1 h, and then subsequently car-

bonizing at 8508C for another 1 h in an argon atmosphere. During

the stabilization, cyclization reaction takes place, in which the

nitrile groups in precursor fibers form a ladder-like structure with

adjacent groups, thereby strengthening the stability of the poly-

meric structure. This ladder-like structure can sustain high temper-

ature and improves carbon yields of the PAN fibers.17 During the

carbonization, the carbon chain substances are condensed into car-

boneous materials, thereby increasing carbon yields and gasses,

such as nitrogen, hydrogen, and other compounds are released.

Scanning electron microscopy (SEM) was used to determine the

surface morphology and diameters of the PAN nanofibers.

Figure 1 shows the SEM images of electrospun PAN nanofibers

before and after the carbonization at 8508C. As is seen in Figure 1(a),

the average diameter of the PAN fibers was around 550 6 50 nm

before the carbonization; however, after the carbonization, it was

reduced to 400 6 50 nm, retaining their shape, and morphology.

The shrinkage can be divided into the entropic part and chemical

part. The entropic shrinkage is caused mainly by the retraction of

stretched polymer chains, while the chemical shrinkage is caused

primarily by the formations of dense structures after the chemical

reactions.17 Entropic shrinkage constitutes physical changes and is

independent of the heating rate; nevertheless, chemical shrinkage can

be increased with increasing the heating rate.17 Microcombustion

and pyrolysis of the PAN fibers revealed that the carbonized nanofib-

ers contained around 89.47% carbon, 3.93% nitrogen, 3.08% oxy-

gen, and a minute amount of hydrogen (0.33%).15 The presence of

nitrogen is due to the C–N bonds that are found in PAN when the

Figure 1. The SEM images of electrospun PAN nanofibers (a) before (b) after carbonization process.
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annealing process is carried out at a temperature below 20008C and

molecular entrapments during the reactions.21

Conductive PAN Nanofiber Fabrication on Pre-Preg Compo-

sites. Pre-preg technique was employed to fabricate carbon fiber

composite panels (5320-1) incorporated with carbonized PAN

nanofibers as top layers. The PAN-derived carbon nanofiber (or

nanomat) appeared black in color due to the stabilizing and

carbonizing processes was used in this study. The nanofiber film

thickness was about 0.021 mm. The 10 plies of the epoxy resin

pre-preg carbon fibers were laid up at 0, 45, 245, and 90 stack-

ing sequences on flat and smooth Al mold, and then the car-

bonized PAN nanofiber mat was laid upon the top portion of

the pre-preg composites. The resin system was epoxy that

included a proper curing agent in a weight proportion of the

pre-preg. Figure 2(a) shows the fabrication of the composite

scheme incorporated with carbonized PAN nanofiber mats as

top layer. The curing cycle followed the four major steps: (1)

heating the composite at 508C for 30 min, (2) heating the com-

posites at 1208C for 60 min, (3) heating the composite at 1808C

for 120 min, and (4) reducing health of the composite to 508C

for 30 min. Figure 2(b) shows the schematics of specimen used

in strain sensing tests. Table I gives the properties of the pre-

preg composite with PAN nanofiber mat laid up at the top of

the pre-preg composite.

Strain Sensing Tests for SHM. Figure 3 shows the experimental

test setup for the strain sensing study on the prepared compos-

ite panel. The composite specimen has a length of 177.8 mm,

width of 50.8 mm, and a thickness of 1.62 mm used for tensile

tests. A four-circumferential ring probe was employed to mea-

sure resistance in the nanocomposite sample. The composite

Figure 2. (a) The schematic views of the test setup for the strain sensing response from the carbon fiber composite incorporated with the carbonized

PAN nanofibers. (b) Schematics of specimen used in strain sensing.

Table I. The Properties of Carbonized Electrospun PAN Nanofibers on

Pre-preg Composite

Properties Values

Thickness 1.62 mm

Resistivity 0.00075 m X

Strain 0.085%

Yield stress 350 MPa

Modulus of elasticity 4546.9 MPa

Peak load 2.3882.56 N
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specimens were sanded off at locations, where the probes of the

electric wires were attached. After sanding off the surface, a sil-

ver conductive epoxy adhesive was applied in order to avoid

contact resistance. A constant current was applied along the

axial direction via outer probes and the corresponding voltage

drop between inner probes was measured for various strains

along the axial direction as shown in Figure 3.

Data was continuously acquired using a Lab VIEW program in

the laboratory. The sample was subjected to ramping loads,

both tensile and compression. The specimen was loaded at a

constant rate of 1 mm/min. The displacement due to the load-

ing was used to calculate the strains under quasi-static loading

rates. The specimen was subjected to tension as well as com-

pression cycles in a servo-hydraulic test frame (Figure 3).30–33 A

good contact between specimen and probes was ensured in

order to make the voltage across the inner probes stable. The

load was applied in increments and held constants for several

seconds so that stable readings can be obtained for each test.

