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1. INTRODUCTION

The need for lightweight design and electrification are
ever growing in consumer products, ranging from phones 
and laptops to road vehicles, etc. To meet these needs, novel 
approaches in material and product development are re-
quired. an elegant way to achieve lightweight energy stor-
age is realisation of multifunctional materials and/or com-
ponents, performing several tasks at once. This approach is 
particularly attractive since there is a limitation to the weight 
reduction achievable by optimisation of individual single 
purpose components and devices.

Chung and Wang [1] proposed the idea to exploit the 
semi-conductive nature of carbon fibres in “structural elec-
tronics” and to use CFrp laminas to make structural ca-
pacitors. The idea was realised in a follow-on study by luo 

and Chung [2] making thin structural capacitors from car-
bon fibre epoxy pre-preg laminate electrodes and different 
paper dielectric separators. Baechle [3], o’Brien [4], Wet-
zel [5] and co-workers have expanded the idea by making 
structural capacitors employing glass fibre/epoxy pre-preg 
as the dielectric separator with metalized polymer films as 
electrodes. More recently, Yurchak et al. [6] investigated the 
interlaminar shear strength of the metalized film electrode 
and the glass fibre composite separator for these devices. 
The study showed interlaminar shear strength as high as 
39.6 Mpa between the metalized polyimide electrode and 
the epoxy based glass fibre composite separator. The ap-
proach in [6] is very similar to earlier work performed by 
Carlson et al. [7–11]. Carlson et al. investigated multifunc-
tional performance of a series of structural capacitors made 
in the spirit of Luo and Chung [2], employing carbon fibre 
composite electrodes and dielectric separator made from dif-
ferent surface weight printing paper or polymer films. The 
concept of making capacitors with carbon fibre epoxy pre-
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preg electrodes separated by a thin polymer film was found 
to be most promising [7–11]. 

The objective of the current investigation was to deter-
mine the influence of damage caused by tensile loading on 
the electrical performance of structural capacitor materials 
of the type developed in previous studies [10–11]. Intra-
laminar matrix cracks are well known to affect mechanical 
performance of a composite material, as reported by Varna 
et al. [12] and Gao et al. [13] among others. There are also 
concerns that matrix cracks may affect electrical properties 
of the structural composite capacitor material. By the current 
structural capacitor design, with structural electrodes and a 
ductile polymer separator film, it is believed that cracks in 
the electrodes caused by high tensile strains may be sustained 
without substantial loss in capacitance. However, to date no 
experimental studies have been performed to confirm this 
and consequently no method to perform such measurements 
is available. Hence, there is a need to develop a method to 
evaluate the effect of matrix cracks on the electrical perfor-
mance in multifunctional composite materials. In this study 
we propose such a method to measure capacitance of a struc-
tural composite capacitor material under tensile loading, and 
present the first results on structural capacitor damage toler-
ance with respect to its capacitance. It should be noted that 
the work presented here is focused on the development of 
the testing method for the capacitance under influence of 
matrix cracks and not to correlate the cracks to the change in 
capacitance which is a whole field of study in itself.

2. MATERIALS

The structural capacitor materials were made from the 
same materials as in previous studies [10–11], using carbon 
fibre epoxy pre-preg woven laminas as electrodes separated 
by thermoplastic polyester (PET) dielectric film. The pre-
preg was a 245 g/m2 2 × 2 Twill HS (3K) 0°/90° prepreg, 
MTM57/CF3200-42% RW, supplied by Cytec, UK, and the 
dielectric separator was a 50 µm thick (DuPont Mylar A), 
thermoplastic polyester film, supplied by Trafomo AB, Swe-
den.

Adhesion between PET and epoxy is generally poor and 
earlier studies [10–11] have proposed plasma treatment as 
a route for improved adhesion. In the current study NaOH 
was examined as a way to chemically etch the PET-film to 
provide better adhesion to the epoxy. A set of samples were 
prepared by etching the surface in 80°C NaOH solution  
(6.25 M) for 6 minutes according to the guideline by Hunts-
man for pre-treatment of PET [14]. The NaOH was supplied 
by Sigma Aldrich.

2.1. Composites Manufacture

Composite manufacture was done in the same manner 
as in previous work [7–11]. Laminates were stacked in the 

desired configuration, vacuum was applied followed by deb-
ulking without heat for 30 minutes, and then cured according 
to the supplier’s recommendations (120°C for 30 minutes). 
A schematic of the manufacture is shown in Figure 1.

2.1.1. Specimen Preparation

Firstly, interlaminar shear strength (ILSS) specimens 
were manufactured to allow evaluation of the effect of the 
NaOH etching of the PET-film on separator adhesion to the 
CFRP electrode laminates. ILSS specimens were made us-
ing a lay-up of [pre-preg10/PET-film/pre-preg10] providing a 
thickness close to that recommended in the ASTM standard 
for short beam interlaminar shear strength test [15]. Nominal 
specimen dimensions were 30.3 mm long, 10.1 mm wide 
and 5.05 mm thick.

For damage tolerance studies of the multifunctional com-
posite material tensile structural capacitor specimens were 
made from four prepreg plies, two on each side of the PET 
film. The method developed here is based on the ASTM stan-
dard for tensile testing of composites [16]. The tensile test is 
well suited for introducing matrix cracks in the specimen 
and is straightforward to perform. Since the test is not aimed 
at measuring stiffness or strength, but merely to introduce 
matrix cracks, there is no need for full length specimens as 
recommended in the standard [16]. For this reason specimen 
smaller than that recommended in the ASTM standard, 160 
mm long and 20 mm wide (c.f. the length 250 mm and width 
25 mm in [16]) were prepared. The chosen lay-up resulted in 

Figure 1. Schematic description of laminate manufacture.

Figure 2. Principle cross-section of a tensile specimen for capaci-
tance measurements.
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a theoretical nominal specimen thickness of 1.05 mm. These 
dimensions allow fitting of the extensometer and the electri-
cal connections needed to perform the test. The tensile speci-
mens were tabbed with 2 mm thick GFRP tabs bonded to 
the specimens with Araldite 2012 epoxy adhesive and cured 
overnight at room temperature. The tabs served two purpos-
es, to provide a good grip in the tensile test machine and to 
electrically insulate the specimens from the tensile testing 
machine so as not to disturb the electrical measurement.

Specimen preparation required cutting, in this process 
short circuiting from carbon dust and bridging fibres at the 
edges was of concern. To mitigate short circuit in the speci-
mens the edges extending parallel to the loading direction 
were grinded and polished in a 45° angle from the separator 
mid-plane, as schematically illustrated in Figure 2. A photo-
graph of a specimen is shown in Figure 3. 

A set of five specimens were made for both ILSS and 
tensile capacitance tests.

3. EXPERIMENTAL CHARACTERISATION

3.1. Measuring Effects of NaOH Surface Treatment

The motivation for finding a good surface treatment 
stems from the need to achieve intralaminar matrix cracks 
without prior delamination at the epoxy/PET-film interface. 
Earlier studies using plasma treatment to improve adhesion 
between epoxy and the PET separator have shown onset of 
delamination failure around 0.2% strain [10–11]. The early 
delamination failure onset is a problem in this study as de-
laminations may form prior to intralaminar matrix cracks, 
and well below the targeted strain level of 0.6%. In this 
study, the aim was to initiate intralaminar matrix cracks only. 
Intralaminar matrix cracks are commonly formed as the first 
mode of damage in composites during service serving as 
initiation sites for delaminations and fibre failures. The ef-
fect of intralaminar matrix cracks on the mechanical perfor-
mance is usually small [12], whereas delaminations can be 
critical to the mechanical performance [17]. Matrix cracks 
and delaminations in a multifunctional composite capacitor 
are schematically illustrated in Figure 4. 

Interlaminar shear strength (ILSS) was measured on the 
structural capacitor laminates to evaluate the effect of NaOH 
treatment of the PET-film on its adhesion to the CFRP elec-
trodes. The results were compared to those achieved for neat 
and plasma treated PETfilms reported previously [10-11]. 
The interlaminar shear strength was evaluated at room tem-
perature using the short beam three-point bending test ac-

cording to the ASTM D2344/D2344 M standard [15]. The 
equipment used was a MTS 20/M with a 10 kN load cell. A 
constant crosshead speed of 1 mm/min was used.

3.2. Damage Investigation

To get an insight in the amount of damage sustained by 
the specimens the crack density (cracks per length of speci-
men) was evaluated.

The angled edge used to avoid short circuit of the charged 
structural capacitor made it difficult to detect cracks dur-
ing tensile loading. Therefore, after testing, completing a 
full loading-unloading cycle in tension and the capacitance 
measurements, the specimen’s edges were grinded and pol-
ished to a 90° angle. The specimens were then fitted to the 
tensile tester again and loaded to a lower strain (approxi-
mately 0.3%) than before to open up the cracks making them 
possible to detect. A random 20 mm part of the specimen 
edge was chosen for close up microscopic evaluation using 
a portable USB microscope (Dino-Lite Pro) to determine the 
crack density in the specimen.

3.3. Measuring Effects of Intralaminar Matrix Cracks 
on Capacitance

To characterise the structural capacitor materials electri-
cal performance the capacitance was measured by sweeping 
through 200 mHz–100 kHz at 1 V recording the electrical re-
sponse (impedance spectroscopy). The equipment used was 
a Gamry Reference 3000 with Gamry Instruments Frame-
work and Gamry Echem Analyst. A simple model for the 
structural capacitor material, shown in Figure 5, was used. 
In this model a capacitance (C) was connected in parallel 
with a resistance (R2) and in turn connected in series with 
a resistor (R1). C and R2 are connected to the PET-films 
electrical properties whereas R1 is connected to the electri-
cal resistivity in the electrodes. The Echem Analyst software 
(Levenberg-Marquardt method) was used to find the best fit 
to the measured data by adjusting the parameters, R1, R2 
and C. 

The specimens were electrically connected to the poten-
tiostat by thin enamelled wires and copper tape with con-

Figure 3. Tensile capacitance specimen.

Figure 4. Schematic representation of undamaged and damaged 
structural capacitor composite.
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ductive glue. This set-up is very flexible and allowed fast 
changes of specimen in the tensile test machine. A specimen 
mounted in the tensile tester is shown in Figure 6, where 
the extensometer has been removed for better visibility of 
the electrical wires. The position of the extensometer is vi-
sualised by the white areas on the surface of the specimen. 
Figure 7 illustrates the principle test setup.

The specimens were loaded in tension at a stroke of  
1 mm/min up to 0.6–0.65% strain to introduce intralaminar 
matrix cracks in the structural capacitor CFRP electrodes. 
Matrix cracks typically occur beyond 0.2% strain [13]. Ca-
pacitance was measured before tensile loading, during ten-
sile loading and after the load had been released. By this 
procedure a comparison of capacitance for undamaged 
specimens, specimens with open cracks and specimens with 
closed cracks was facilitated. 

4. RESULTS

4.1. Effects of NaOH Surface Treatment on ILSS

Results of the effect on ILSS of NaOH treatment of the 
PET-film are presented in Table 1. In the Table, ILSS data for 
the same structural capacitor materials with plasma treated 
PET-film separator as well as for a full CFRP reference lami-
nate are also presented for comparison. As seen in Table 1 
the plasma treated capacitor material specimens showed 
significantly lower ILSS values than the CFRP reference. 
The NaOH treatment shows a modest improvement in per-
formance compared to the plasma treated capacitor material, 
but its interlaminar shear strength is still significantly lower 
than that of the reference. Hence, neither plasma treatment 
nor NaOH etching provide strong adhesion between the 
CFRP electrodes and the PET separator. The NaOH etching 
was chosen for this study as it provides the best adhesion, 
and hence the least risk of delaminations forming prior to 
intralaminar matrix cracks during the tensile loading. 

4.2. Damage Characteristics

The specimens were polished flat at the edges after test-
ing to allow identification of matrix cracks present during 
the test. An average crack density of 0.26 cracks/mm was 

Figure 5. Structural capacitor electrical model.

Figure 6. Specimen for measurement of capacitance with matrix 
cracks.

Figure 7. Principle test setup.

Table 1. ILSS for NaOH Treated, Plasma Treated 
Structural Capacitor Materials and a CFRP Reference.

Sample
No Treatment 

[11] NaOH
Plasma Treatment 

[11]

PET-film 29.5 ± 1.3 34.3 ± 0.6 29.6 ± 1.4
CFRP Ref. 54.4 ± 1.5 – –
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found in the five specimens examined. However, it was very 
difficult to identify cracks due to the small crack opening 
displacement in the fairly thin laminates. Cracks were found 
to occur in all 90º bundles. In some cases the matrix cracks 
were found to link up to an existing pore (the out of auto-
clave manufacturing process resulted in some porosity of the 
laminates, usually found in the interface between the two 
plies of pre-preg). A typical pore is shown in Figure 8.  Fig-
ure 9 shows typical matrix cracks, pointed out by the thin 
white arrows, in a specimen after testing. The middle crack 
is seen to link up with a pore in between the pre-preg plies. 
The PET separator is also clearly visible in the centre of the 
picture, extending from left to right and marked out by the 
thick white arrow. Figure 10 shows a close-up of a matrix 
crack with a white arrow indicating the location of a trans-
verse crack in the vicinity of the PET separator film.

The crack density, and the corresponding crack open-
ing displacement, was too small to result in any significant 
stiffness reduction. A stiffness reduction of approximately 
0.15% was estimated for a crack density ρ = 0.26 cracks/mm 
using the approach by Varna and co-workers Lundmark [18] 

and Mattsson [18]. Consequently, only the effect of the pres-
ence of cracks on capacitance was evaluated experimentally. 

4.3. Effect of Matrix Cracks on Capacitance

The results from the non-mechanically loaded capaci-
tance measurements are presented in Table 2. A significant 
drop in capacitance for the NaOH treated film was observed 
compared to the non-treated and plasma-treated films. It 
should be noted that the geometry of the specimens mea-
sured are different for the different specimens; the non-
treated and plasma treated specimens were square 100 × 
100 mm and the NaOH specimens were 160 × 20 mm with 
angled edges. However, the geometric and connector type 
differences did not cause this significant drop in capacitance 
as the specimen geometry and connector was checked and 
found to provide capacitances of the expected level for non 
treated PET-film before proceeding with this study. Capaci-
tance measurements were performed on the plates prior to 
cutting and specimen preparation for NaOH treated and 
non-treated PET capacitor. The results conclusively showed 
similar capacitances for plates and specimens of each 
kind, i.e. approximately 8 nF/m2 for the NaOH treated and 
440 nF/m2 for the non-treated materials. Furthermore the 
validity of the connector was proven by consistent capaci-
tance results for 100 × 100 mm square specimens with cop-
per mesh connector, plates with copper tape connector and 

Figure 8. Close up of a typical pore inside the CFRP electrode.

Figure 9. Matrix cracks(pointed out by thin arrows) in CFRP elec-
trodes in a tensile capacitance specimen. The PET separator is iden-
tified by the thick arrow.

Figure 10. Close up on a matrix crack extending towards the PET 
separator film.

Table 2. Capacitance of the Structural Capacitors.

Dielectric
Capacitance  

[nF/m2]

PET-film 50 µm 447 ± 3.8 [9]
PET-film 50 µm 15s PT 442 ± 2.6 [9]
PET-film 50 µm NaOH 8.0 ± 4.1
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finished 160 × 20 mm specimens with angled edges. NaOH 
etching creates a porous and rough surface [20] and for a 
thin film like the one used in this study this may affect the 
resistive properties of the whole film resulting in a lower di-
electric constant. The rough surface provides better wetting 
and adhesion of the epoxy matrix in the electrodes which 
can result in a larger amount of epoxy at the electrode/sepa-
rator interface effectively creating a thicker separator layer 
further reducing capacitance. However no general thickness 
increase by the formation of resin rich interface layers be-
tween the CFRP electrodes and the PET separator could be 
recorded by microscopy of polished samples. The drop in 
capacitance, caused by the NaOH treatment, does not cause 
a problem for the purpose of this study, where the change in 
capacitance from the formation of matrix cracks is sought. 
However, for realisation of structural capacitor materials of 
this design the NaOH etching of the PET-film is not advised.

The results from the capacitance measurements in the 
tensile test machine are shown in Table 3. As seen there was 
a significant drop, but not critical, in capacitance for the ten-
sile loaded state (i.e. at 0.6% strain). This is found inherent 
to the opening of matrix cracks resulting in a lower dielectric 
constant for the insulating layer (consisting of the PET-Film 
and the epoxy matrix that sits in between the CF electrodes) 
since air has a lower dielectric constant than polymers. No 
other damage mechanisms, i.e fibre fractures or delamina-
tions, were observed to occur in the tests. It should be noted 
that as the specimen was unloaded the capacitance was re-
covered, and was even higher than that before the mechanical 
load had been applied. The recovery was found inherent to 
complete crack closure as the specimens were unloaded (i.e. 
the small crack opening displacement observed in loaded 
specimens was found to vanish as cracks closed completely 
when the specimens were unloaded). A possible explanation 
for the gained capacitance is permanent plastic deformation 
of the insulating layer consisting of the PET-film and epoxy 
matrix resulting in a thinner separator after unloading than 
before introduction of matrix cracks. However this assump-
tion has not been possible to confirm through inspection in 
an optical microscope. 

The most important result is the fact that the capacitance 
of the structural capacitor is not critically affected by me-
chanical damage in the structure. 

5. CONCLUSIONS

In this study a method to investigate the effect of intrala-

minar matrix cracking on capacitance of structural capaci-
tors has been developed and employed. The method devel-
oped for measuring capacitance with matrix cracks works 
very well and the use of simple specimen geometry, in a ten-
sile test set-up, along with a versatile potentiostat makes the 
test applicable on other types of multifunctional composite 
devices, i.e. supercapacitors or batteries.

The structural capacitors developed and tested in this 
study were found to maintain their capacitance even after 
sustaining intralaminar matrix cracking in the CFRP elec-
trodes all the way up to the PET separator. This result is very 
important as the material shows a significant robustness to 
perform its electrical function in a damaged state. 