The input current across the two outer probes was kept con-

stant during the measurement when the voltage reading across

the two inner probes and strains from the strain gauge were

measured. For each test, at least three readings were taken, and

the test results were averaged.

RESULTS AND DISCUSSION

Figure 4 shows the engineering stress–strain curve of the carbon

fiber composites co-bonded with carbonized electrospun PAN

nanofibers. It is seen that from 0 strain rate, the composite

panel linearly deforms until the fracture failure takes place.15

The carbon fiber composites usually provide linear behavior

because of their brittle structures, so adding carbonized PAN

nanofibers can change the overall behavior of the samples.15

Arshad et al. reported that the modulus of elasticity consider-

ably increased with decreasing the fiber diameters.18 The

dependence of fibers strength on diameter has also been studied

with various fibers, and it has been found that decreasing fiber

diameter resulted in lower fiber volume and reduced number of

defects and cracks, and thus causing portentous decline in the

probability of failure.19,20 As seen in Figure 4, the percentage

elongation at failure is 0.085, which correspond to a stress value

of 350 MPa.

Figure 5 shows the monotonic increment of the stress vs. time

on the composite specimen co-bonded with the carbonized

electrospun PAN nanofibers, while Figure 6 shows the same test

with the strain vs. time on the same samples. When the external

load was applied the composite specimen, the carbonized PAN

nanofibers on the specimen experienced some deformation

based on both stress and strain rates. When the nanofibers are

electrospun at higher distances (distance between capillary tube

and collector screen), they display higher modulus and higher

Figure 3. The experimental view of the test setup for the strain sensing study on the prepared composite coupons. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

Figure 4. The engineering stress–strain curve for the carbon fiber composites

co-bonded with carbonized electrospun PAN nanofibers. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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tensile strength since they possess better molecular orientation

and lesser defects. The recent studies also reported that the PAN

nanofibers fabricated at 25 kV, and a 25-cm distance between

the target and the collector have the highest tensile strength and

modulus; however, the strain failure could be around 200% for

those electrospinning conditions.21 The high modulus of the

carbonized PAN nanofibers on the carbon composites might be

due to the stabilization at high temperature, which results in a

high capacity fraction of a purely ordered phase possibly caused

by additional cross-linking reactions and lesser defects.17

Figure 7 shows the change in voltage during the loading of the

composite specimen co-bonded with carbonized electrospun PAN

nanofibers. Figure 6 shows a linear relation between the changes

in strain during the loading. The changing in voltage across the

two inner probes might be due to the change in dimensions

(change in length along the direction of loadings) of the carbon

fiber specimen, and can be recognized by the change in resistivity

of the specimen.22 This may be also related to the external tensile

loading and the change in the electrical properties of the carbon-

ized PAN nanofibers under tensile testing that greatly changes the

voltage. The change in voltage was observed when the specimen

experiences a continuous increment in the loading. As soon as the

tensile stress/strains increases, the change in voltage increases line-

arly in the elastic region, as well. Strain sensing using carboneous

material (carbon nanotubes) was studied by Dharap et al.22 and

they found a linear change in voltage across a film subjected to

tension and compression.

From Figures 5–7, the initial raise in voltage in 20 s is 14.8 mV

corresponding to a stress of 10 MPa and a strain rate of 0.03 mm/

min. A study was conducted on the functionalized graphene rein-

forced nanocomposite of polyvinylidene difluoride (PVDF) as

strain sensor for an SHM.23 The PVDF nanocomposite sample

containing 2 wt % of the functionalized graphene showed that at

0.02% and 0.85% of strains, voltage changes of about 9 mV and

24 mV were observed in the carbon fiber films, respectively.8 Our

studies as seen in Figures 6 and 7 showed that at 0.02% and

0.85% of strains, voltage changes of about 18 mV and 25 mV were

observed in the carbonized PAN nanofibers on the carbon fiber

composites. This behavior leads to a nonlinear feature of voltage

change when the specimen goes into the inelastic region.8 The

change in voltage can be attributed to tensile loading, internal,

and external fractures on the nanofibers, initial defects, and the

change in electrical properties of carbonized PAN nanofibers

under tensile loadings. The heat treatment can condense/integrate

the PAN nanofibers on the composites and develop conducting

network since the fibers contain only carboneous matter. How-

ever, as the compression and tensile loads are applied, this con-

ductive network was disturbed somehow thereby resulting

voltage, conductivity, and resistivity changes.