Further, the effects of different surface treatment on the 
separator have been studied. NaOH treatment performed in 
this study has been compared to the plasma treatment per-
formed in earlier studies [7–11] and it has been shown that 
NaOH is not suitable as surface treatment for the PET-film 
in a multifunctional composite capacitor. The treatment will 
improve the adhesion to epoxy but it will simultaneously 
lower the capacitance of the device to an unacceptable level.
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1. INTRODUCTION

Since its discovery in 2004 [1] graphene, an atomically
thick sheet of sp2-hybridized carbon atoms in a hexagonal 
two-dimensional lattice has attracted a great attention from 
research community due to its extraordinary physical and 
electrical properties. The remarkable properties reported 
for defect free monolayer graphene include high values of 
its elastic modulus (~1 TPa), intrinsic strength (~130 GPa), 
thermal conductivity (~ 5000 W/mK) and specific surface 
area (2630 m2g–1) [2,3]. The superior properties of graphene 

are reflected in the graphene-incorporated polymer nano-
composites, showing greater mechanical, thermal, electrical, 
and other properties compared to neat polymer. However, 
since graphene sheets are inherently stacked in graphite due 
to the high van der Waals forces between adjacent layers, 
the exfoliation and incorporation of graphene into polymer 
matrix to synthesize graphene reinforced polymer is quite 
difficult. Graphene oxide differs from graphene in that it 
has oxygen functional groups attached to the graphite back-
bone. This makes GO sheets are more compatible and easily 
dispersed in organic polymers. In addition, GO sheets have 
wrinkles and have a higher surface roughness as compared to 
pristine graphene [4]. These wrinkled surfaces interlock ex-
tremely well with the surrounding polymer material, helping *Corresponding author. Tel: +61731386630; Fax: +61731381516; 

Email: c2.yan@qut.edu.au

© 2013 DEStech Publications, Inc. All rights reserved. 
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ABSTRACT

Bulk amount of graphite oxide was prepared by oxidation of graphite using the modified 
Hummers method and its ultrasonication in organic solvents yielded graphene oxide 
(GO). X-ray diffraction (XRD) pattern, X-ray photoelectron (XPS), Raman and Fourier 
transform infrared (FTIR) spectroscopy indicated the successful preparation of GO. 
XPS survey spectrum of GO revealed the presence of 66.6 at% C and 30.4 at% O. 
Scanning electron microscopy (SEM) and Transmission electron microscopy (TEM) im-
ages of the GO showed that they consist of a large amount of GO platelets with a curled 
morphology containing of a thin wrinkled sheet like structure. Atomic Force Microscopy 
(AFM) image of the exfoliated GO signified that the average thickness of GO sheets 
is ~1.0 nm which is very similar to GO monolayer. GO/epoxy nanocomposites were 
prepared by typical solution mixing technique and influence of GO on mechanical and 
thermal properties of nanocomposites were investigated. As for the mechanical behav-
iour of GO/epoxy nanocomposites, 0.5 wt% GO in the nanocomposite achieved the 
maximum increase in the elastic modulus (~35%) and tensile strength (~7%). The TEM 
analysis provided clear image of microstructure with homogeneous dispersion of GO 
in the polymer matrix. The improved strength properties of GO/epoxy nanocomposites 
can be attributed to inherent strength of GO, the good dispersion and the strong inter-
facial interactions between the GO sheets and the polymer matrix. However, incorpora-
tion of GO showed significant negative effect on composite glass transition temperature 
(Tg). This may arise due to the interference of GO on curing reaction of epoxy.

© 2013 DEStech Publications, Inc. All rights reserved.
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to boost the interfacial load transfer between GO sheets and 
the matrix. All these properties combined with fairly high 
strength of GO sheets (effective Young’s modulus 207.6 ± 
23.4 GPa) [5] render it as a promising candidate for polymer 
composites [6]. 

Several studies have been conducted to improve the 
properties of polymeric composites with GO based materi-
als [6–8]. Wang  et al. reported the incorporation of 0.3% 
of GO into polybenzimidazole (OPBI) enhanced Young’s 
modulus by 17%, tensile strength by 33% and toughness by 
88%. Significant toughness and fatigue life improvements 
through the addition of GO sheets to a thermosetting epoxy 
system have been established [7]. Because of oxygen func-
tional groups, graphene oxide can be further functionalized 
which can effectively increase the reactive points on the GO 
surface, bring extra advantages to improve the dispersion 
and interactions of GO in polymer matrices. Many studies 
have reported significant improvement in polymer proper-
ties with the incorporation of functionalized GO [9,10]. One 
study reported that the less oxidized GO was more effec-
tive than nearly fully oxidized GO in terms of reinforcing 
polymers. The better reinforcement effect was attributed to 
the higher quality of GO with much fewer structural defects 
[11]. Zhang  et al. found that polarity matching is crucial in 
improving the interaction between fillers and matrix and the 
dispersion of fillers. They have reported that the excessive 
oxygen groups on graphene disturbed the polarity matching 
and deteriorate the dispersion quality of GO in PMMA [12].

However, for the time being, a relatively limited number 
of studies have been reported on evaluating mechanical per-
formance of GO incorporated epoxy nanocomposites. Here-
in, we report the mechanical and thermal behaviour of epoxy 
nanocomposites with various weight fractions of GO. Bulk 
quantity of GO was prepared by chemical oxidation method. 
Significant enhancement in tensile properties was achieved 
by incorporating small amounts of GO into epoxy matrix. 
It was also revealed that GO was significantly influence on 
epoxy curing reaction thereby reducing the glass transition 
temperature of epoxy matrix. 

2. METHOD

2.1. Materials

Graphite flakes was purchased from Sigma Aldrich (pvt) 
Ltd, Australia and used as received. Epoxy resin (Araldite 
GY 191) used for this study is Diglycidyl Ether of Bisphenol 
A/F (DGEBA/F) and the curing agent(Hardener HY 956) is 
a low viscosity aliphatic polyamine (Triethylenetetramine/
TETA). Both epoxy resin and curing agent were supplied by 
CG composites, Australia. The other chemicals used such as 
KMnO4, H2SO4, H3PO4, HCl, H2O2, Acetone, Ethanol, Di-
ethyl ether, DMF were purchased from Sigma Aldrich (pvt) 
Ltd, Australia. 

2.2. Preparation and Characterization of  
Graphene Oxide

 GO was prepared by oxidation of graphite flakes ac-
cording to the method described by Marcano  et al. [13] and 
dried in a freeze dryer at –51°C under vacuum for 72h. GO 
was characterized by X-ray diffraction (XRD, PANalytical 
Cu MPD) to determine the distance between layers. Raman 
spectra of bulk graphite and GO were recorded from 1250 
to 3000 cm–1 on a RENISHAW invia Raman microscope us-
ing a 532 nm edge filter laser beam. FTIR spectra were ob-
tained using FTIR 5700 Nicolet Diamond ATR spectrometer. 
The spectrum resolution was 4 cm–1 in the wave length range 
from 800 to 4000 cm–1. The 64 scans were performed to 
get the average spectrum. X-ray photoelectron spectroscopy 
measurements were performed with a Kratos Axis ULTRA X-
ray photoelectron spectrometer (XPS) using monochromatic 
AlKα radiation (hv = 1486.6 eV). CasaXPS v 2.3.16 software 
was used to perform curve fitting and to calculate the atomic 
concentrations. 

The microstrucural characterizations were performed us-
ing a JEOL-7001F field-emission scanning electron micro-
scope (FESEM) operated at 15 kV and a JEOL 1400 trans-
mission electron microscope (TEM) operated at 120 kV. Dry 
GO powder was used for the FESEM analysis whereas clear 
solution of GO in DMF was dropped cast onto carbon coat-
ed copper TEM grid for TEM analysis. Samples for Atomic 
force microscope (AFM) imaging were prepared by deposit-
ing clear solution of GO in DMF on freshly cleaved mica 
surface. AFM images were taken using a BMT multiscan 
AFM with silicon tip. Tapping mode was applied to get the 
topography of the GO flakes at the scan rate of 1.2 Hz with 
surface area of 5 μm × 5 μm.

2.3. Preparation and Characterization of  
Graphene Oxide/Epoxy Nanocomposites

A homogeneous dispersion of GO in acetone (1 mg/ml) 
was obtained by employing an ultrasonicator at high ampli-
tude for 1h. Then a certain amount of epoxy resin was added 
and the mixture was stirred for 15 min on a magnetic stirrer. 
Acetone was evaporated by stirring the mixture at 40°C for 
few hours on a hot plate with a magnetic stirrer. The mixture 
was vacuumed at same temperature overnight for the com-
plete removal of acetone. Stoichiometric amount of hardener 
was added to the epoxy/GO mixture at room temperature and 
mixing was carried out in a high speed shear mixer (Thinky 
planetary mixer) at 2000 rpm for 5 min. The mixture was 
then poured into Teflon coated moulds after degassing in a 
vacuum oven for 30 min. Samples were pre-cured at room 
temperature for 24h and post-cured at 90°C for 6h.   

Tensile test was performed according to the ASTM D638-
10 standard with Instron tensile machine using dog-bone 
shaped tensile specimens. The tests were performed at con-
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stant loading speed of 0.5 mm/min with the 2 kN load cell at 
room temperature. At least five specimens were tested from 
each sample. Transmission electron microscopy specimens 
were prepared by microtoming nanocomposite samples with 
thickness of 40–70 nm. The specimens (on Cu grid) were 
examined with JEOL 1400 TEM using an accelerate volt-
age of 120 kV. The tensile fractured surfaces of samples 
were examined using FESEM (JEOL-7001F). The fractured 
ends of the specimens were mounted on aluminium stubs 
and sputter-coated with a thin layer of gold to avoid elec-
trostatic charging during examination. Q100 Chimaera DSC 
was used to obtain glass transition temperature (Tg) of neat 
epoxy and nanocomposites. Experiments were carried out 
under nitrogen atmosphere at a scanning rate of 10°C/min 
from 0 to 280°C. 

3. RESULTS AND DISCUSSION

3.1. Characterization of Graphene Oxide

GO is highly hydrophilic and is readily dispers-
ible in water and other organic solvent such as DMF, 

acetone etc. XRD pattern of GO (as prepared dry 
powder) and bulk graphite shows in Figure 1(a). A char-
acteristic sharp (002) peak of graphite stacking appeared 
at 2θ = ~26.5° with a corresponding interlayer spacing of  
~3.4 Å. After oxidation of graphite to GO, the peak shifted 
downward to a lower angle at 2θ = ~11.0° with a matching 
spacing of ~8.0 Å which is similar to GO solids reported 
previously [14,15]. The larger interlayer spacing of GO is 
due to the large amount of polar groups generated between 
the layers of graphite during oxidation, in which the oxy-
gen and carbon atoms are covalently bonded, leading to an 
increase in the graphite’s crystal lattice length along axis 
c. The diffraction peak of graphite did not occur in the dif-
fraction spectrogram of GO, indicating that the graphite had 
been completely oxidized. Raman spectra of graphite and 
GO are given in Figure 1(b). The bulk graphite shows the 
two intense bands centered at 1581 cm–1 (G band) and 2720 
cm–1 (2D band). The G band is the response of the in-plane 
stretching motion of symmetric sp2 C–C bond. The 2D band 
is the second order of the D band. A very tiny D band was 
observed for bulk graphite. This proved the absence of a sig-
nificant amount of defects in the graphite. In contrast, the ra-

Figure 1. (a) XRD pattern; (b) Raman spectrum; (c) FTIR spectrum of graphite and graphene oxide.

Figure 2. (a) C 1s XPS spectrum of graphite (b) C 1s and (c) O 1s XPS spectra of graphene oxide.



D. GALPAYA, M. WANG, C. YAN, M. LIU, N. MOTTA and E. WACLAWIK102

man spectrum of the GO displays an intense D band centred 
at 1357 cm–1 and a G band at 1607 cm–1. The D band arises 
from the disruption of the symmetrical hexagonal graphitic 
lattice as a result of internal structural defects, edge defects, 
and dangling bonds created by the attachment of hydroxyl 
and epoxide groups on the carbon [16]. D band intensity is 
directly proportional to the level of defects in the sample and 
can also be used as a gauge of degree of functionalization 
when graphene is chemically modified [17]. Chemical and 
structural changes of graphite upon oxidation were detected 
from FTIR spectrum of GO [Figure 1(c)]. A broad band at 
3000–3700 cm–1 appears in the IR spectrum, which signifies 
stretching vibration of surface hydroxyls (~ 3400) and water 
absorption (~ 3200 cm–1). The peaks are located at ~1720 

cm–1 (C=O stretching) from carbonyl and carboxylic groups, 
at ~ 1200 cm–1 (C–OH stretching) from carboxylic groups 
and at ~1050 cm–1 (skeletal C–O or C–C stretching) peak 
from carbonyl, carboxylic and epoxy groups, which con-
firms the presence of oxygen-containing functional groups 
[18,19]. The peak at 1620 cm–1 can be assigned to the vibra-
tions of the adsorbed water molecules and also the contribu-
tions from the skeletal vibrations of un-oxidized graphitic 
domains [20]. 

The C1s XPS spectrum of graphite is shown in Figure 
2(a). The peak centred at 284.5 eV corresponds to graphitic 
carbon (non-oxygenated). The atomic composition of GO 
was obtained from the XPS survey spectrum and revealed 
the presence of C (66.6 at%) O (30.4 at%) and small amount 

Figure 3. (a) SEM (b) TEM (c) AFM images of graphene oxide. 
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of S, N and P (residual from the acids used for the oxida-
tion process). The chemical composition detected for the  
GO is very similar to reported data in literature [16,21–23]. 
The detail spectra C 1s and O 1s spectra of graphene oxide 
are shown in Figure 2(b) and (c). The C1s XPS data of GO 
surface clearly displays the presence of four different kinds 
of carbon atoms such as non-oxygenated carbons (C–C) 
at 284.7 eV, carbons attached to carboxylic groups (C*–
COOH) at 285.8 eV, carbons in carbon-hydroxyl groups 
(C*–OH) and carbons in epoxy/ether (C*–O) at 287.5 eV, 
and carboxylate carbons (O–C*=O) at 288.9 eV. The peaks 
are at 532.4 eV and 533.3 eV in the O1s spectrum of GO 
[Figure (2c)] can be assigned to contribution from C=O* 
and C-O*–C/C–O*-H groups, respectively [16]. The peak 
at 534.1 eV can be assigned to oxygen from water mol-
ecules. 

Figure 3(a) illustrates the typical SEM image of GO, 
indicating randomly aggregated, thin crumpled sheets 
closely associated with each other which are significantly 
different from graphite flakes. The platelets have lateral 
dimensions ranging from several hundred nanometers to 
several micrometers. The TEM observations further reveal 
that the GO are likely to be in the form of single or few 
layer sheets as shown in Figure 3(b). From a tapping mode 
AFM image of  GO on a mica substrate [Figure 3(c)], the 
average thickness is ~1 nm. This value is very similar to the 
reported thickness of GO monolayer [24–26]. Compared 
with the pristine graphene with a thickness of ~0.8 nm [1], 
the higher thickness of as-made GO is due to the presence 
of the covalent C–O bonds at both top and bottom surfaces, 
distorted sp3 carbon lattices and absorbed contaminations 
[27–29]. All these observations indicate that graphite was 
completely oxidized and exfoliated to GO sheets upon oxi-
dation and sonication.

3.2. Characterization of Graphene Oxide/Epoxy 
Nanocomposites

Figure 4(a) shows variation of ultimate tensile strength 
and elastic modulus of neat epoxy and the nanocomposites 
with different GO content and Figure 4(b) provides the rep-
resentative tensile stress-strain curves. From the Figure 4(a), 
it can be seen that elastic modulus and tensile strength of 
epoxy matrix increased with GO loading. Elastic modulus 
and tensile strength of neat epoxy are 1.28 GPa and 49.15 
MPa, respectively. At 0.5 wt% GO, the elastic modulus 
of the nanocomposite was enhanced by ~35% while there 
was ~7% increase in the ultimate tensile strength. Figure 
4(b) shows that as more GO are incorporated, considerably 
reduced strains at ultimate strength are observed. The de-
creased tensile strain of nanocomposites with increasing GO 
content are typical behaviour of composite with enhanced 
strength and stiffness [30]. It is obvious from the results 
that GO can significantly improve the tensile strength and 
stiffness of epoxy at lower filler loading. Improvement can 
be credited to high elastic modulus and strength of GO [5], 
better interactions between GO and polymer matrix and uni-
form dispersion of GO in the epoxy matrix due to abundant 
functional groups on the GO surface [31].  Further, the wrin-
kled surface structure of GO may enhance the mechanical 
interlocking and adhesion of between the epoxy and GO at 
the filler-matrix interface thus effectively transfer the stress 
at the interface [32,33].

Figure 5(a) and (b) show the SEM images of cross-sec-
tion of the tensile fractured surfaces of epoxy and GO/epoxy 
nanocomposites.  However, no significant difference was 
observed for pristine epoxy matrix and the composites. It 
was also difficult to observe the distribution of GO in the 
polymer matrix. This may be by reasons of the use of very 

Figure 4. (a) Elastic modulus and tensile strength (b) Tensile stress vs tensile strain curves of graphene oxide-epoxy nanocomposites.
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low content of GO and two-dimensional sheet structure of 
GO. Then the inner structure of epoxy nanocomposite was 
examined by TEM [Figure 5(c)] from which we can observe 
a homogeneous and uniform dispersion of GO. The good 
dispersion of GO in epoxy matrix is due to the oxygen func-
tional groups in GO which can chemically bonded with ep-
oxy matrix.  

Glass transition temperature (Tg) of nanocomposites was 
obtained by DSC and the values are shown in Table 1. Tg of 
pure epoxy is approximately 66°C. The Tg of neat epoxy was 
found to decrease significantly when GO is added to the res-

in and there was ~15°C decrease in the Tg with the addition 
of 0.5 wt% GO. Generally, the Tg of composites depends on 
the balance of two effects, influence on reaction conversion 
and molecular confinement. GO sheets show stiffer modulus 
than epoxy matrix which could lead to significant confine-
ment on the polymer chains [34]. On the other hand, GO 
may interfere the epoxy curing reaction. This interference 
may be arisen due to reaction between curing agent (TETA) 
and the functional groups of graphene oxide. As a result, the 
optimized ratio of epoxy and curing agent in curing reaction 
was impacted. This generally reduces the polymer cross-

Figure 5. SEM images of tensile fractured surfaces of (a) neat epoxy and (b) 0.7 wt% GO/epoxy nanocomposite, (c) TEM image of 0.7 wt% 
GO/epoxy nanocomposite.
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linkage and increase polymer chain mobility. Based on the 
result, it can be seen that GO significantly obstructs the ep-
oxy curing reaction, leading to positive effect on molecular 
chain mobility. The less restriction on molecular chain mo-
bility grounds to decrease the Tg [35,36].

4. CONCLUSIONS

Bulk quantity of graphene oxide with ∼30% of oxygen 
atoms was prepared using the modified Hummers method. A 
series of GO/epoxy nanocomposites was prepared by simple 
solution mixing technique, varying the amount of GO in the 
epoxy matrix. The maximum 35% improvement of elastic 
modulus and 7% improvement of tensile strength were ob-
served for the composite with 0.5 wt % loading of GO. TEM 
imaging showed the homogeneous dispersion of GO in the 
epoxy matrix. However, Tg of baseline epoxy considerably 
decreased with addition of GO. This can be due to incom-
plete curing of epoxy matrix.  
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1. INTRODUCTION

The past two decades have witnessed a substantial in-
crease in the demand and use of fibre reinforced composites 
for structural applications, specifically in the construction of 
large-scale structures such as fibre composite bridges, due to 
its high strength, durability and reduced weight. Although 
the aircraft industry was the first to use fibre composites, 
now they are increasingly used in civil engineering appli-
cations such as flooring, decking, platforms, cladding and 
roofs. While sandwich composite construction has some 

great benefits, the behaviour of sandwich structures contain-
ing damage is much more complex and one of the major 
factors limiting the optimum usage of sandwich structures.

Sandwich structure relies on the adhesive bond between 
the face-sheet and core for its overall stability and consis-
tency. A region where there is no bond is called a debond. 
Although perfect bond between the skin and the core is a 
common assumption, an important issue that needs to be 
considered in using a composite panel is the development of 
debonding between the skin and the core. Debonding may 
arise during fabrication or under service conditions, which 
may cause changes to the free vibration behaviour in addi-
tion to the strength degradation.*Corresponding author. Tel: 0734704454; Email: Indunil.Jayatilake@usq.edu.au
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ABSTRACT

A new generation composite sandwich made up of glass fibre reinforced polymer 
(GFRP) skins and high strength phenolic core material has been developed in Austra-
lia. Sandwich structure relies on the adhesive bond between the face-sheet and core 
for its overall stability and consistency. Although perfect bond between the skin and the 
core is a common assumption, an important issue that needs to be considered in using 
a composite beam or slab is the development of debonding between the skin and the 
core, which is a predominant failure mode of these sandwiches. Debonding can hap-
pen during fabrication or under service conditions that leads to changes in free vibra-
tion behaviour which in turn can result in resonance. Therefore, it is important to make 
accurate predictions of changes in natural frequencies in such structural elements. 
This paper investigates the influence of debonding on dynamic behaviour of sandwich 
beams of different debonding sizes and end conditions. Numerical model is developed 
with Strand7 finite element software, and the developed model is used for 3D finite ele-
ment simulation. Free vibration behaviour reported in the literature for composite beams 
will first be used to compare the analytical results with the fully bonded and debonded 
beams. Study is extended to depict the effect of debonding on free vibration behaviour 
of novel composite beams. It is observed that the decrease in natural frequency with 
the increase in the extent of debonding is more dependent on the width of debonding 
across the beam than the length along the beam. The end conditions of the beam are 
also a governing factor dictating which modes are more affected. It is also perceived 
that full width debonding leads to increased participation of twisting modes in compari-
son to half-width debonding in clamped-clamped end condition.

© 2013 DEStech Publications, Inc. All rights reserved.
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In the Australian context, there is an ever increasing de-
mand for composites as an alternative to Australian hard-
wood that have been used for a wide range of applications 
including piles, railway sleepers and bridge components, 
due to the increasing cost, shortage and decline in quality of 
hardwood components.

A new generation composite sandwich made up of glass 
fibre reinforced polymer (GFRP) skins and high strength 
phenolic core material have been developed in Australia. 
The outstanding features of this sandwich material includ-
ing high strength to weight ratio, good thermal insulation 
and termite resistance offer this composite panel a wide 
range of applications in Australian construction industry as 
structural elements such as beams, slabs, bridge decks and 
railway sleepers. The Centre of Excellence in Engineered 
Fibre Composites (CEEFC) at the University of Southern 
Queensland (USQ) has played a leading role in these de-
velopments. According to Aravinthan and Manalo [1], while 
fibre composites are reaching a point of commercial real-
ity in the Australian construction industry, challenges faced 
by the structural designer includes, the understanding of the 
behaviour of the fibre composite materials, its failure modes 
and applying available design guidelines to the local needs.

The dynamic behaviour of composite structures is an im-
portant technological area to be investigated and understood 
if these materials are to be used efficiently. Although the use 
of fibre composite and sandwich structures has increased 
tremendously, there are still several aspects concerning the 
dynamic behaviour of these materials that are not clearly 
understood. Free vibration behaviour, and forced vibration 
behaviour due to probable dynamic loadings of these sand-
wiches are considered as key aspects to be considered in this 
context. Although perfect bond between the skin and the 
core is a common assumption, an important issue that needs 
to be considered in using a composite beam or slab is the 
development of debonding between the skin and the core, 
which is a predominant failure mode of these sandwiches. 

According to Burlayenko and Sadowski [2], in addition to 
reducing the overall stiffness and strength and affecting 
the dynamic responses, debonding can also propagate and 
trigger new damage modes such as face sheet wrinkling, 
face sheet delamination and core shear cracks, as shown in  
Figure 1. 

Although much research has been carried out to inves-
tigate dynamic behaviour of fully bonded composites, re-
search on the dynamic behaviour of debonded composites 
is scarce. Further research is therefore needed into inves-
tigation of the dynamic behaviour of debonded composite 
structural elements to gain wider acceptance of composites 
particularly by the Australian industry, and more importantly 
by the wider structural composite field around the globe. 

According to Burlayenko & Sadowski [2], although 
several studies have been reported in the literature on free 
vibration behaviour of delaminated plates, only few inves-
tigations have been conducted on effects of debonding on 
vibration characteristics. As the debonding of skin from the 
core in a composite sandwich beam is very similar to delam-
ination in a laminated composite structure, a comprehensive 
review of literature in the area of free vibration behaviour of 
delaminated composites is presented.

Kulkarani and Frederick [3] were among the first to ex-
amine the problem of delamination in laminated composite 
structures, and in their study the effect of delamination was 
considered as a reduction in bending rigidity. However later 
studies revealed that such modelling overestimates the re-
duction in bending stiffness due to delamination and hence 
gives erroneous results [4].

The free flexural vibration of an isotropic beam contain-
ing a full width delamination has been studied by several 
researchers using analytical, experimental and numerical 
methods in the past as detailed below. Wang et al. [5] pre-
sented an analytical model, referred to in the literature as 
‘free model’ or ‘unconstrained model’, consisting of four 
separate Euler-Bernoulli beam segments joined together 

Figure 1. Scheme of a section of a debonded sandwich plate [2].
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with appropriate boundary and continuity conditions to get 
the response of the beam. In their model, it was assumed that 
delaminated layers deform freely and have different trans-
verse deformations. Although their numerical results were 
in reasonable agreement with experimental results, they in-
cluded physically unreal overlapping at the delamination. 
Later, Mujumdar and Suryanarayan [4] presented ‘the con-
strained model’, which is also referred to as ‘with-contact 
model’ or ‘contact model’ in the literature. They did an ana-
lytical and experimental study on vibration characteristics of 
delaminated beams, and assumed that delaminated segments 
of the beam are constrained to have transverse displacements 
along the whole length of the beam but are free to slide over 
each other. Their analytical results were in excellent agree-
ment with experimental results, and it was revealed that the 
contact model is simple and accurate for analysing vibra-
tion characteristics of delaminated beams. Similar analytical 
model was proposed by Tracey and Pardoen [6] to study the 
effects of delamination. The model proposed by Mujumdar 
and Suryanarayan [4] was extended by Grouve et al. [7] for 
anisotropic laminated composite beams, to study influence 
of delamination on the resonance frequencies. Duggan and 
Ochoa [8] suggested that the natural frequencies are sensi-
tive to the size, location, and shape of delamination in struc-
tural components. The contact model was later extended by 
Hu and Hwu [9] for sandwich beams by including the effects 
of transverse shear deformations and rotary inertia, and by 
Shu and Fan [10] for bi-material beams. The models dis-
cussed so far, have been adapted by many researchers in dif-
ferent forms to study the behaviour of delaminated beams.

According to Karunasena [11], Modeling and detection 
of delaminations in composites plates has been studied by 
researchers mainly with classical lamination theory and first 
order shear deformation theory (Mandlin Theory). Ju et al. 
[12] carried out a 2D finite element analysis based on the 
Mindlin theory to investigate the free vibration behaviour 
of delaminated composite plates. They found that mode 
shapes are not significantly affected but delamination effects 
on natural frequencies are mode dependent and some fre-
quencies may be significantly affected. Qiao et al. [13] used 
ANSYS finite element (FE) software to study the dynamic 
behaviour of delaminated composite beams. They used bi-
linear contact elements with tension only option for mod-
elling the delamination contact conditions. Chattopadhyay 
and Gu [14] developed a refined higher order theory (HOT) 
which was shown to be accurate for delamination modelling 
in moderately thick composite plates. Later, Chattopadhyay 
et al. [15] further extended this theory where HOT results 
were compared with experimental results and 3D finite ele-
ment results using NASTRAN software package. Kim et al. 
[16,17] presented an improved layerwise theory for dynamic 
analysis of delaminated composites. In their analysis, they 
used delaminated elements with additional nodal unknowns 
to model delamination effect. A (3D) FE method to analyse 

the dynamic behaviour of delaminated composite plates was 
presented by Tenek et al. [18]. He studied the dynamic be-
haviour of delaminated composite plates using a 3D finite 
element method by assuming that the gap between delami-
nated layers is infinitely small. Krueger and Shell [19] pre-
sented a 3D shell modelling technique using ABAQUS finite 
element software package for analysis of delaminated com-
posite plates. Yam et al. [20] proposed a 3D finite element 
analysis utilizing virtual elements in the region of delamina-
tion to prevent element penetration. 

Burliayenko and Sadowski [2] investigated influence of 
debonding on free vibration behaviour of foam and hon-
eycomb cored sandwich plates using finite element code 
ABAQUS. They found that core types of the sandwich 
plates strongly affect their dynamic response. Later the 
same authors [21] reported their findings on dynamic char-
acteristics of honeycomb and PVC foam core sandwich 
plates containing skin/core debonding by finite element 
modelling with ABAQUS, and discovered that natural 
frequencies are poorly sensitive to the number of debond-
ing zones. Newly the same two authors [22] developed a 
finite element model for analyzing the dynamic response 
of sandwich plates with partially damaged face sheet and 
core using three-dimensional finite element model with 
ABAQUS. It was revealed from the study that, for an accu-
rate simulation of dynamics of debonded sandwich plates, 
the contact phenomenon within the debonded region need 
be taken into account.

Generally it was observed that the majority of research 
carried out has been concerned with delamination of lami-
nated structures whereas skin-core debonding in a single 
layer beam has received relatively minor attention. This 
paper reports dynamic analyses of debonded GFRP com-
posite beams using Strand7 finite element code. The effects 
of debonding on the free vibration characteristics and mode 
shapes are investigated. This study aims at developing a 
deeper understanding of the damage behaviour and change 
in dynamic characteristics of the novel GFRP sandwich 
beams with regard to debonding.

2. METHODOLOGY

The finite element method (FEM) is today the most pow-
erful numerical tool available for the analysis of structures 
[23]. Finite element method involves dividing the structure 
into an equivalent system of finite elements with associated 
nodes, selecting the most appropriate element type to model 
closely the actual physical behavior, formulating the equa-
tions for each finite element and combining them to obtain 
the solution of the whole structure [24]. The computer pro-
gram employed in this research to model, analyze and in-
vestigate the dynamic response of debonded composites is 
the finite element software Strand7. Strand7 is a software 
package based on the finite element method, and if offers 
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a visual environment for applying the method to real world 
engineering problems [23].

2.1. Development of the Model

Dynamic analysis of three dimensional models of struc-
tures enables more realistic assessment of their free vibra-
tion as well as forced vibration behaviour. Finite element 
method involves dividing the structure into an equivalent 
system of finite elements with associated nodes, selecting 
the most appropriate element type to model closely the ac-
tual physical behavior, formulating the equations for each 
finite element and combining them to obtain the solution of 
the whole structure [24]. Numerical simulations are carried 
out using FE code Strand7, using 3D finite element mod-
els of the structures. Before the simulations are done, it is 
needed to develop the numerical model, and then to validate 
the model with published results for a known problem for 
the verification of the developed model used in the analyses.

Linear elastic orthotropic top and bottom skins are mod-
elled using 4-noded rectangular (Quad4) plate elements. The 
plate element mesh for each skin lies at the horizontal plane 
at the mid-thickness level of the respective skin. Core is 
modelled using linear elastic orthotropic 3D brick elements 
(Hexa8). These elements take care of any shear deforma-
tions happening in the thick core. Core 3D FE mesh is gen-
erated by extruding the Qaud4 plate element mesh using the 
‘extrude’ command in strand7. This ensures that a vertical 
line through corresponding plate nodes in the top and bot-
tom skins will pass through corresponding brick nodes in 
the core. The structural integrity between top skin and core 
is assured by connecting plate nodes with corresponding 
brick nodes at the top surface level of the core through ver-
tical ‘rigid link’ elements. Rigid link provides restraints to 
the nodal rotations, in addition to the translational displace-
ments (Strand7 2010).

According to Mujumdar and Suryanarayan [4], in the anal-
ysis of dynamics of delaminated beams, ‘free model’ is of lim-
ited significance, and ‘contact model’ is simple and accurate. 
Hence master slave links are used in the finite element model 
to allow for sliding between interfaces of skin and core in the 
horizontal directions while keeping skins in contact with the 

core in the vertical direction to effectively simulate a debond-
ed beam according to ‘contact model’. After the FE model 
has been created, the appropriate eigenvalue problem can be 
solved to obtain natural frequencies and corresponding mode 
shapes. As usual in the conventional finite element method, 
more elements will ensure better convergence and, therefore, 
appropriate numerical studies are carried out to get a reason-
ably converged solution by refining the mess size.

Assumptions made in the FE simulation:

1. Debonding is assumed to be an artificial flaw of zero 
thickness, embedded between top skin and core.

2. It is assumed that debonding exists before vibration 
starts and stays constant without propagation during the 
period of vibration

3. Debonded surfaces (of skin and core) are assumed to be 
in contact vertically but can slide in the horizontal plane 
(similar to contact or constrained model).

The mesh size was suitably refined to get the required 
convergence, to obtain natural frequencies as accurately as 
possible with the minimum number of elements, to save 
computational effort. The finally established Finite element 
mesh consists of 11979 nodes with 1920 plates (8 × 120 in 
each of the skins), 7680 bricks (8 × 8 × 120 in the core) and 
2178 links (2 × 9 × 121 from plate nodes to top and bottom 
surface nodes in the core).

2.2. Validation of the Model

Initially, the numerical model is verified by comparing 
model results with published results for a similar scenario. 
Subsequently, numerical analyses were carried out to obtain 
natural frequencies and mode shapes of the new generation 
sandwich composite beams by varying the parameters ac-
cordingly. 

The links for the sandwich beams are of length hst /2 
where hst is the thickness of the top skin as shown in 
Figure 2. These rigid links used for the fully bonded regions 
ensure that there is no gap or sliding between the top skin 
and the core. In a similar manner, bottom skin is connected 

Figure 2. Longitudinal section of the sandwich beam.
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to the bottom surface of the core using rigid links of length 
hsb /2 where hsb is the thickness of the bottom skin.

The FE model for the debonded beam is obtained by sim-
ply converting the rigid links within the debonded region to 
‘master slave links’ in Strand7 with appropriate degrees of 
freedoms. A master-slave link defines relations between two 
nodes so that the displacement of the selected components 
will be of the same magnitude [23].

The natural frequencies from the proposed model for a 
foam core sandwich beam are obtained and compared with 
results reported by Burlayenko and Sadowski [21] and 
Schwarts et al. [25]. Figure 2 shows longitudinal and cross 
sections of the beam. 

The dimensions of the beam used in the verification are,

L = 300 mm, b = 20 mm, a = 20 mm 
hc = 19.05 mm, hsb = 1 mm and hst = 0.5 mm

Natural frequencies of intact and debonded beams had 
been obtained by Burlayenko and Sadowski [21] using 
Abaqus FE code and by Schwarts et al. [25] using a higher 
order analytical approach. Table 1 gives material properties 
of the foam core sandwich beam.

3. RESULTS AND DISCUSSION

A comparison of the numerical results of the first five 
bending natural frequencies from the proposed study with 
those from literature [21,25] is presented in Table 2 and 
Table 3. Table 2 gives results for the intact or fully bonded 
plate whereas Table 3 is for the debonded beam.

It can be clearly seen that the presented results from 
Strand7 show a good agreement with the results reported in 
the literature.

3.1. Free Vibration Analysis for the Debonded Novel 
Composite Sandwich Beams

Free vibration frequencies for the first five modes for the 
novel composite sandwich beam with full width, half width 
and various lengths of debonding along the length of the 
beam are presented graphically in this section. In addition, 
mode shapes were compared for prominent cases. Three 
boundary conditions, namely, both ends simply supported 

(S-S), clamped-clamped (C-C) and clamped-free (C-F) are 
used in the analysis. The relevant dimensions for the novel 
composite sandwich beam are (Figure 2):

L = 300 mm, b = 20 mm, hc = 16 mm and hsb = hst = 2 mm

Debonding length ‘a’ varies from 30 mm to 270 mm in steps 
of 30 mm.

The debonding is located centrally along the length of the 
beam and extends through the full width of the beam for case 
1, and only middle half width for case 2. Each beam present-
ed here is a new generation sandwich composite structure 
mentioned in the introduction of this paper and consists of a 
rigid core bonded to the top and bottom glass fibre compos-
ite skins. The effective mechanical properties used in this 
study for the fibre composite skin and the core material of 
the sandwich beam are listed in Table 4. In the analysis, the 
skin is assumed as orthotropic while the core is assumed as 
an isotropic material.

A typical 3D finite element model created with Strand7 
for the beams with C-C end condition is shown in Figure 3.

The frequency variation with the debond length for first 
five vibration modes are presented graphically for simply 
supported (S-S), clamped-clamped (C-C) and clamped-free 
(C-F) end conditions in Figures 4, 5 and 6 respectively. 

Table 1. Material Properties of Foam Core Sandwich 
Beam (validation of the model for beams).

Property Skins Core

Type Isotropic Isotropic
Young’s modulus E (MPa) 36000 50
Poisson’s ratio, ν 0.3 0.19
Density ρ (kg/m3) 4400 52

Table 2. First Five Bending Frequencies (Hz) of the 
Intact Foam Core Sandwich Beam.

Mode 
Number

ABAQUS 
[21]

ANSYS 
[25]

Modified 
Galerkin 

Method [25]

Present 
Analysis 

with Strand7

1 293.46 290.76 289.18 293.52
2 707.09 710.67 708.29 722.96
3 1106.70 1117.70 1114.24 1139.51
4 1495.80 1515.30 1511.14 1545.91
5 1818.70 1907.09 1902.25 1863.62

Table 3. First Five Bending Frequencies (Hz) of the 
Debonded Foam Core Sandwich Beam.

Mode
ABAQUS 

[21]
Present Analysis 

with Strand7

B1 293.07 293.52
L1 433.67 360.81
T1 –b 540.79
B2 –b 710.75
B3 1093.2 1139.31
T2 1146.32
T3 –b 1394.31
B4 –b 1520.84
B5 1769.9 1861.72
B6 1948.35 1948.35

 b – Not reported in reference [21].
 B – Bending mode; L – Lateral mode; and T – Twisting mode
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A general reflection through all these variations is that the 
extent of natural frequency variation with respect to debond-
ing length increases with the order of the natural frequency, 
giving the least variation for the first frequency.

Another interesting observation is that the change in 
frequency with change in debonding length is much more 
significant for all five free vibration frequencies for the full 
width debonding when compared to half width debonding. 
This is true for all three end conditions, the change in fre-
quency increasing with the order of the frequency, giving 

highest frequency variation for the 5th natural frequency, as 
clearly seen from Figures 4, 5 and 6.

Frequency results of first three frequencies are presented 
in a normalized form (Figure 7) for full width debonding 
with regard to the three end conditions. In the three graphs 
ω0 is the frequency of the fully bonded beam for the cor-
responding mode. It is observed from the comparison of 
frequency variations for the three end conditions that, first 
natural frequency has the least effect on debonding for the 
case of full width debonding shown in Figure 7. It is fasci-
nating to note from Figure 7 that debonding does not have 
a significant effect on the first frequency when debonding 
length, a/L, is less than 0.3 for all three end conditions con-
sidered in the analysis.

It is interesting to compare some noticeable mode shapes 
of half width debonding and full width debonding in three 
end conditions considered in the simulation and analyses. 
One such comparison is illustrated in Figure 8 for the three 
end conditions of the the beam for full width and half width 
debonding having 30 mm debond length. It is fascinating to 

Table 4. Effective Mechanical Properties for the GFRP 
Composite Skin and Core.

Property Skins Core

Young’s modulus along long direction (MPa) 15380 1150
Young’s modulus in transverse direction (MPa) 12631 1150
Poisson’s ratio 0.25 0.30
Density (kg/m3) 1366 855

Figure 3. Typical 3D Finite element models of (a) C-F beam (fully bonded), (b) S-S beam 30 mm debond length (full width debonding) and 
(c) C-C beam 150 mm debond length (half width debonding) beams with Strand7.
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Figure 5. Comparison of natural frequency variation with debonding length for, (a) clamped-clamped beam (full width debonding) and (b) 
clamped-clamped beam (half width debonding) debonding in the clamped-clamped beam.