Figure 8 shows the changes in resistance vs. time of the composite

specimen co-bonded with the carbonized electrospun PAN nano-

fibers. As can be seen, the specimen has an initial resistance of 30

Figure 5. The monotonic increment of the stress vs. time on the compos-

ite specimen co-bonded with carbonized electrospun PAN nanofibers.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 6. The strain vs. time curve of the composite specimen co-bonded

with carbonized electrospun PAN nanofibers. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]

Figure 7. The change in voltage during the loading of the composite spec-

imen co-bonded with carbonized electrospun PAN nanofibers. [Color fig-

ure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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ohms measured via four-point probe. The contact resistance was

not taken into account, and the high precession equipment usu-

ally allows voltage reading in mV ranges. Recent studies showed

that the change in voltage due to the change in dimension was

small as compared to change in resistivity of the specimen due to

the external loadings.22 Thus, the change in voltage is mainly

attributable to the change in resistivity/conductivity values. The

contribution of Poisson’s effect also plays a significant role.22 The

resistivity and changes in dimension may have relationships when

the material contains cracks, internal defects, and secondary phase

formations.24,25 However, the relationship between dimensional

changes and resistivity changes due to loading and unloading

requires more research. Park et al.26 investigated the strain-

dependent electrical resistance of Multiwalled Carbon Nanotubes

/PolyethyleneOxide (MWCNT/PEO) composite film using an

experimental set-up to measure the electrical resistance and strain

simultaneously, and found repeated relations in resistance versus

strain. Li et al.27 conducted an experimental work on MWCNT

film as strain sensors and studied the response of MWCNT film

to elastic loading and electrical response against dynamic loading.

Figure 9 shows the current (mA) vs. voltage (mV) of the com-

posite specimen co-bonded with the carbonized electrospun

PAN nanofibers. The nanofibers may not be homogeneous

materials, so the data presented here mainly shows non-ohmic

behavior. Even after the heat treatment below 10008C, the fibers

are not entirely composed of carbon, and the other elements

still present in carbon fiber structures that can take part sub-

stantially in heterogeneity, and thus to the observation of the

non-ohmic behavior. When the PAN nanofibers are heat treated

between 600 and 8008C temperature ranges, they become more

conductors, and, thus, the heterogeneity was evidently most piv-

otal in determining the properties.25

Vilaplana et al. stated that the carbon fibers decreased the elec-

trical properties under the applied loads and reported the elec-

trical resistivity value of 0.0000152 m X.25 Luhrs et al. studied

the oxidation and the carbonization processes in an ambient

condition at 3008C, and in an inert atmosphere at 7508C,

respectively.28 The strain gauge of the test setup provided a lin-

ear relationship between electrical resistances and strain values.

The electrical resistance values were drastically decreased as a

function of time.25 The electrical conductivity values of the car-

bonized electrospun PAN nanofibers can be significantly

changed when they are mechanically loaded.29 These changes

are mainly related to the degrees of stress and strain rates, inter-

nal and external deformations, time, and other environmental

conditions. Highly conductive materials with other superior

physical properties can be ideal materials for sensing element

and nanoprobes in the SHM of the composite aircraft and wind

turbine structures. The resistivity and conductivity changes on

the carbonized PAN nanofibers may indicate the degree of aging

process of the composites, level of maneuvering during the

flights/operations, impacts of environmental conditions (e.g.,

storm, tornado, hurricane, heavy rain and snow, hail, etc.), and

other internal and external loads.

CONCLUSIONS

Electrospun PAN nanofibers were stabilized at 2808C for 1 h in

an ambient condition, and then carbonized at 8508C in inert

argon gas for additional 1 h to produce highly conductive car-

bon nanofibers for SHM of composite aircraft and wind tur-

bines. The carbonized PAN nanofibers cohesively bonded on

the surface of the carbon fiber composite panels were loaded

under different tensile and compression loads. A four circumfer-

ential probe measurement system was used to determine the

electrical response of the composite panels during the uniaxial

loadings. The prepared samples detected the very small strain

rates formed on the composite panels in the forms of electrical

voltage, resistivity, and conductivity changes. This may be

because of the extremely high surface area of the carbonized

PAN nanofibers. Also, Poisson’s effect and internal defects such

as pores, cracks, and beads can also play a significant role in

electrical signal changes of the composite panels. The share

stress tests can be applied to the composite panels to

Figure 8. The changes in resistance vs. time of the composite specimen

co-bonded with carbonized electrospun PAN nanofibers. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 9. The current (mA) vs. voltage (mV) of the composite specimen

co-bonded with carbonized electrospun PAN nanofibers. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.

com.]
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characterize further the properties of the novel nanomaterials.

These nanomaterials and methods may open up new possibil-

ities to develop highly sensitive SHM devices for the composite

aircraft and wind turbine, as well as other infrastructures.
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