Figure 4. Comparison of natural frequency variation with debonding length for, (a) simply supported beam (full-width debonding) and (b) simply 
supported beam (half-width debonding) debonding in the simply supported beam.
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perceive here that bending modes prevalent in 3rd mode in 
half width debond case are replaced by twisting modes, in 
the case of full width debond, only for the C-C end condi-
tion. This is attributed to increased participation of rotational 
or twisting modes in full width debonding case compared to 
half width debonding situation for the C-C case. This reveals 
that full width debonding leads to increased participation of 
twisting modes, compared to half width debonding, specifi-
cally for clamped-clamped end condition. Such transition is 

not seen in the cases of S-S beam or C-F beam as illustrated 
in Figure 8.

Similar transition from bending mode to twisting mode 
was observed in the comparison of mode 6 as well, only in 
the case of C-C beam (Figure 9).

It is also perceived that the maximum reduction in natural 
frequencies is close to but always below 50% of virgin beam 
frequencies for all three end conditions, namely simply sup-
ported, clamped-clamped and clamped-free end conditions 

Figure 7. Comparison of frequency variation ω/ω0 with debonding length for the composite beam with full width debonding for (a) S-S, (b) C-C 
and (c) C-F end conditions.

Figure 6.  Comparison of natural frequency variation with debonding length for, (a) clamped-free beam (full-width debonding) and (b) clamped-
free beam (half-width debonding) debonding in the clamped-free beam.
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even when the debonding is right through the full length of 
the composite beam. This is of great prominence as this con-
firms that if the working frequency of the beam is kept away 
from the range 50% to 100% of the virgin beam there is no 
possibility of resonance happening due to debonding in the 
beam.

4. CONCLUSIONS

This paper reports the variation in dynamic character-
istics due debonding in a novel composite sandwich beam 
for simply supported, clamped-clamped and clamped-free 
end conditions. The numerical analysis was carried out us-

Figure 8. Comparison of prominent mode shapes for (a) Mode 3 (full width debonding for C-C case), (b) Mode 3 (half width debonding for C-C 
case), (c) Mode 3 (full width debonding for S-S case), (d) Mode 3 (half width debonding for S-S case), (e) Mode 3 (full width debonding for C-F 
case), (f) Mode 3 (half width debonding for C-F case) end conditions for full-width and half-width debonding (for 30 mm debond length).

Figure 9. Comparison prominent of mode shapes for C-C beam for (a) Mode 6 (full width debonding) and (b) Mode 6 (half width debonding) 
debonding (for 30 mm debond length).
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ing three dimensional modelling with Strand7 finite element 
code. The accuracy of the numerical solution was verified by 
comparing present results with published results for a simi-
lar problem. The following conclusions are made from the 
present study.

1. Generally, debonding reduces the natural frequency in 
comparison with full bonded composites.

2. Generally, natural frequency decreases more rapidly as 
the mode number increases giving the least variation for 
the first natural frequency.

3. Debonding causes some changes to the modes of vibra-
tion. These changes are dependent on the mode number 
and end conditions of the beam.

4. It is also revealed that full width debonding causes 
increased participation of twisting modes, compared to 
half width debonding, for clamped-clamped end condi-
tion.

5. The end conditions of the beam are also a governing 
factor dictating which modes are more affected.

6. Finally it is perceived that if the working frequency of 
the beam is kept away from the range 50% to 100% 
of the fully bonded beam, there is no possibility of 
resonance happening due to debonding for the novel 
composite beams considered in this analysis.
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1. INTRODUCTION

Electrospinning has attracted a lot of interest as a tech-
nique that is very simple and inexpensive to manufacture 
sub-micron fibers and nanofibers from polymer solutions or 
melts [1]. In a typical process, an electrical potential is ap-
plied between droplet of a polymer solution, or melt, held 
at the end of a capillary tube and a grounded target. When 
the applied electric field overcomes the surface tension of 
the droplet, charged jet of polymer solution is ejected. The 
trajectory of the charged jet is controlled by the electric field. 
The jet exhibits bending instabilities due to repulsive forces 
between the charges carried with the jet. The jet extends 

through spiraling loops, as the loops increase in diameter the 
jet grows longer and thinner until it solidifies or collects on 
the target [2,3].

Polymer nanofibers provide a platform for a number of 
diverse applications, including drug encapsulation, biosens-
ing, filtration and electronics [4]. For the last decade, hol-
low nanostructures with a controlled pore volume and shell 
thickness have emerged as an important class of nanomateri-
als. These hollow nanostructures have much higher surface 
to volume ratio compared to the solid counterparts with the 
same sizes, which would be beneficial for applications in-
cluding catalysis, energy storage and conversion, and bio-
medicine [5]. 

Many advanced processing techniques, such as template 
synthesis, self assembly, and electrospinning have been em-
ployed to make hollow, core/sheath, porous fibers and tubes 
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ABSTRACT

In this study, mechanical and physical properties of polyethylene terephthalate (PET) 
nanofiber hollow yarn in various concentrations of PET polymeric solution were investi-
gated. First, five different concentrations (18, 21, 24, 27, and 30% w/v) of PET solutions 
were prepared in (TFA) / (DCM) mixtures (70: 30 v/v), and then the electrospining was 
done for each concentration in a way that to put PVA multifilament in the core and to 
twist PET nanofibers onto multifilament yarn as a sheath simultaneously, followed by 
dissolving PVA yarn in hot water, PET nanofiber hollow yarn was produce. The surveys 
of mechanical properties of PVA multifilament yarn, core-sheath yarns and hollow yarns 
showed that the PVA multifilament yarn and nanofiber hollow yarn in concentrations of 
30% w/v PET polymeric solution had the highest and lowest average strength respec-
tively. Also surveys of elongation showed that PVA multifilament yarn, core-sheath yarns 
and hollow yarns did not have any significant difference on average extension. Regard-
ing physical properties, the wicking property of hollow yarns in different concentrations 
of polymeric solution were surveyed. Results showed that the PET nanofiber hollow yarn 
in concentration of 24% w/v PET polymeric solution had the highest coefficient wicking. 
More the regain moisture of hollow yarns were surveyed and concluded that the PET 
nanofiber hollow yarn in concentrations of 18% w/v PET polymeric solution had the most 
regain moisture.
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from natural and synthetic polymers [6]. Coaxial electro-
spinning has been extensively exploited as a simple tech-
nique to generate hollow and core/sheath nanofibers. Many 
researchers have employed different methods such as elec-
trified coaxial liquid jets, co-electrospinning, and electros-
pinning with a two-capillary spinneret to generate hollow 
and core/sheath nanofibers [7]. 

To the best knowledge of the researcher, up until now, 
a few research projects attempted to obtain hollow yarn by 
using the electrospining process. In a recent work, for exam-
ple, Bhargava by a hollow rotating metal rod with attached 
hollow metal hemisphere at one end and two different poly-
mer solutions could electrospin a core-sheath yarn. More by 
removing the inner core yarn (PVA electrospining yarn) in 
boiling water, hollow nanofiber yarn could be obtained [8].

In present work, various concentration of PET polymeric 
solutions were prepared in (TFA) / (DCM) mixtures, and then 
the electrospining was done in a way that to put PVA multifila-
ment in the core and to twist PET nanofibers onto multifila-
ment yarn as a sheath simultaneously, followed by dissolv-
ing PVA yarn in hot water, PET nanofiber hollow yarn was 
produced. More mechanical and physical properties such as 
strength, regain moisture and wicking of PET hollow nanofi-
ber yarns in different concentrations were surveyed. 

 2. APPROACH

2.1. Materials

Five different concentrations (18, 21, 24, 27, and 30% 
w/v) of PET (Shahid Tondgooian Petrochemical Company, 
Iran) solutions were prepared in trifluoroaceticacid (TFA)/
dichloromethane (DCM) mixtures (70: 30 v/v) at room tem-
perature for two hours. The solvents were purchased from 
Merck (Germany). A 488/144 denier (54.4 tex) PVA multi-
filament yarn was used as the core.

2.2. Electrospinning set-up

The schematic setup for electrospinning is shown in 
Figure 1. It consists of a high voltage-power supply, two 

syringe needles, a conductive hemisphere, a feeder unit and 
a take up unit. The hemisphere diameter was 8 cm. The sy-
ringe needles were located 2 cm from the hemisphere and 
21 cm from take up unit, and 15 cm from each other. Elec-
trospinning was done between two syringe needles, then 
electrospun nanofibers collected on hemisphere surface 
and twisted by rotating the hemispherical collector. In or-
der to produce core-sheath yarn, a PVA multifilament was 
fed as the core from feeder unit to take up unit by hollow 
metal rod that attached to the hemispherical collector. PET 
nanofibers were twisted onto the PVA yarn as the sheath, 
and then core-sheath yarn was drawn and collected on take 
up roller. Hollow yarn was obtained by removing the PVA 
yarn in water at 60°C for 24 hours. Figure 2(a) and 2(b) 
show SEM image of the cross-section area of PET hollow 
nanofiber yarn at concentration of 18% and 30% w/v poly-
meric solution, respectively. 

Figure 1. Schematic illustration of electrospinning setup to produce 
hollow nanofiber yarn.

Figure 2. SEM image of the cross-section area of PET hollow nano-
fiber yarn at concentration of (a) 18% and (b) 30% w/v polymeric 
solution.
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3. RESULTS AND DISCUSSION 

3.1. Mechanical Properties

The statistical analysis of the results of the ratio of inner 
to outer average diameter of hollow yarn at different con-
centrations showed that there are two different groups. First 
group and second group included hollow and core-sheat 
yarns with concentrations of 18%, 21% and 24%, 27%, 30% 
polymeric solution, respectively. So mechanical properties 
only were considered for hollow and core-sheath yarns with 
concentarion of 18% and 30% polymeric solution. The re-
sults from tensile testing of the hollow and core-sheath yarns 
were summarized in Table 1. Observes showed that while a 
core- sheath yarn was extended, the fibers were strained and 
first of all, the fiber with lowest strength broke. The results 
from Table 1 showed the average strength of the PVA multi-
filament yarn was more than the strength of hollow and core-
sheath yarns; moreover, hollow nanofiber yarns at concentra-
tion of 30% had the lowest strength. Results showed that the 
strength of core-sheath yarn at 18% concentration was more 
than the strength of core-sheath yarn at concentration of 
30% polymeric solution. Obviously, the core-sheath yarn’s 
strength depended on the weaker component strength, and 
the PET nanofibers were the weaker portion. Hence, when 
the polymeric solution concentration increased from 18% 
to 30%, core-sheath yarn’s strength decreased. The results 
of the statistical analyses showed that the difference in the 
strength of PET hollow nanofiber yarns in various concen-
trations of polymeric solution weren’t significant. Also, the 
results of the breaking elongation of the core-sheath yarns 
and hollow yarns were about same as the PVA multifilament 
yarn elongation, and the results of a statistical Tukey-test of 
significance showed no meaningful differences in the elon-
gation of PVA, core-sheath and hollow yarn.

3.2. Physical Properties

3.2.1. Wicking

Figure 3 on the basis of Lucas-Washburn's equation 
showed the the capillary rate coefficient of hollow yarn in 
concentration of 24% was the highest because the sheath of 

hollow yarn in concentration of 24% was more thick than 
hollow yarns in concentration of 18% and 21%, so the capil-
lary spaces among PET nanofibers in sheath of 24% hollow 
yarn was more than hollow yarn at concentration of 18% and 
21% polymeric solutions. On the other hand, the efficiency 
of extracting the PVA multifilament from PET hollow nano-
fiber yarn decreases with increasing concentrations. There-
fore, the inner spaces of 24% hollow yarn was more than 
hollow yarns at concentrations of 27% and 30% and the col-
ored liquid could rise into hollow yarn at 24% concentration 
more than 27% and 30% concentrations.

3.2.2. Regain Moisture

Table 2 showed that the regain moisture of hollow yarn 
at different concentrations of polymeric solution. The results 
indicated that the regain moisture of PET hollow nanofiber 
yarns decreased with increasing concentration. Because the 
efficiency of extracting the PVA multifilament from PET 
hollow nanofiber yarns decreased with increasing concen-
tration, there were more spaces and air into hollow yarn in 
lower concentrations. Moreover, due to the low regain mois-
ture of PET, so the air into hollow yarn had the main role in 
holding regain moisture. 

Table 1. Mechanical Properties of the Core-sheath, Hollow and PVA Yarns.

Property No. of Test Stress at Break Strain at Break Work Up to Break E-modulus

Sample N Mpa Cv% % Cv% Nmm Cv% Gpa Cv%

PVA yarn 10 383.37 7.46 29.05 12.39 94.13 11.45 7.23 9.93
Core-sheath yarn (18% w/v) 10 289.12 9.87 29.60 14.39 97.38 16.38 3.26 29.48
Core-sheath yarn (30% w/v) 10 125.10 11.07 30.11 20.59 116.07 25.47 1.91 24.54
Hollow yarn (18% w/v) 10 89.98 16.56 25.27 19.46 24.68 36.38 2.23 31.4
Hollow yarn (30% w/v) 10 63.62 29.06 27.61 31.54 73.76 26.22 1.20 27.94

Figure 3. The capillary rise of colored liquid into hollow yarns as a 
function of time at polymeric sulotion concentration of (a) 18%, (b) 
21%, (c) 24%, (d) 27%, and (e) 30% (w/v).
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4. CONCLUSIONS

In this study, five different concentrations (18, 21, 24, 
27, and 30% w/v) of PET solutions were prepared in (TFA)/
(DCM) mixtures (70:30 v/v), and then the electrospining 
was done for each concentration in a way that to put PVA 
multifilament in the core and to twist PET nanofibers onto 
multifilament yarn as a sheath simultaneously, followed by 
dissolving PVA yarn in hot water, PET nanofiber hollow 
yarn was produce. In surveying the strength and moduls 
value of PVA multifilament yarn, core-sheath yarns and hol-
low yarns, results showed that the PVA yarn and nanofiber 
hollow yarn in concentrations of 30% w/v PET polymeric 
solution had the highest and lowest strength respectively. 
Also observes showed that PVA multifilament, core-sheath 
yarns and hollow yarns did not have any significant different 
on average extension. Regarding physical properties, results 
showed that the PET nanofiber hollow yarn in concentra-
tion of 24% w/v PET polymeric solution had the highest 
coefficient wicking, and the PET nanofiber hollow yarn in 
concentrations of 18% w/v PET polymeric solution had the 
most regain moisture.
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1. INTRODUCTION

In the recent years, lightweight and crashworthy compos-
ite materials have been integrated into new helicopters and 
aircrafts design. Hence, they are strong candidate for retrofit 
technologies suitable for aged helicopters such that newer 
helicopter crashworthy standards are met [1]. Extensive 
research has been conducted for understanding the crush-
ing behaviour of composite structures to achieve successful 
application of retrofit technologies. The advantages of the 
composite structures can also be extended by integration of 
a different material that can be controlled in active or passive 
mode. Magnetorheological (MR) fluids rheological behav-
iour has allowed easy and accurate control of these fluids 
based systems by an external magnetic field [2]. The low 
power requirement also allows MR fluids based system to 
be operated independent of other systems. Thus, MR fluids 
have been applied as semi-active damping systems in civil 

engineering structures for earthquake mitigation [3–5] and 
effective energy absorbers for crashworthy seats [6–7].

The easy controllability of MR fluids has led to a large 
number of research work and its application were focused 
on developing an effective control of this highly nonlin-
ear device and multiple MR damper applications [3–4]. A 
clipped-optimal control strategy based on acceleration feed-
back is developed by Dyke et al. [3] and when compared to 
an active linear control system, the peak displacements of a 
building are reduced by the implementation of this strategy. 
Large-scale MR damper systems have also been success-
fully applied using dynamic modelling proposed by Yang et 
al. [4–5]. The potential of MR fluids in other applications in 
different areas such as aerospace and automobile industry, 
which include those restricted in size and weight is realised 
following the success from the intensive modelling exercise 
of MR dampers in civil engineering structures. 

In crashworthy seats, magnetorheological energy absorb-
ers (MREAs) are developed to be an alternative to the con-
ventional energy absorbers. The load-stroke profile is also *Corresponding author
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ABSTRACT

This paper presents an extended experimental investigation and efficient control of 
magnetorheological (MR) damper towards smart energy absorption based composite 
structures for systems for crashworthiness. While the experimental evaluation of an ex-
isting MR damper based on the damping force was successful in our earlier work, the 
MR damper capability can be further examined with the wider range of velocities. Using 
two arms configuration, an experimental test rig is designed to enable the MR damper 
to be investigated throughout its full velocity range capability. A MR damper compat-
ibility study to an existing composite tube was also conducted and showed promising 
quality to improve composite structures as systems for crashworthiness. A controller 
was then developed based on the MR damper investigation to provide automated vari-
able control of induced current with a set crushing force and available data of compos-
ite tube crushing force. Numerical analysis on the proposed controller conveyed that 
MR damper was successfully controlled to provide consistent crushing force despite 
oscillation from the composite tube crushing force.
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capable to be adapted as a function of occupant weight or 
real-time crash load levels. Investigations conducted by 
Choi and Wereley [6] found that MREAs are superior to 
conventional passive hydraulic seats under vibration and 
shock loads created from normal and crash landing situa-
tions. Similar results were also reported by Hiemenz et al. 
[7]. A subsequently study was conducted to measure the per-
formance of the current MREAs based on vibration isolation 
and crashworthiness conditions and showed that the weight 
of the MREAs is a major issue for satisfactory performance 
in these conditions simultaneously. While current MREAs 
development showed limited applications, removing the 
MREAs limitations could escalate MR fluids application 
into other areas of crashworthiness systems.

In our earlier work [8], the damping force of an existing 
MR damper from LORD Corporation [9] was evaluated ex-
perimentally within the investigation of the MR fluids com-
patibility to enhancement of structures energy absorption. 
While the experimental investigation was successful, the 
MR damper can be further evaluated within its full velocity 
range capability. This paper presents two designs; where the 
first designs an experiment test rig using two arms configu-
ration with ten to one length ratio to enable the MR damper 
investigation in the full velocity range capability. The as-
sessment of MR damper based on this rig was then utilised 
to construct the controller design for automated variable 
control of induced current with the set crushing force and 
the crushing force obtained from composite tube. 

An overview of the earlier work and limitations of the 
experiment configuration setup are first detailed in this pa-
per. This is followed by design of experimental test rig and 
assessment of MR damper throughout its full velocity range 
capability in Section 3. The controller design and numerical 
investigation are presented in Section 4. Finally, Section 5 
covers the conclusion and future work.

2. PRELIMINARY INVESTIGATION OF  
MR DAMPER

The preliminary investigation of MR damper was aimed 
to evaluate the damping force as a measure of compatibil-
ity to composite structures. Figure 1 shows the schematic of 

the experimental setup, where the existing MR damper RD-
8041-1 and manual controller device called a Wonderbox 
that controlled the induced current I were purchased from the 
LORD Corporation [9]. The MR damper was tested on hy-
draulic uniaxial testing machines (Instron) and the tests were 
conducted using cyclic loading with variations of velocity 
v0, which are controlled by the Instron machine and induced 
current I. The velocity v0 was varied between 0 and 20 mm/s 
while the induced current I was varied between 0 and 1.68A. 
The cyclic loading is set to travel in a trapezoidal wave with 
the peak to peak distance of 40 mm. The outputs of the test, 
which are the damping force FD and displacement, were re-
corded by the data acquisition system associated with the 
Instron testing machine. For each test, the maximum damp-
ing force was used for the analysis of experimental results.

The damping force distribution based on the cyclic load-
ing tests is shown in Figure 2. The data extracted from the 
manufacturer’s (LORD) [9] specification sheet is depicted 
by the dotted lines at I = 0A, I = 0.5A and I = 1A. The re-
sults from the cyclic loading test matched to those obtained 
from the manufacturer’s specification and agreed with the 
rheological behaviour of MR fluids. The maximum damping 
force was compared to the crushing force of a 38.1 mm di-
ameter and 2 mm thickness composite tube and showed that 
MR damper is capable to achieve 38% of the composite tube 
crushing force. Irregularities of the force distribution, how-
ever, were noted within the set Instron velocity range, as the 
tested velocity range covered only a tenth of the velocity op-
erational capability of the MR damper. Higher velocity was 
not tested as the velocity limitation of the Instron machine is 
20 mm/s. The evaluation of MR damper within its full veloc-
ity range capability is required to develop a simulated MR 
damper utilised for the controller design.

3. DESIGN OF EXPERIMENTAL TEST RIG  
AND INVESTIGATION OF MR DAMPER  
BASED ON MODIFIED EXPERIMENTAL  
CONFIGURATION SETUP

Using the two arms configuration, the experiment test 
rig was developed to amplify the velocity from the Instron 
machine by a factor of ten such that the MR damper can be 

Figure 1. The schematic of the experimental configuration setup.
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evaluated within its velocity full range capability. The rig 
was also designed to fit in the limited space of the Instron 
machine test bed. The design of the experimental test rig is 
shown in Figure 3, where Figure 3(a) illustrates the corre-
sponding position of the Instron machine and MR damper 
while Figure 3(b) depicts the position of the experimental 
test rig with respect to the test bed of the Instron machine. 
In this design, the vertical line of force action of the Instron 
machine is retained and the force being applied to the MR 
damper is always perpendicular to the long arm length dur-
ing the test. 

The experimental setup with the design experimental test 
rig implementation is shown in Figure 4. As compared to 
the previous experimental configuration setup, the inputs to 
initiate the tests were frequency and amplitude of sinusoidal 
waves. This change was required to compensate the setback 
of the stroke governed by the Instron machine, which was 
reduced by a factor of ten to retain the 40 mm peak to peak 
stroke distance of the MR damper. The variations of the in-
duced current I were the same as the previous experimental 
configuration setup. The displacement of the MR damper 
will be measured by the attached Linear Variable Differen-

Figure 2. Damping force-velocity profile of the existing MR damper based on the experimental test (solid 
line) and data extracted from LORD specification sheet [9] (dotted line).

Figure 3. The overall design of the experimental test rig with highlighted position of Instron and MR damper.
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tial Transformer (LVDT) transducer. The force required by 
the Instron machine FIn to operate the MR damper and its 
corresponding stroke distance were measured by the data ac-
quisition associated within the Instron machine. 

These outputs from Instron and LVDT transducer were 
then utilised to obtain their respective velocities and the ratio 
between the velocities and the force FIn were then applied 
to calculate the damping force of the MR damper FD. The 
damping force distribution based on the modified experi-
ment configuration setup and the variations of the induced 
current I is conveyed in Figure 5. The damping force of from 

this experiment setup correlates well with the data extracted 
from LORD specification sheet and further support the find-
ings reported by the results of the previous configuration 
setup. The irregularities of the damping force that exist in 
the previous configuration setup are diminished in this cur-
rent experiment configuration setup. 

The damping force FD from the loading tests of the ex-
periment was further evaluated in this section to measure 
the compatibility of the MR damper to composite structures 
energy absorption quantitatively. In this assessment, these 
forces were compared to experimental data obtained from 

Figure 5. Damping force-velocity profile of the existing MR damper based on the modified experimental test 
(solid line) and data extracted from LORD specification sheet [9] (dotted line).

Figure 4. The schematic of modified experimental configuration setup.
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an investigation of a composite tube energy absorption and 
behaviour using different variety of triggering radius [10] as 
part of a composite crashworthy system development. The 
composite tube has a similar diameter to the MR damper and 
thus allowed the direct comparison. The composite tube was 
manufactured by Exel Composites and was a fabric pre-preg 
(0°/90° layup), 38.1 mm inner diameter, 1mm thickness and 
120 mm height. The experimental data was the force, Ftube 
and its corresponding displacement during a quasi-static 
crushing experiment with a 6mm triggering radius [10]. The 
variations of current with total cyclic loading at 150 mm/s is 
shown in Figure 6. The maximum damping force produced 
by the MR damper in a full cyclic loading case was equiva-
lent to the mean of Ftube and thus was capable to double the 
crushing performance of the Ftube while maintaining the sta-
bility of specific energy absorption when appropriate control 
of the MR damper can be applied. The required parameters 
for the controller design were extracted from these results 
and are detailed in the next section.

4. CONTROLLER DESIGN

The experimental damping force-velocity profile 
achieved in the previous section was modelled using force 
Bingham model, where the model is governed by two pa-
rameters that are the damping coefficient and the shear force 

and the inputs that are the velocity and induced current. Both 
the parameters were obtained with respect to the positive and 
negative velocity regions. These parameters were referred as 
C(·) and FD(·), where (·) is either p or n based on the posi-
tive or negative velocity regions respectively. The damping 
coefficient of each region was attained by averaging the gra-
dients extracted from the lines of the induced current varia-
tions given by data shown in Figure 5. The shear force of 
each region, meanwhile, was dependent on the value of the 
induced current and thus, was acquired using the force and 
induced current relationship based on the results in the pre-
vious section. The relationship gradient and constant were 
referred as α(·) and β(·). The parameter values are summarised 
in Table 1.

The aim of this controller design is to regulate the cur-
rent to produce the equivalent MR damper damping force 
such that a constant force is achieved throughout the crush-
ing stroke distance of the composite tube. The schematic 

Figure 6. Force distribution based on 15 mm stroking distance with five different magnetic field strengths at 
150 mm/s in full cyclic loading cases.

Table 1. The Parameter Values for Controller Design.

Positive Negative

Cp
(Ns/m)

αp
(N/A)

βp
(N/A)

Cn
(Ns/m)

αn
(N/A)

βn
(N)

1610.2 618.2 159.2 1679.3 –685.2 –160.2
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of the proposed controller design is illustrated in Figure 7. 
The inputs for the controller are the required minimum set 
crushing force to be achieved by the composite system FC , 
the force response of the composite tube FT , the accelera-
tion and the mass of the passenger M and a, and the velocity 
v0. The minimal force required to be achieved by the MR 
damper FMR is first determined using FC, FT and the respec-
tive M and a, and is followed by computing shear force FD(·) 

requirements using the damping coefficient C(·) and velocity 
v0. The required current I is then calculated by utilising the 
force and induced current relationship gradient and constant 
α(·) and β(·). In this controller design the induced current is set 
with a maximum and minimum limit of 1.68A and 0A. The 
resultant MR damper force FMR based on the regulated in-
duced current is then computed using the MR damper force 
Bingham model. This controller is designed using Simulink.

Figure 8. Force distribution based on the controller design, where FMR is the resultant damping force, FT is the 
tube crushing force, FC is the required minimum set crushing force, M is the mass of the passenger and seat and 
a is the acceleration of the passenger and seat.

Figure 7. The schematic of MR damper force controller.
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A numerical example was set up to investigate the perfor-
mance of the controller. The set crushing force FC was set at 
–5 kN, where the sign indicated the compressive force. The 
tube crushing force was set to oscillate in sinusoidal wave at 
the mean of 5 kN with frequency and amplitude of 1 Hz and 
500 N. The remaining inputs were set to be constant, where 
the acceleration was –9.8m/s2 and the mass of the passenger 
was 90kg and the velocity was –0.15m/s. Figure 8 shows the 
force distribution of the numerical example. The controller 
managed to regulate the tube crushing force to be constant 
and achieved required minimum set crushing force. There 
exist tiny humps on the resultant crushing force of the com-
bined composite tube and MR damper force as the required 
induced current is less than zero. 

Another numerical example was set up by modifying the 
velocity to –0.02, –0.05, –0.1 and –0.15 m/s while main-
taining other initial parameters. The resultant crushing force 
distribution based on the different set velocities is illustrated 
in Figure 9. Tiny humps also occur at the resultant crushing 
force when the velocity was set at –0.01 m/s as the required 
induced current exceeded the maximum limit set in the con-
troller. The ideal resultant crushing force was achieved when 
the velocity was at –0.05 and –0.1 m/s and set the upper and 
lower boundary velocity limits for the controller to achieve 
optimal MR damper control. This further shows that the con-
troller was limited by the capability of the MR damper and 
would not be able to provide efficient force regulator if the 
required minimum set crushing force exceeds the maximum 
MR damping force.

5. CONCLUSION

The designs of an experimental test rig and controller 
have been presented in this paper. The experimental test rig 
was developed using two arms configuration with ten to one 
length ratio to further investigate the MR damper within its 
full range of velocity capability. The modified experiment 
configuration setup that implemented the experimental test 
rig has showed that the existing MR damper has promis-
ing quality to improve composite structures as systems for 
crashworthiness. A better representation of the force veloc-
ity profile of the existing MR damper has been achieved us-
ing this modified experimental setup. This profile has been 
modelled using force Bingham model and the corresponding 
damping coefficient as well as the parameters based on the 
force and induced current have been determined. The con-
troller is designed based on these parameters and the numer-
ical example showed that the controller managed to regulate 
the oscillating force from the composite tube and achieved 
the minimum set crushing force. The controller, however, 
was limited by the capability of the existing MR damper. 
The concept of the controller shows promising potential to 
increase the crushing force capability of the composite struc-
tures while capable to minimise the oscillation of the com-
posite structures crushing force. 

An investigation on feedback control to be adapted to 
the current design controller is required to provide a more 
stable discrete controller and subsequently, the controller is 
required to be evaluated experimentally.

Figure 9. Force distribution based on the velocity set at –0.01, –0.05, –0.1 and –0.15 m/s.
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ABSTRACT 

 

Hybrid laminates consisting of woven glass fabric/epoxy composite plies and woven 
carbon fabric/epoxy composite plies are studied for fatigue damage and residual 
strength. A theoretical framework based on the systems approach is proposed as a 
guide to deal with the complexity involving uncertainties and a large number of variables 
in the hybrid composite system. A relative damage sensitivity factor was developed for 
quantitative comparisons between non-hybrid and hybrid composites, which may be 
useful for developing inexpensive composites with low damage sensitivity. Hypotheses 
derived from the theoretical framework were tested and verified using evidence from 
both micro- and macro-scopic damage patterns. The first hypothesis was that the dif-
ference between two different sets of properties produces shear stress in interface be-
tween carbon fibre reinforced plastics (CRP) and glass fibre reinforced plastics (GRP), 
and eventually become a source for CRP/GRP interfacial delamination or longitudinal 
cracking. The second hypothesis was that inter-fibre bundle delamination occurs more 
severely to CRP sub-system than GRP sub-system. 
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much reduction of the mechanical properties of the origi-

nal composite [4]. Hybrid laminates reinforced with glass 

and carbon fibres have indeed been found to be useful in 

practice, especially in automotive and aerospace industries 

[5–7]. The recent structural applications of hybrid compos-

ites have been even more extended by focusing efforts on 

energy reduction since the glass and carbon fibre reinforced 

polymer matrix proved to be significantly effective [9]. 

As the engineering structures are frequently subjected 

to fatigue loading, the fatigue analysis plays an important 

role in the design of structural components. The fatigue in 

composites has been recognized as a complex phenomenon 

compared to that of monolithic-materials. There have been 

numerous studies investigating the fatigue performance of 

glass/epoxy, carbon/epoxy, and their hybrid composites for 

the effect of cyclic loading on residual properties [10–20]. 

However, most of them have focused on non-hybrid com-

posites such as unidirectional, multidirectional, and woven 

fabric, composites. Ozturk and Moore [16] investigated the 

tensile fatigue behavior of woven carbon/carbon laminates 
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1. INTRODUCTION 

Composite is a structure consisting of two or more con-

stituents having interfaces. It has been widely used as lami-

nates in the aerospace industry and to a lesser extent in the 

automotive industry. Numerous research studies have been 

conducted to improve the behavior of composites under 

various loading conditions. They have shown that the com-

posites made of one type of fibre reinforcement can be fur-

ther improved by hybridizing for the optimum performance 

[1,2]. The hybrid laminates may be designed with two or 

more different types of fibre reinforcement. They are usu-

ally used when combination of properties of different types 

of fibres is required or when longitudinal as well as lateral 

mechanical performances are to be achieved [2,3]. Cost re-

duction of composite can also be achieved by incorporating 

laminates of low-cost but high performance fibres without 
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© 2013 DEStech Publications, Inc. All rights reserved. 
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without notch as a function of stress level and found that, as that the number of cracks initiate and form perpendicular 

a result of fatigue loading up to 106 cycles, residual strength to loading direction in resin-rich phase near transverse fibre 

and modulus in the on-axis direction were not significantly bundles (weft) and remain in the matrix but no significant 

reduced. decrease in static strength; (b) at the second stage (2 to 50% 

Yoshioka and Seferis [19,20] conducted tension–tension of its life span), the cracks propagate through resin matrix 

fatigue tests on two different composite systems consisting surrounding the transverse fibres up to the adjacent longitu-

of epoxy and phenolic matrices, respectively, reinforced dinal fibres and, as a result, residual strength continuously 

with plain weave carbon fabric. They found that the residual decreases with the cyclic loading; and (c) at the third stage 

strength of the epoxy laminates containing a hole after being (50 to 100%), the rate of decrease in static strength is re-

fatigue damaged for a wide range of load cycles (1500 to 5 × duced until the final failure. The sequence of the three stages 

10
5
) is even higher than undamaged ones. A mechanism re- is illustrated in Figure 1. 

sponsible for the increase is such that the concentrated stress Fujii and Amijima [11] investigated fatigue micro-dam-

around a hole relieves and, as a result, is redistributed due to age behavior of the similar laminates with a glass volume 

the fatigue damage. As such, a geometry variation has been fraction of 33%. They also proposed three different stages 

found to be another factor affecting the residual strength. of damage process but with difference sequence of events: 

Recently, Allameh Haery et al. [21] studied the effect of (a) the first stage (up to 10% of its life span) was delineated 

hybridization on tensile strength of laminates with a hole with the crack initiation within the weft bundle (cracking 

and found considerable benefits. This paper as continuation of which is perpendicular to loading direction)—crack den-

of the previous work [21] focuses on the effects of inter- sity after this stage did not increase significantly; (b) in the 

ply hybridization on residual tensile strength after fatigue second stage (10 to 98% of its life span), debonds between 

damage for notched laminates. The main objective is two- weft and warp were formed leading to meta-delaminations at 

fold - one was to develop a new theoretical framework for cross-over points before the final failure (as the third stage). 

developing hybrid composites in general and the other was Pandita et al. [18] also investigated the similar composite 

to test hypotheses derived from the theoretical framework. with epoxy matrix for a glass volume fraction of 50% for 

the same topic. They proposed essentially the same sequence 

2. FATIGUE MICRO-DAMAGE MECHANISMS as those by Fujii and Amijima [11]. Further, Gao et al. [27] 

IN WOVEN FABRIC REINFORCED COMPOSITES reported more meaningfully with evidence on carbon wo-

IN THE LITERATURE ven fabric reinforced polyimide with a fibre volume fraction 

of 60%. They observed that the crack initiation frequently 

It is important to understand the damage mechanisms took place in the weft bundle. Their finding appears to be 

for improving fatigue performance of composites. Vari- in agreement with Fujii and Amijima [11] for the initiation. 

ous fatigue micro-damage mechanisms for woven glass Nonetheless, there always seems to be uncertainty to some 

fabric reinforced composites have been suggested in the degree regarding the nature of micro-damage mechanism 

literature. The sequence of events, however, has not been and crack initiation position. 

agreed among researchers in the absence of solid evidence 

or generality of its nature for fatigue crack initiation point. 3. A THEORETICAL FRAMEWORK FOR FATIGUE 

Tanimoto and Amijima [10] studied woven glass fabric re- DAMAGE PROCESS 

inforced polyester composites with glass volume fractions 

of 29, 40 and 54 % for micro-damage mechanisms without Understanding of the fatigue damage process is important 

notch. They proposed three stages of damage process: (a) the for developing new composites. The sequence for fatigue 

first stage (up to 2% of its life span) was characterised such damage mechanisms coupled with a relevant description 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Schematic representation of the tensile fatigue damage development in laminated glass composite laminate: (a) first stage (cracks 

remain inthe resin phase); (b) second stage (transverse crack in the bundle yarn); (c) final failure.
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leading to the final failure is the core of the process for a 

series of events. Various experimental techniques including 

in-situ and/or post-damage observation using microscopes 

[22], x-radiography [13], image processing algorithm [15], 

acoustic emissions [18] or c-scan [12] may be useful in 

conjunction with the post-damage analysis for collecting 

direct information. However, it is difficult to observe inter-

nally hidden in-situ damage mechanisms and its behaviour 

at a particular point does not necessarily represent all other 

points because of the inherent uncertainties originated from 

various sources such as in-homogeneity in both constituent 

materials and composite micro-structure due to the imper-

fect composite fabrication technology. For this reason, the 

post-damage analysis may be also useful for inferences of 

the damage mechanisms. More importantly, the facts based 

on the observations are about particular composite systems 

at a particular moment and therefore not necessarily appli-

cable to other parts of composite system or other composite 

systems. For wider applications and better understanding, 

the post-damage analysis requires a theoretical framework 

for various interpretations and for navigating of collected/ 

processed information towards the applications for improv-

ing design, performance, and optimized uses, of the compos-

ites in general. Most studies in the literature have focused 

on a limited number of parameters applicable to particular 

composites for fatigue damage let alone hybrid composites. 

Therefore, the following theoretical framework is proposed 

here for extending usefulness of limited data and observa-

tional facts. 

 
3.1. Complexity and Systems Approach 

 

The fatigue process of a monolithic-material as a con-

stituent of a composite consists of commonly two stages—

namely crack initiation and propagation prior to the final 

failure. The crack initiation is affected by a set of proper-

ties and is susceptible to the inherent defects in the mate-

rial while the crack propagation is affected by another set of 

properties. Further, when different constituent materials are 

combined for a composite system, the fatigue behaviour of a 

constituent material is affected by other constituent material 

properties such as stiffness, strength, and relativity between 

properties of a composite system. The relativity is depen-

dent on how much they are different from each other. The 

constituent materials as system elements within a composite 

system constrain each other during the damage process. Also 

the fatigue damage behaviour is affected by the interface 

conditions (e.g. bonding) between different materials [12]. 

They are further affected by large scale design factors such 

as geometrical variation (e.g. notch) and hybridization. The 

theoretical stress analysis and failure criteria [34,35] for the 

geometrical variation may be useful but their applications 

are limited to the cases of certain geometries prior to the 

fatigue damage.
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where nf is the number of possible locations of fatigue crack 

initiation. For example, Nf = 12! = 479,001,600 for the inter-

ply hybrid laminates described above. If they are non-hybrid 

laminates e.g. glass reinforced plastic (GRP) laminates, the 

locations listed above, ‘(a)’, ‘(b)’, ‘(d)’, ‘(f)’, ‘(h)’, and ‘(j)’ 

may be applicable and the number of possible locations for 

initiation reduces to 720 (= 6!). Accordingly, a mechanism 

associated with a crack initiation within a transverse glass fi-

bre bundle suggested by Pandita et al. [18] or Fujii and Ami-

jima [11], or another similar mechanism associated with the 

initiation within resin-rich area outside glass fibre bundles 

(see Figure 1) suggested by Tanimoto and Amijima [10] in a 

deterministic manner may be one of 720 possible ones. 

The way to reduce the complexity due to the uncertainty 

with a large number of possibilities for hybrid composites 

may be based on the systems approach. In general, there may 

be two different systems i.e. open and closed systems [25]. 

The open system consisting of input and output with system 

elements may be useful for understanding of the hybrid com-

posite system damage. We may consider different size scale 

sub-systems within the open system, given that a large scale 

system behaviour in terms of damage (or cracking) is caused 

by small scale system behaviours. A small scale system be-

haviour is in turn caused by even smaller system behaviours. 

Thus, output from a small system constitutes input of a large 

system. Output from a large system is the manifestation of 

what has most likely taken place in the small scale system. 

Thus, as the system scale size becomes larger and larger, the 

uncertainty in damage behaviour decreases and accordingly 

stochastic process turns into more and more deterministic 

process. A hybrid composite is a relatively large system con- 

N = n f ! f 

When composites are hybridized for inter-plies of a lami-

nate using woven fabric, three or more different constitu-

ent materials may be used, e.g. carbon fibre, glass fibre, and 

epoxy. For three different constituent materials, the loca-

tions of possible fatigue crack initiation points include: (a) 

matrix, (b) interface between fibre filaments within glass 

fibre bundle, (c) interface between fibre filaments within 

carbon fibre bundle (d) interface between matrix and glass 

fibre bundle, (e) interface between matrix and carbon fibre 

bundle, (f) glass fibre filament, (g) carbon fibre filament, (h) 

cross-over point for meta-delamination for carbon fabric, 

(i) cross-over point meta-delamination for glass fabric, (j) 

interface between glass-glass composite plies, (k) interface 

between carbon-carbon composite plies, and (l) interface be-

tween glass-carbon composite plies. Thus, twelve different 

locations are possible for a crack to initiate and propagate or 

to link with other crack grown from other locations. Accord-

ingly, the number (Nf) of possibilities for different sequential 

patterns of damage events in terms of, at least, damage ini-

tiation locations are given by: 

(1) 
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sisting of sub-systems including interfaces. Each sub-system 

consists of constituent materials as system elements. Each 

constituent material may be regarded as the smallest sys-

tem consisting of defects responsible for damage origin (or 

initiation). For example, a GRP laminate is one sub-system 

consisting of glass fibres, matrix and interfaces, and a car-

bon reinforced plastic (CRP) laminate is another sub-system 

consisting of carbon fibres, matrix and interfaces, for a hy-

brid system consisting of CRP laminates, GRP laminates (to 

be referred to as ‘CGRP hybrid system’) and interfaces. A 

certain type of loading (e.g. static loading, fatigue loading) 

or geometry variation (e.g. due to a notch) is an input to 

the system and damage is an output. One of the keys to un-

derstanding of hybrid system damage behaviour is to find 

differences between sub-systems provided sub-systems are 

well defined. The major differences may be found near or 

at interface zone between two different sub-composite sys-

tems. The reason is that the damage behaviour near or at 

interface zone is influenced by the difference between two 

sub-composite systems and hence is different from those of 

sub-composite systems. 

In the systems approach, the identification of damage 

pattern(s), if any, according to crack initiation location at 

least and cracking direction for inferences of mechanisms in 

relation with expected behaviour may be useful. The main 

reason for this is that the damage pattern at a larger scale rep-

resents an output of the most probable damage mechanisms 

at a smaller scale. Therefore, the description of microscopic 

damage mechanisms without identification of the damage 

pattern at a larger scale may be not much useful. 

The damage patterns generated by fatigue loading for 

brittle materials such as CRP may be expected to be similar 

to those by static loading. The reasons are that: (a) similar 

stress distributions are created by similar geometric varia-

tions; (b) the damage patterns are very closely associated 

with crack initiation sites and crack propagation; (c) the 

crack initiation sites and crack propagation are created by 

stress concentration caused by micro-and macroscopic- vari-

ation in geometry. Also, the strain at failure is expected to be 

similar as reported by Kim and Zhang [26]. The similarities 

in damage between static and fatigue loading are useful not 

only for reduction of complexity but also for theoretical for-

mulation of residual properties [26]. 

The damage as system output created as a result of fatigue 

loading may be quantified in terms of stiffness or residual 

strength [26]. Two sets of constituent material properties for 

respective pre-and post- fatigue damages may be used as the 

characteristics of a composite system. The number of possible 

relative conditions for the initial constituent material proper-

ties of interest prior to damage (NE,pr) can be worked out as: 

 
(NE, pr ) = ne !× N (2) 

 
where N is a number of different properties, ne is a number
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where EC = stiffness of carbon fibre, EG = stiffness of glass 

fibre, EE = stiffness of epoxy, σCu = ultimate stress of carbon 

fibre, σEu = ultimate stress of epoxy, σGu = ultimate stress of 

glass fibre, σGu = ultimate strain of glass fibre, σCu = ultimate 

strain of carbon fibre, and σEu = ultimate strain of epoxy. 

If we consider two sub-composite systems (i.e. CRP–sub 

system and GRP-sub system in the current work), a num-

ber of different constituent materials (ne) in Equation (2) 

is replaced with a number of different sub-systems, for the 

number of possible relative conditions (NE,pr). An example 

relative condition applicable prior to fatigue damage is 

EE < EG < EC 

 
σ < σGU < σCU 

εCU < εU < εEU 

EU 

of different constituent materials. For example, if the hybrid 

system consisting of three different materials are used (NE,pr) 

is found to be 18 (= 3! × 3) for three different properties. 

An example of relative conditions applicable prior to fatigue 

damage is given by: 

(3) 

 
(4) 

(5) 

(6) 

 
(7) 

(8) 

 
(9) 

EGRP < ECRP 

 
σ GRPU < σCRPU 

 
εCRPU < εGRPU 

 
ν CRP <νCRP 

Accordingly, the total number of relative damage condi-

tions for the hybrid system (NT), in general, is calculated to 

be 8.94
9
 (= 479,001,600 × 3 × 6) when three constituent ma-

terials are considered, or it is 5.74
9
 (= 479,001,600 × 2 × 6) 

when two sub-composite systems instead of materials are 

considered. Thus, the residual static properties, in general, 

are the ones obtained under one of the possible relative ma-

terial property conditions. The possible number of combina-

tions for residual property inequalities after fatigue (NE,po) 

would be equal to those before fatigue (NE,pr): 

NT = N × (NE, pr ) = n f !× N × ne! f 

where E, σ, ε, and ν denote stiffness, stress, strain and Pois-

son’s ratio, respectively, and capital subscripts indicate dif-

ferent sub-systems, and subscript u stands for ‘ultimate’. 

Consequently, the total number of possible damage patterns 

(NT) characterized by crack initiation location, property 

numbers, and material/sub-system numbers leading to the 

residual properties is found to be 

(10) 

(11) (NE, po ) = (NE, pr ) = ne!× N 
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Therefore, the total number of possible damage patterns 

(NT) after fatigue in terms crack initiation site, number of 

properties, and number of material constituents/sub-systems 

is also equal to those prior to fatigue loading. 

If a composite specimen has a geometrical variation (e.g. 

notch), the initial set of homogenous properties turn into in-

homogeneous ones as an output as the damage progresses 

under fatigue loading. As a result of damage, the properties 

at the maximum stress point on a specimen are different 

from those at any other points. The damage, thus, can be in 

general characterized by in-homogeneity distribution of re-

sultant material properties at an appropriate scale. A hybrid 

composite system prior to fatigue damage may be regarded 

as being homogenous including woven fabric at an appropri-

ate scale, (knowing that a woven fabric is not homogeneous, 

for example, at a smaller scale because a set of properties at 

a cross-over point of woven fabric are different from those 

of other points) but, as the damage progresses, in-homoge-

neity is created and more and more widely distributed. Such 

conditions given by Equations (3) to (5) or (6) to (9), thus, 

will be rearranged depending on the location at a specimen. 

The initial strength following the fatigue damage is then al-

tered for the resultant residual properties for a given geom-

etry condition. 

 

3.2. Relative Damage Sensitivity Factor for 

Comparing Two Different Composite Systems
‡ 

 

Design of complex (or hybrid) composites for improve-

ment can be an evolutionary process unless a creative pro-

cess is adopted. In other words, existing composites may 

be modified and compared in a process of decision making. 

If the modification is made by replacing part of an exist-

ing composite with new one, comparisons should be made. 

Two different ways for making comparisons may be consid-

ered. One way is to compare damage results (e.g. residual 

strength) directly from two different composite systems for 

absolute damage. The other way is to find, and compare for, 

a relative change rate of damage in its own composite system 

for the common variation of geometry or/and loading condi-

tions between two different composite systems. It would be, 

however, implicit and its benefit would not much be known 

without a quantitative description despite the fact that such 

comparisons may be useful for a low cost hybrid compos-

ite development. The following procedure is proposed for 

a relative damage sensitivity factor which will be useful in 

such a situation. 

If we choose and consider two particular composite sys-

tems for comparing residual properties, we need to define 

the residual (structural) strength reduction rate or increase 

rate—for conventional composite system (e.g. GRP system) 

 
 
The relative damage sensitivity factor has been reformulated into a different form as 

the previous one was inaccurately done for strengthening cases in reference [31].
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Sng 
Ro = 

Sog 

 
and 

 
Sng 

Rn = 
Sog 

oc 

oc 

(Ro), and hybrid composite system (e.g. CGRP hybrid sys-

tem) as a large new system (Rn): 

oc 

(13) 
oc 

(12) 

nc 

oc Sng where is an apparent residual strength for new geometry 

(e.g. due to a different notch size or creation of a hole) and 

original (or conventional) composite system, is an ap-

parent residual strength for original geometry and original 

composite system, is an apparent residual strength for 

new geometry and new composite system (or hybrid), and 

oc Sog 

It is possible for the two different composite systems i.e. 

original (or conventional) composite system (CCS) and new 

hybrid system (NHS) to have the following cases as a result 

of damage: 

 

Case 1; Rn > 1, R0 > 1, Rn > R0—both CCS and NHS 

strengthened, 

Case 2; Rn > 1, R0 > 1, Rn < R0—both CCS and NHS 

strengthened, 

Case 3; Rn > 1, R0 < 1—CCS weakened but NHS strength-

ened, 

Case 4; Rn < 1, R0 > 1—CCS strengthened but NHS weak-

ened, 

Case 5: Rn < 1, R0 < 1, Rn < R0—both two composite systems 

weakened, and 

Case 6: Rn < 1, R0 < 1, Rn > R0—both two composite systems 

weakened. 

 

For relative damage sensitivity for two different com-

posite systems (CCS and NHS), the following factor, q, (this 

factor will be referred to as “relative damage sensitivity fac-

tor”) can be found to be applicable for all the possible Cases: 

Sng 

nc Sog is an apparent residual strength for original geometry 

and new composite system. 

R0 

Rn 

(14) q = 

According to Equation (14), q is found as follows: q < 1 

for Case 1; q > 1 for Case 2; q < 1 for Case 3; q > 1 for Case 

4; q > 1 for Case 5; and q < 1 for Case 6. In general, q ap-

proaches one if no difference in properties of both composite 

systems is caused by any change in input (e.g. fatigue load-

ing), or q < 1 if a NHS is less sensitive to damage than CCS, 
‡ 
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or q > 1 if NHS is more sensitive to damage than CCS. For 

developing a new composite system, the smaller q the better. 

Thus, Equation (14) is a generalized criterion indicating a 

relative damage sensitivity useful for comparing two differ-

ent composite systems for the same variation of geometry 

or/and loading condition. Equations (12)–(14) may be ap-

plicable to static cases also in the absence of fatigue damage. 

If the residual strength (S) is replaced with the residual stiff-

ness, the same principle is applicable for the residual stiff-

ness comparison for two different systems. 

n 

4. EXPERIMENTAL DETAILS 

 

The experimental details given here are adopted from the 

previous papers [21,31] for part of the current experimental 

work to provide self-sufficient information. 

 
4.1. Structure of Woven Fabric 

 

The structure of a woven fabric is characterized by the 

following parameters: inter-crimp length, bundle width at 

crimp region, crimping length, and bundle thickness. The 

inter-crimp length is the distance between two neighboring 

crimps while the crimping length is the one for the undulat-

ing region. The bundle width at the crimp is the one for the 

transverse bundle, and the bundle thickness is the average 

thickness of the longitudinal (or horizontal) bundles [27]. 

The characteristic measurements for the architecture of car-

bon and glass woven fabric are shown in Table 1. 

 
4.2. Specimen Preparation 

 

Plain weave C-glass fibre fabric or plain weave 3K-car-

bon fibre fabric were used for fabricating CGRP plies with a 

matrix of D.E.R. 331 epoxy resin which is uniformly mixed 

with a Jointmine hardener, type (905-3S), with a 2:1 ratio 

by weight. The laminates consisting of twelve plain weave 

plies were fabricated with the hand lay-up method for both 

glass reinforced composite (GRP) system as the control and 

CGRP hybrid system for specimen dimensions given in Fig-

ure 2. 

The CGRP hybrid system manufactured consisted of six 

GRP plies in the middle between CRP plies at top and bot- 

 
 
 
 
 
 
 
 
 
 
 

Figure 2. Specimens used for two different hole sizes of 5 mm and 10 mm.

Table 1. Characteristic Measurements for Fibre 
Architecture of Carbon and Glass Woven Fabric. 

Carbon Fibre Glass Fibre 

Inter-crimp Length (mm) 

Average 3.70 2.860 

CV (%) 1.338 2.084 

n 9 9 

Bundle Width at Crimp Region (mm) 

Average 1.739 1.942 

CV (%) 2.787 3.073 

3.56 

9 

1.79 

9 

0.109 0.104 

Bundle Thickness (mm) 

Average 

CV (%) 

n 

n 9 9 

Crimping Length (mm) 

Average 2.425 2.452 
CV (%) 2.950 3.929 

9 9 
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1. CV is the coefficient of variation 

2. n is the number of specimens 

tom symmetrically. The outer CRP plies are intended for a 

relatively high tensile strength and stiffness but low fracture 

strain while inner GRP plies are for a relatively low cost and 

thermal conductivity but for high impact strength [28]. The 

properties of woven fabric C-glass and woven fabric 3K-

carbon plies used here were taken from the previous studies 

by Zahari et al. [29] and Allameh Haery [21] are given in 

Table 2. The measured volume fractions were 51% for glass 

fibre in GRP, 66% for carbon fibre in CRP, and the volume 

fraction of both fibres in hybrid CGRP is 59%. 

A symmetrical stacking sequence, [0/90]3s was chosen for 

both GRP and CGRP hybrid systems by considering warp as 

0° and weft as 90° directions. The specimens, 210 mm long, 

40mm wide, and 3 mm thick, for fatigue tensile tests were 

cut from 250 × 350 mm plates using a CNC tooling ma-

chine. A circular hole with a diameter of 5 mm or 10 mm was 

drilled at the center of each specimen to give a notch effect. 

Figure 2. 

 
4.3. Mechanical Testing and Damage Examination 

 

The manufactured specimens were loaded for fatigue 
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damage using an Instron 8802 servo-hydraulic testing ma-

chine. A constant crosshead speed of 1 mm/min was chosen 

for the static tensile test at room temperature. For tension-

tension fatigue tests, two load ratios (R = minimum load/ 

maximum load), 0.1 and 0.25, with a sinusoidal frequency 

of 10 Hz, were also chosen. The maximum load for the fa-

tigue was fixed to be a 70% of ultimate tensile load for each 

composite system (i.e. control GRP and CGRP hybrid). Each 

fatigue testing was stopped at 4 × 10
4
 cycles for a subsequent 

static tensile test for measuring the residual strength. The 

number of cycles (4 × 10
4
) was chosen considering that it is 

within a range of some beneficial effects which are expected 

due to the stress redistribution for similar composite systems 

in the literature [20]. At least five specimens were tested for 

each case. 

For all the microscopic examinations, a position ap-

proximately 10 mm above or below a straight line crossing 

the minimum ligament section of the specimen was taken 

to view thickness area surface. Loading of each specimen 

shown in all the images is in the horizontal direction. 

 
5. RESULTS AND DISCUSSION 

 

5.1. Residual Strength Prior to Fatigue Damage 

 

The ultimate tensile loads without fatigue damage for 

control GRP system and CGRP hybrid system obtained 

previously [21] are given in Table 3. It is seen that the ap-

parent strength decreases as expected with increasing hole 

size from 5 mm to 10 mm in both GRP and CGRP hybrid 

systems. The reduction rate (Ro) due to the hole size increase 

for GRP system [see Equation (12) for Ro = Sng Sog ]  is 

found to be 24% while Rn [see Equation (13)] is found to be 

10% for CGRP hybrid system. As a result, the relative dam-

age sensitivity factor (q) becomes 0.844 [< 1—see Equation 

(14)] indicating that damage in CGRP hybrid system is less 

sensitive than GRP system to the hole size increase. 

 
 

Table 2. Mechanical Properties for C-glass/epoxy and 
3k-carbon/epoxy Plies—Elastic Modulus for Warp 

Direction (E11), Weft Direction (E22), Poisson’s Ratio 
(v12), Shear Modulus (G12), Ultimate Strength for Warp 

Direction (σ1
T
)ult, Weft Direction (σ2

T
)ult, and Shear 

Strength (σ12)ult. 

C-glass/epoxy 3k-carbon/epoxy 

Properties (200 g/m
2
) (200 g/m

2
) 

E11 12.246 (GPa) 68.95 (GPa) 

E22 11.339 (GPa) 65.22 (GPa) 

ν12 0.158 0.0494 

G12 2.340 (GPa) 6.550 (GPa) 

(σ1
T
)ult 181.552 (MPa) 454.364 (MPa) 

(σ2
T
)ult 172.462 (MPa) 428.164 (MPa) 

(σ12)ult 39.626 (MPa) 105.489 (MPa)
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5.2. Residual Strength After Fatigue Damage 

 

A summary of ultimate tensile loads obtained at two dif-

ferent load ratios for two different hole sizes and two differ-

ent composite systems is given in Table 4. Each value in pa-

renthesis is a reduction rate (Ro or Rn) due to fatigue damage 

with reference to the corresponding static ultimate load. The 

load ratios and hole sizes were intended to provide a wide 

range of different damage conditions. 

 

5.3. Hypotheses and Damage Examination for 

CGRP Hybrid Systems 

 

Some complexity in deformation leading to damage may 

be caused by the woven fabric cross-over points. The expect-

ed deformation, though, causing damage due to differences 

between constituent materials may be useful for setting up a 

hypothesis. An illustration for the deformation is introduced 

in Figure 3. It may be similar to those of a non-hybrid lam-

inate given by Desai and McGarry [30], and Shuler et al. 

[22] but is for more specific deformation and is different in 

relation with the hybrid composite system. The longitudinal 

tensile loading straightens the longitudinal fibre bundles and 

simultaneously the following events take place at around the 

cross-over point [Figure 3(a)]: (i) bending of transverse fibre 

bundles and increasing of contact pressure; (ii) bending of 

longitudinal fibre bundle (which is straightening); and (iii) 

increasing of distance between transverse and longitudinal 

fibre bundles along the longitudinal fibre bundle but de-

creasing along the transverse fibre bundle (due to the contact 

pressure and bending of transverse fibre bundle). The last 

event would create a source for delamination between lon-

gitudinal and transverse fibre bundles. The bending in the 

other events is accompanied by not only normal stress but 

also shear stress. The maximum bending of either longitu-

dinal or transverse fibre bundle takes place at the cross over 

point. The shear stress is, therefore, likely responsible for 

the longitudinal cracking within a transverse fibre bundle or 

a longitudinal fibre bundle if happens. Otherwise, transverse 

cracking in transverse fibre bundle is expected due to either 

the principle stress in the longitudinal loading direction or a 

(R0 = 76%) 

hole hole 

19.32 

21.48 (Rn = 90%) 

q = 0.844 

hole 

 
11.86 

Ultimate Tensile Load 

(kN) 

hole 

 
8.98 

Table 3. Average Ultimate Tensile Loads Obtained 
from Static Tensile Tests (without fatigue damage). 
The Reduction Rates Due to Hole Size Change from 

5 to 10 mm are Given in Parenthesis. 

CGRP Hybrid 

GRP System System 

5 mm 10 mm 5 mm 10 mm 

oc oc 
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Table 4. Average Ultimate Tensile Loads Obtained from Static Tensile Tests After Being Fatigue Damaged. The 
Strength Reduction Rates Due to Fatigue Damage are Given in Parenthesis. 

GRP System CGRP Hybrid System 

10 mm hole 5 mm hole 10 mm hole 

18.53 

Ultimate Tensile load (kN) (R = 0.1) 

 

15.80 
Ultimate Tensile load (kN) (R = 0.25) 

 
 
 

splitting force when width is much larger than thickness of 

transverse fibre bundle (weft). 

When GRP sub-system is interfaced with CRP sub-system 

for hybridization as illustrated in Figure 3(b), the following 

may be considered: the carbon fibre bundles are stronger 

and stiffer [see Inequalities (3) and (4)] but lower in Pois-

son’s ratio than glass fibre bundles. The localized (bending 

and shear) deformation of longitudinal glass fibre bundles of 

GRP system near CRP ply is, thus, relatively compliant to 

the straightening of longitudinal carbon fibre bundles. The 

carbon fibre bundles of CRP system has hence more straight-

ened than glass fibre bundles because their high stiffness as 

illustrated in Figure 3(b). Therefore, the bending with shear 

deformation (causing a longitudinal cracking) of the trans- 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Schematic representation: (a) loading direction with cross-over point; (b) longitudinal and transverse fibre bundles near CRP/GRP 
interface before and after longitudinal tensile loading; and (c) shear force directions in CRP/GRP interface due to difference in Poisson’s ratio. 
Note that the contact points between transverse fibre bundles in ‘(b)’ and ‘(c)’ are in reality at random.

(Rn = 73.5%) (Rn = 69.3%) 

q = 1.048 q = 1.052 

6.54 9.12 
13.40 

(R0 = 85.9%) (R0 = 84.1%) 
(Rn = 86.3%) (Rn = 88.3%) 

q = 0.995 q = 1.074 

(R0 = 77.0%) (R0 = 72.9%) 

15.14 

5 mm hole 

 
10.18 
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verse carbon fibre bundles would take place more near the 

interface than those far away and surrounded by CRP plies. 

More importantly, such compliant behaviour of longitudinal 

glass fibre bundles with respect to the longitudinal carbon 

fibre bundle produces a difference in transverse elongation 

between two dissimilar plies despite the external iso-strain 

loading. Also, more obviously the difference in Poisson’s 

ratio between two different sub-composite systems (see 

Table 2) produces different internal force directions as il-

lustrated in Figure 3(c)—a larger lateral contraction of glass 

fibre bundles and a relatively smaller lateral contraction of 

carbon fibre bundles. Accordingly, it can be hypothesized (to 

be referred to as the First Hypothesis) that the difference be-

tween two different sets of properties produces shear stress 

7.55 
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in CRP/GRP interface, and eventually become a source for 

CRP/GRP interfacial delamination or longitudinal cracking. 

Further, two sub-systems can be compared at a large scale 

for general macroscopic fatigue damage with the benefit 

of discussion here and the initial material conditions given 

in Inequalities (3)–(5). Then, the likelihood that the three 

events, ‘(i)’, ‘(ii)’ and ‘(iii)’, described above take place 

more intensively in CRP sub-system than in GRP sub-sys-

tem allowing us to hypothesize (to be referred to as the Sec-

ond Hypothesis) that inter-fibre bundle delamination occurs 

more severely to CRP sub-system than GRP sub-system. 

Fatigue micro-cracking near CRP/GRP interface ob-

served are shown for some typical ones in Figure 4. The 

dashed lines and dotted lines were superimposed on im-

ages along cracks indicate crack locations for longitudinal 

and transverse cracks, respectively. Figure 4 shows a crack 

formed for an interfacial delamination and then branched 

out at the multiple points to turn into transverse cracking in 

the transverse carbon fibre bundle. Also, a long longitudi-

nal crack in a longitudinal carbon fibre bundle cross-jointed 

with one of the transverse cracks originated from the CRP/ 

GRP interfacial delamination is seen. The crack branching 

tends to be in the transverse direction, indicating that it is 

affected by the longitudinal principle stress eventually. The 

crack opening magnitudes indicate that the crack branch-

ing is evidently emanated from the interfacial delamination. 

Therefore, the evidence here supports the First Hypothesis 

set up above. 

However, the observations are not sufficient conditions 

but necessary for the possibility that the interface is the most 

probable damage initiation site constituting a macroscopic 

damage pattern. 

At a larger scale, it is commonly observed that the inter-

fibre bundle delamination occurs more in CRP sub-system 

than GRP sub-system as shown in Figure 5. The macroscop-

ic damage pattern along with the micro-cracking (Figure 4) 

appears to be sufficient to support both the First and Second 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Damage near CRP/GRP interface with transverse crack-
ing in a longitudinal carbon fibre bundle, and longitudinal cracking 
near GRP/CRP interface causing cross-over point delamination near 
GRP/CRP interface. The dashed and dotted lines indicate longitudi-
nal and transverse cracking, respectively [31].

Figure 5. Inter-fibre bundle delamination at a large scale on thick-
ness area of test specimen with a hole diameter of 5mm after the 
fatigue damage at R = 0.1. (The inter-fibre bundle delamination ap-
pears as the darkest colour and gaps in contrast with undamaged 
CRP plies) [31]. 

 
 

Hypotheses. Figure 6 shows the macroscopic damage pat-

tern under static loading. It appears similar to that under fa-

tigue loading (Figure 5) to support the similarities between 

static and fatigue loading discussed under the theoretical 

framework. 

 
5.4. Other Patterns of Micro-damage 

 

Other patterns of micro-damage in terms of crack initia-

tion location and cracking direction were observed and sum-

marised in Figure 7. As expected and discussed under Sec-

tion 3, many different patterns were found even though some 

of those were not eventuated for observable macroscopic 

damage patterns. They include: transverse cracking initiated 

from delamination [Figure 7(a), (b)]; inter-ply delamina-

tion [Figure 7(c)]; longitudinal crack in transverse carbon 

fibre bundle [Figure 7(d)]; cavity in transverse carbon fi-

bre bundle [Figure 7(e)]; GRP/CRP interface delemination 

and transverse cracking [Figure 7(f)]; cavity in transverse 

glass fibre bundle and longitudinal cracking [Figure 7(g)]; 

transverse cracking between two cavities in transverse glass 

fibre bundles [Figure 7(h)]; transverse cracking through 

both transverse and longitudinal fibre bundles [Figure 7(i)]; 

transverse cracking originated from interface [Figure 7(j)]; 

and longitudinal cracking in transverse glass fibre bundle 

[Figure 7(k)]. The damage initiation locations discussed un- 

 
 
 
 
 
 
 
 
 
 
 
Figure 6. Inter-fibre bundle delamination at a large scale on thick-
ness area of test specimen with a hole diameter of 10 mm. 
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Figure 6. Schematic summary of various fatigue damage patterns in terms of crack initiation location and cracking direction in CGRP hybrid: 
(a)-( b) transverse cracking initiated from delamination; (c) inter-ply delamination; (d) longitudinal crack in transverse carbon fibre bundle; (e) 
cavity in transverse carbon fibre bundle; (f) GRP/CRP interface delemination and transverse cracking; (g) cavity in transverse glass fibre bundle 
and longitudinal cracking; (h) transverse cracking between two cavities in transverse glass fibre bundles; (i) transverse cracking through both 
transverse and longitudinal fibre bundles; (j) transverse cracking originated from interface; and (k) longitudinal cracking in transverse glass fibre 
bundle. 
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der Section 3 appears to be in line with these observations 

although some smaller scale ones were not confirmed (e.g. 

initiation within fibre filament). 

 
6. CONCLUSIONS 

 

• A theoretical framework is proposed as a guide to deal 

with the complexity involving uncertainties and a large 

number of variables in the hybrid composite systems. 

• A relative damage sensitivity factor has been developed 

for the quantitative comparison between non-hybrid and 

hybrid composite systems. 

• New damage mechanisms of hybrid laminates due to the 

dissimilarity between GRP and CRP systems were hy-

pothesized and tested to be valid with the evidence based 

on macroscopic and microscopic examinations. 

• The most probable initiation site of micro-fatigue damage 

mechanisms has been deduced. 
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1. INTRODUCTION

Structural Health Monitoring (SHM) aims at a timely
detection of damage or degradation phenomena affecting 

civil structures, so that condition-based maintenance can be 
carried out to improve structural reliability and safety, and 
reduce down time, inspection and maintenance costs. Tra-
ditional strategies for SHM act at a global level [1], with a 
limited number of sensors distributed over a relatively large 
area of a structure. As a consequence, only major damage 
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ABSTRACT

Civil structures always experience degradation phenomena over their lifespan. The 
recent advances in nanotechnology and sensing allow to monitor the behaviour of a 
structure, assess its performance and identify damage at an early stage. The avail-
ability of innovative, high performance sensing tools gives the opportunity to carry out 
maintenance actions in a timely manner, and this definitely enhances the structural 
reliability and safety. Several Structural Health Monitoring (SHM) applications reported 
in the literature are traditionally performed at a global level, with a limited number of 
sensors distributed over a relatively large area of a structure. The main drawback with 
those systems is related to the possibility of detecting only major damage conditions. 
A recent progress in the field of civil SHM concerns the development of dense sensor 
networks and innovative structural neural systems. The latter reproduce the structure 
and the function of the human nervous system and provides interesting opportunities 
to overcome the typical limitations of SHM related to the poor spatial resolution of mea-
surements. Miniaturization and embedment are key requirements for the successful 
implementation of structural neural systems. In this context carbon nanotubes (CNTs) 
play an attractive role in the development of embedded sensors and smart structural 
materials. In fact, they can provide to traditional cement based materials both struc-
tural capability and measurable response to applied stresses, strains, cracks and other 
flaws. As a result, cement based sensors can be developed and embedded, ensuring 
the maximum compatibility and minimum interference with the hosting structure. In this 
paper investigations about CNT/cement composites and their self-sensing capabilities 
are summarized and critically revised. The literature review has provided the informa-
tive basis for a rational analysis of published experimental results and theoretical devel-
opments. The result is an application oriented survey of the literature about CNT/cement 
composites for SHM. It provides useful design criteria for the standardized fabrication 
of CNT/cement composites optimized for SHM applications in civil engineering. Spe-
cific attention is paid to the opportunities provided by new RF plasma technologies for 
the functionalization of CNTs in view of sensor development and SHM applications.
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less sensor networks has given an interesting opportunity to 
overcome this drawback. However, the conventional engi-
neering practice in SHM is still based on adaption of com-
mercial off-the-shelf sensing technologies to the particular 
application. This represents a limitation to the integration 
of sensors in the hosting structure. An innovative approach 
consists in the integrated design and implementation of 
SHM systems, so that the implemented system can tackle 
the issues related to hardware robustness, sensor embed-
ment and operation autonomy (including energy harvesting) 
even through the fabrication of customized solutions. In this 
framework the development of innovative structural neural 
systems for integrated health management provides interest-
ing opportunities [2]. 

Neural systems mimic the structure and the functions of 
the human nervous system. They are based on the deploy-
ment of a high number of distributed sensors and nerves, and 
the implementation of parallel data processing procedures 
[3]. A successful implementation of such systems requires 
sensor miniaturization and embedment. Sensor embedment 
provides several advantages, including detection capabili-
ties in otherwise unreachable locations. However, structural 
modifications to physically accommodate SHM hardware 
are often necessary. For their compatibility with the host-
ing structure, smart materials with sensing capabilities have 
recently gained increasing attention. 

Carbon nanotube (CNT) based sensors represent a very 
promising alternative in this context, since a “bottom-up” 
design approach can be adopted to develop embedded sen-
sors and smart structural materials characterized by both 
structural capability and measurable response to applied 
stresses, strains, cracks and other flaws. 

Carbon nanotubes, first discovered by Iijima [4] in 1991, 
consist of carbon atoms bonded in a helical crystalline struc-
ture. They may appear in the form of both single wall (SW-
CNT) and multi-wall (MWCNT) carbon nanotubes. From a 
geometrical point of view, SWCNTs consist of one cylindrical 
lattice of carbon atoms while MWCNTs are characterized by 
multiple helical concentrically positioned lattices. The wall 
of a SWCNT looks like a wrapped sheet of carbon atoms in 
a periodic hexagonal arrangement, with thickness equal to a 
single atom and diameters ranging from 0.4 to 3 nm; MW-
CNTs appear as multiple concentric SWCNTs, with diameters 
ranging from 1.4 to 100 nm. The length of CNTs can be up to 
centimeters, leading to very high aspect ratios. 

CNTs are usually produced by a growth process, the so-
called Chemical Vapor Deposition, in the presence of a cata-
lyst. The synthesis is achieved under precisely controlled 
conditions.

From a mechanical standpoint, CNTs exhibit an elastic 
behavior, a very high stiffness (E ≈ 1 TPa). Their hexago-
nally-bonded carbon honeycomb structure is responsible for 
the high tensile strength (20–60 GPa, with maximum strain 
up to 10%). The excellent mechanical properties represent 

one of the reasons for the increasing interest towards CNTs. 
Most recent research studies have focused on the properties 
of CNT–polymer composites, but an increasing number of 
studies is focusing the attention on the potential of CNTs to 
enhance the performance and properties of ordinary Port-
land cement (OPC)-based binders. OPC is a hydraulic ce-
ment manufactured by burning together, in a kiln, a mixture 
of limestone and clay to form a clinker rich in calcium sili-
cates. Then the clinker is grounded into a fine powder with 
a small proportion of gypsum that assists in regulating the 
rate of setting when the cement is mixed with water. OPC 
is a brittle material, characterized by low tensile strength. 
A wide variety of reinforcing fibers have been used in the 
last three decades to enhance the performance of the mate-
rial under tensile load. They include steel, glass, carbon and 
synthetic materials. CNTs have the potential to become an 
effective reinforcement for OPC because bridging of micro-
cracks can take advantage of the small dimensions (associ-
ated with high aspect ratio) and excellent mechanical prop-
erties of CNTs. The higher strength and stiffness (by order of 
magnitudes) of CNTs with respect to cement allow to share 
large loads from the cement matrix without the problem of 
tube fracture. Another advantage in using CNTs as rein-
forcement in cement is their low density (typically, less than  
1500 kg/m3, about 80% lighter than steel). Thus, as a re-
sult of the high aspect ratio and low mass density, CNTs can 
be promising reinforcements for cement thanks to the large 
contact area and the reduced weight penalty.

From the electrical point of view, the orientation of the car-
bon atoms in the lattice structure of the tubes determines the 
classification of CNTs as conductors or semi-conductors. The 
high strength and stiffness and the high thermal and electrical 
conductivities of CNTs make them promising for the devel-
opment of a lot of applications, including new, high perfor-
mance smart composite materials for SHM [5]. In fact, the 
conductivity of CNTs leads to the enhancement of both con-
ductivity and piezoresistive response of cement. In particular, 
the piezoresistive response is relevant to develop intrinsically 
self-sensing materials. In this perspective, CNT/cement com-
posites become themselves sensors and they can be integrated 
into the hosting structures for civil SHM purposes. The piezo-
resistive (pressure-sensitive) response of CNT/cement com-
posites is associated with complex electrical properties in-
cluding resistance, capacitance and impedance characteristics. 
This is the result of two types of electrical conduction in CNT/
cement composites: electronic conduction and ionic conduc-
tion. Electrons move freely within CNT, while ion movement 
mainly occurs in the pore solution of hydrated cement. Sev-
eral research studies have been initiated in recent years aimed 
at the development and characterization of CNT based com-
posites for a number of different applications. In particular, 
several studies have focused their attention on the definition 
of the most appropriate technique for the functionalization of 
carbon nanotubes in view of a certain application.
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In this paper investigations about CNT/cement com-
posites and their self-sensing capabilities are summarized 
and critically revised. The literature review has provided 
the informative basis for a rational analysis of published 
experimental results and theoretical developments. The 
result is an application-oriented survey of the literature 
about CNT/cement composites for SHM which provides 
useful design criteria for the standardized fabrication of 
CNT/cement composites optimized for SHM applications 
in civil engineering. Attention is focused on CNTs dis-
persed in cement paste; dispersion of CNTs in mortar or 
concrete is out of the scope of the paper, since additional 
issues, such as double percolation, arise as a consequence 
of the presence of aggregates [6]. Specific attention is 
devoted to the opportunities offered by new RF plasma 
technologies for the functionalization of CNTs in view of 
sensor development and SHM applications.

The paper is organized as follows. In Section 2, after the 
analysis of different options for CNT functionalization, inno-
vative RF plasma technologies are briefly illustrated, point-
ing out the advantages that make them the ideal solution 
for the functionalization and dispersion of CNTs in cement 
paste. In Section 3 the recommended concentration of CNTs 
in cement paste and techniques for an effective dispersion of 
CNTs are discussed as a result of a literature review. Finally, 
additional issues concerning sensor fabrication are analyzed 
in Section 4. Even if these different aspects of fabrication 
of CNT/cement composites for SHM applications are sepa-
rately discussed for the sake of clarity, they are strongly in-
terdependent. As a final result, the present study is intended 
as a contribution to the definition of specific guidelines for 
a standardized fabrication of CNT/cement based sensors for 
SHM of civil structures.

2. APPROACHES TO CNT FUNCTIONALIZATION

Piezoresistivity is the property of CNT/cement compos-
ites that plays a fundamental role in the development of self-
sensing materials. The electrical resistance of a piezoresis-
tive material changes in response to the applied strain. The 
piezoresistive behavior of CNT/cement composites is a re-
sult of the dispersion of CNTs in the cement matrix. In fact, 
the high electrical conductivity of CNTs and the electrical 
tunneling through the matrix [7] increase the conductivity 
of the cement paste. The contribution of electrical tunnel-
ing mainly depends on the physical characteristics of CNTs, 
tunneling gap and conductive properties of the matrix fill-
ing this gap. The electrical resistance of the composite un-
der applied loads changes as a result of both the changes in 
length and diameter of CNTs and, above all, in the tunneling 
gap. An effective dispersion of CNTs in the cement matrix 
is therefore critical to ensure the piezoresistive behavior of 
the composite. 

Dispersion of CNTs in aqueous media is usually very 
difficult because of the strong Van der Waals forces, which 
cause agglomeration of CNTs. Dispersion technologies 
usually take advantage of both mechanical agitation and 
chemical treatment approaches [8]. The final selection of 
the dispersion methodology also depends on the required 
characteristics for the composite. Mechanical methods, such 
as ultrasonication, lead to a temporary dispersion of CNTs. 
Agglomeration of CNTs after sonication can be prevented 
by applying ultrasonication in combination with function-
alization. This can consist of either chemical (covalent) or 
physical (non-covalent) treatments. In the first case func-
tionalization of CNT surfaces is obtained by means of neat 
acids, such as H2SO4 and HNO3 [5,9]. The acid treatment 
leads to a reaction between the oxygen atoms from the acids 
and the carbon atoms in those locations where the latter are 
more reactive, namely on the ends, curvatures and defects of 
the nanotubes [10]. As a result of the oxidation, negatively 
charged carboxylic groups are bonded to the CNT surface 
(covalent surface modification). The electrostatic repulsion 
force between the negative charges allows for the dispersion 
of CNTs in water without any surfactant and make them less 
prone to agglomeration. However, acid functionalization 
may cause structural defects. They have a detrimental effect 
on the electrical conductivity of the individual nanotubes 
[9]. Nevertheless, the better dispersion of the functionalized 
CNTs with respect to the untreated ones is still effective in 
determining an overall piezoresistive behavior of the com-
posite. In particular, the achieved effective dispersion leads 
to a high sensitivity of the composite, since contact points 
and distances among tubes noticeably vary with the varia-
tion of applied force.

In the case of non-covalent treatment, the dispersing 
chemical groups are physically attached onto the CNT sur-
face without disturbing the strong covalent bonds of the tube 
lattice [11]. Non-covalent functionalization is definitely at-
tractive for those applications requiring a preservation of the 
properties and purity of CNTs. For this reason the combined 
use of surfactants and mechanical agitation has become fair-
ly popular. However, surfactants might not represent an ef-
fective solution for the functionalization of CNTs when the 
piezoresistive response of the CNT/cement composite is of 
interest. A comparative assessment of the piezoresistive re-
sponses of two composites characterized by different fabri-
cation methods is reported in [5], where the effect of surfac-
tants and acid treatment on the sensitivity of the composite 
to the applied loads has been investigated in detail. In a first 
case, CNTs have been dispersed in water by covalent treat-
ment. MWCNTs were treated with a mixture of 98% H2SO4 
and 66% HNO3 (3:1 ratio). Acid-treated MWCNTs were 
dispersed in water and then mixed with Portland cement 
without adding sand or aggregate; the water/cement (w/c) 
ratio was 0.45 and the concentration of MWCNTs was 0.1% 
weight of cement. In a second case, CNTs were wrapped 
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by surfactants, dispersed in an aqueous solution and mixed 
with cement. The w/c ratio and CNT concentration were the 
same as before. Compression tests have shown that covalent 
treatment leads to a stronger piezoresistive response and a 
higher signal-to-noise ratio than the non-covalent method. 
This can be addressed to the different nanotube to nanotube 
interfaces. In fact, the use of surfactants preserves the elec-
trical and mechanical properties of CNTs, but tunneling and, 
therefore, the piezoresistive response of the composite are 
negatively affected. On the other hand, the acid treatment 
decreases the electrical conductivity of individual CNTs [9], 
but it does not prevent tunneling, thus resulting in a better 
piezoresistive response of the composite at the macro-scale 
[5]. Untreated CNTs or non-covalent treatments can be, in-
stead, recommended when the objective of doping is a re-
duction of the electrical resistance of the cement paste or an 
improvement of its mechanical properties.

The above reported discussion points out that the adopted 
functionalization method obviously affects also the mechan-
ical properties of the composite. In spite of their excellent 
mechanical properties, untreated CNTs show poor adhesion 
with the matrix and that causes sliding [12]. Moreover, since 
they are prone to agglomeration after sonication, the CNTs 
assembled in bundles show additional sliding inside the 
bundle that prevents a satisfactory load transfer [13]. Non-
covalent treatment preserves the properties of CNTs but the 
amount of surfactant has a strong influence on the final me-
chanical properties of the cement composite [14]. In fact, 
a small amount of surfactant reduces the protection against 
agglomeration, while large amounts lead to a reduction of 
the repulsion forces [15]. In both cases, sliding inside the 
bundles occurs and affects the load transfer. In spite of the 
detriment of graphitization degree caused by acids, covalent 
treatment ensures also a chemical bond with the matrix, and 
the presence of carboxylic groups enhances the reinforce-
ment efficiency [13].

The above discussion seems to suggest the adoption of co-
valent treatment for SHM applications of CNT/cement com-
posites. In fact, it ensures an effective dispersion of CNTs in 
the matrix, a mechanical efficiency due to the chemical bond 
between carboxylic groups and cement matrix and, above 
all, an optimal piezoresistive response (even in the case of 
cyclic loads) with a high signal-to-noise ratio. Acid treat-
ment has a large capacity to functionalize nanotubes in large 
amount. However, this approach involves also multiple steps 
such as filtering, sonication, mixing and drying processes, 
which generate a lot of defects in the nanotubes and the yield 
rate is pretty low [16,17]. 

In order to overcome the main drawback related to the 
detrimental effect of acid functionalization on the graphi-
tization degree, innovative RF plasma technologies for the 
functionalization of CNTs in view of sensor development for 
SHM applications are under investigation at the University 
of Cincinnati. They are able to attach the functional groups 

on the surface of CNTs while preserving their mechanical 
properties. This functionalization procedure also improves 
dispersion of nanotubes in the host matrix. The proposed 
approach is called “dry functionalization” using cold plas-
ma state. Plasma functionalization is clean, efficient, low-
temperature approach using a glow discharge. It is able 
to decrease substantially the damage on the CNT. In fact, 
the surface modification of CNTs is achieved in low tem-
perature plasmas. By such a treatment, oxygen and nitrogen 
containing groups can be bonded to the surface of CNTs. 
[18,19,20,21]. A homogeneous treatment of CNTs requires 
the development of appropriate techniques for fluidizing the 
CNTs in the plasma zone. The available studies related to 
plasma treatment of CNT materials [18,19,21,22] show that 
these techniques are based on expensive, low pressure plas-
ma facilities which require sophisticated vacuum pumps, 
and complicate the deposition system. 

Thus, an innovative plasma treatment [23,24] for CNT 
functionalization at low and atmospheric pressure using dif-
ferent precursor gases is investigated. The effect of the pro-
cess parameters such as gas composition, plasma power and 
the nature of the CNT has been studied. Ammonia, HCOOH, 
H2, O2, and CO2 have been experimented as plasma gases. 
The plasma environment that they create contributes to the 
attachment of different functional groups to the CNT surface 
such as: C–N=O, C–NH2, C–OH, C–H, C=O, and COOH. 
Various parameters may influence the density of spores in 
the water after exposure to the plasma. These parameters are 
the type of gas or gas mixture used to generate the plasma, 
distance of the suspension to the plasma source, gas flow 
rate, and forward power to the plasma. A number of param-
eters influencing the functionalization of the CNT material 
have been investigated; they are: 

1. frequency of the plasma, which determines how ener-
getic are the plasma species; 

2. treatment time; 
3. type of gas or gas mixture (Helium, Hydrogen, Argon, 

Oxygen and ambient air) used to generate the plasma;
4. plasma gas flow rate;
5. distance of the suspension to the plasma source; 
6. forward power to the plasma. 

A matrix of experiments has been designed to observe 
how variation of these parameters affects the CNT function-
alization over time. An example of selected parameters is re-
ported in Table 1. The targeted plasma treatment conditions 
included optimal combination of parameters resulting in the 
most efficient functionalization using the lowest amount of 
input energy, gas volume and time. The optimization of the 
innovative plasma functionalization process has taken ad-
vantage of both the results of the experiments and the feed-
back from the analytical work after plasma treatment of the 
CNTs.
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The approach to plasma functionalization of CNTs is 
based on the Atmospheric Plasma Deposition System. 
This torch is capable of generating high-density plasma 
of reactive species at ambient pressure and temperatures 
below 250°C. It is a downstream source that eliminates ion 
bombardment of the sample. The base unit is supplied with 
an applicator with 25 mm in diameter active area, and an 
air-cooled 300 W RF generator performing at 27.12 MHz. 
The RF atmospheric pressure plasma source is shown in 
Figure 1. It will produce a plasma environment at very 
low temperature (below 75°C), which will preserve the 
CNT materials from damaging. The RF applicator can be 
scaled up to circular or rectangular plasma sources with 
greater dimensions for treating big area CNT structures. 
The torch can be mounted on an automated scanning stage 

to uniformly treat large substrates, from a few inches to 
several feet across. The plasma operates with helium and 
any reagent gas, such as oxygen, hydrogen, nitrogen, or 
carbon tetrafluoride.

The functionalized CNTs and their surface composition 
are characterized by X-ray Photoelectron Spectroscopy 
(XPS), Time-of-Flight Secondary Ion Mass Spectrometry 
(TOF SIMS) and Fourier Transform Infrared Spectroscopy 
(IRFT). XPS provides data related to the elemental composi-
tion on the surface of the CNTs after functionalization. TOF 
SIMS and FTIR help identifying the functional groups co-
valently bonded to the CNT surface. These three analytical 
techniques are available at the University of Cincinnati and 
applied in the present research.

The validation and optimization of the innovative RF 
plasma functionalization method is still in progress, but the 
herein discussed aspects and preliminary results point out 
that it represents a very promising and effective alternative 
for functionalization of CNTs. The ability to preserve the 
structure and, therefore, the mechanical properties of CNTs 
makes this method ideal for applications aimed at both the 
development of self-sensing materials and the improvement 
of the mechanical performance of cement based materials. 
An experimental validation based on the comparative analy-
sis of the piezoresistive response of acid functionalized and 
plasma functionalized CNT/cement composites will be the 
objective of future investigations.

Table 1. Influence of Selected Plasma Parameters on 
CNT Functionalization—Matrix of Experiments.

Parameter Value

Plasma Frequency Microwave RF
Time of Treatment (minutes) 1 5 10 20 30
Nature of the Plasma Gas He H2 Ar O2 Air
Plasma Gas Flow Rate (SCLM) 1 2 3 4 5
Distance of CNT surface from 

Plasma Nozzle (cm) –0.5 0 0.5 1.0 2.0
Power of the Plasma (W) 100 200 300 400 500

Figure 1. RF Atmospheric pressure plasma source: power supply (a); plasma torch (b); O2 plasma source in action (c, d).
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3. RECOMMENDED CNT CONCENTRATION AND 
DISPERSION IN CEMENT PASTE

The classical covalent and non-covalent treatments are 
not sufficient in themselves to obtain an effective dispersion 
of CNTs in the cement matrix. As mentioned in the previ-
ous section, the application of ultrasonic energy is abso-
lutely required [14]. An extensive literature review reveals 
that, independently on the objective of the research (in the 
literature there are several studies focused on the analysis 
of the performance obtained from different functionalization 
treatments; some of them have been previously discussed, 
but there are also other interesting papers focused, for in-
stance, on the analysis of the capability of different surfac-
tants in dispersing MWCNTs and their compatibility with 
cement [25], or on the identification of the optimum weight 
ratio of surfactant to CNTs for complete dispersion [14], that 
are out of the scope of the present paper), functionalization 
is always applied in combination with mechanical agita-
tion, usually ultrasonication. However, duration and power 
of sonication differ from one paper to another and they are 
sometimes not declared. Acid treatment is usually associ-
ated to sonication for 1–3 hours [5,7,26]. A summary of the 
adopted values of sonication power and time is reported in 
Table 2; in those case where the sonication power was not 
declared, it has been inferred from the model of the ultra-
sonic bath whenever possible.

A detailed description of the procedure for dispersion of 
CNTs by sonication and covalent treatment is reported in 
[26]. The information about sonication power is also criti-
cal, but it can be hardly recovered from a literature review. 
In principle, an excessive sonicating energy causes defects 
and serious damage to CNTs [2, 27]. In order to preserve 
the length and structure of CNTs, low power bath sonica-
tion is recommended [2]. The usually adopted sonicators 
are characterized by the following specifications: 80–130 W 
maximum input power and 20–40 kHz frequency. Moreover, 
the following value of the power per solution volume can be 
adopted as a reference to avoid breakdown of CNTs: 0.4626 
W/ml [27].

Workability of the composite, percolation threshold and 

cost mainly influence the choice of the type and quantity of 
CNTs to be dispersed in the cement matrix. MWCNTs are 
less expensive than SWCNTs [8] and represent a more prof-
itable choice for extensive research purposes and practical 
applications. Higher workability problems are reported in 
the literature when SWCNTs are used to prepare the samples 
[28]. The fluidity of the mix, in particular, plays a primary 
role in molding. The drop of fluidity is due to the large sur-
face area of CNTs that causes a significant amount of surface 
interactions within the mix. As a consequence, the use of 
MWCNTs, characterized by larger diameters and, therefore, 
a lower surface-area-to-volume (SA/V) ratio with respect 
to SWCNTs [27], can be recommended to ensure sufficient 
workability, in spite of the more effective mechanical rein-
forcement associated with the use of SWCNTs.

The fabrication of smart cement composites for SHM 
based on MWCNTs requires the choice of their aspect ra-
tio (length-to-diameter ratio). In fact, it has a large influence 
on both dispersion and electro-mechanical behavior of the 
composite. Since sonication can damage long CNTs, the ef-
fective dispersion of long CNTs without breaking them is 
fairly difficult. Another drawback with the use of long CNTs 
is related to the percolation phenomenon. The inclusion of 
CNTs makes cement more conductive and this effect further 
advances with their addition until the volume fraction reach-
es the percolation threshold. Increasing the concentration of 
CNTs beyond this threshold only results in marginal increas-
es in the electrical conductivity of the composite. Thus, the 
percolation theory [29] provides important guidelines for the 
manufacture of CNT/cement composites.

In [30] it is shown that the percolation concentration de-
pends on conductive fibre geometry instead of system com-
position: the longer the conductive elements, the lower the 
threshold. Thus, long CNTs are more prone to create a con-
tinuous conductive path and this affects also the piezoresis-
tive response of the composite. In fact, when a continuous 
network of CNTs is formed, the change in the resistance of 
the composite under the applied loads is mainly due to the 
change in geometry and, therefore, electrical resistance of 
the nanotube network. This resistance change is fairly low 
because of the very small elastic deformation of CNTs. On 

Table 2. Sonication Power and Time in the Fabrication of Self-sensing CNT/Cement Composites.

Reference Functionalization Sonication Power [W] Sonication Time [min]

Yu and Kwon (2009) [5] Non-covalent N.A. 60
Yu and Kwon (2009) [5] Covalent N.A. 60
Han et al. (2011) [35] Non-covalent 130 120
Konsta-Gdoutos et al. (2010) [14] Non-covalent 500 N.A.
Li et al. (2007) [9] Covalent 100 N.A.
Li et al. (2005) [26] Covalent N.A. 180
Han et al. (2010) [7] Non-covalent 130 120
Coppola et al. 2011 [31] Non-covalent N.A. 150
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the contrary, the effective dispersion of CNTs in the ma-
trix avoids the formation of a continuous conductive path, 
and the resistance change of the composite is mainly due 
to changes in the contact resistance. This is associated to 
thickness variations of the insulating matrix between adja-
cent nanotubes where tunneling (Figure 2) takes place. Thus, 
short MWCNTs are recommended over the long ones since 
they can be more effectively dispersed in the matrix. They 
lead to higher percolation threshold since the creation of a 
continuous conductive path is more difficult.

As reported in [31], the percolation threshold of CNT/ce-
ment composites is likely lower than 1% of cement content, 
when the matrix is made by cement paste and MWCNTs are 
adopted. This is in agreement with the typical concentration 
of CNTs (in the range 0.1–0.5% weight of cement) adopted 
in the fabrication of cement based sensors [5,7,9,31,32,33]. 
It is worth noting that the percolation threshold is higher 
when the matrix is made by mortar instead of cement paste 
[31]. This is a result of the double percolation, as discussed 
in [6].

4. ADDITIONAL REMARKS ON THE PREPARA-
TION OF SAMPLES

Additional aspects about sensor fabrication concern the 
definition of an appropriate w/c ratio and the effect of water 
content on the piezoresistivity of MWCNT/cement compos-
ites. The variations of w/c ratio among a number of different 
studies are moderate. The w/c ratio is usually set in the range 
0.4–0.6 for different types of functionalization, MWCNT 
characteristics and procedures of fabrication of the compos-
ite. It is worth pointing out here that the hydrophilic nature 
of acid treated CNTs can reduce the amount of available wa-
ter for cement hydration [13]. Thus, a suitable hydration of 
the cement paste requires a w/c ratio in the range 0.5–0.6 
when acid treated MWCNTs are used.

After preparation of the mix, it is usually poured into oiled 
molds, surface-smoothed and covered with plastic films. 
Specimens are demolded 24 h after casting and cured under 
the standard condition at a temperature of 20°C and a rela-
tive humidity of 100% for 28 days. Finally, they are dried, at 
room temperature or in oven. However, tests on these speci-
mens are not fully representative of the actual conditions in 
the host structure. The real conditions of application in civil 
engineering require the consideration of the effect of wa-
ter content on the piezoresistive response of the composite. 
In fact, even if the primary conduction path is represented 
by CNTs, the amount of un-hydrated water in the compos-
ite also influences the overall resistivity as an effect of the 
ion movement in the pore solution of hydrated cement. In 
[7] it is shown that water content plays an important role in 
determining the sensitivity of the sensors. In particular, this 
improves until a 6% water content, then it gets worse. Thus, 
excessive water content (over 7–8%) has to be avoided to 
obtain the best self-sensing performance.

A proper measurement scheme has to be set to measure 
the resistivity changes in the specimens. The main issues are 
related to the setting of the current frequency and the se-
lection between the two-probe and the four-probe layout. In 
carboxyl MWCNT/cement composites the resistance shows 
a reversible pressure-sensitive response to compressive load-
ing. However, these composites have both resistance and ca-
pacitance characteristics, and the capacitance is insensitive 
to compressive loading. The charging of the capacitor just 
causes a linear increase in the measured resistance during 
DC measurement [33]. This is an effect of electric polariza-
tion. The tendency to polarize decreases when the material 
is more conductive, so addition of CNTs to the cement paste 
reduces this effect. However, since CNT/cement composites 
are also capacitive, charge build-up is possible and appropri-
ate countermeasures have to be taken to prevent polariza-
tion. Since capacitance is inversely proportional to current 
frequency, the effects of reactance can be reduced using high 
frequency AC, so that only the resistive component is used 
for sensing purposes. When the phase angle is zero, purely 
resistive impedance occurs.

Therefore, measurements of the phase angle at different 
current frequencies allow the identification of the best set-
ting for the current frequency. Even if resistance is gener-
ally assumed constant and independent of frequency, the 
resistance of a circuit to AC is greater than its resistance to 
DC. This effect is small at low frequencies, but it has to be 
taken into account at high frequencies, where the difference 
becomes more pronounced [34]. The piezoresistive sensitiv-
ity of carboxyl MWCNT/cement composites also increases 
with the decrease of AC voltage amplitude [33]. In fact, high 
voltage amplitude at both ends of the composite can more 
easily induce capacitor charging and discharging during 
the test. Thus, a proper setting of the current frequency and 
adoption of low amplitude AC voltage give a contribution 

Figure 2. Illustration of electrical tunneling between adjacent carbon 
nanotubes in the cement matrix.
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in eliminating the effect of capacitance on the pressure-sen-
sitive responses of carboxyl MWCNT/cement composites.

Clean and corrosion-free electrodes have to be used for 
resistance measurements. Both stainless steel and copper 
gauzes are usually adopted [31,35]. Additional recommen-
dations about electrode design and measuring method can 
be found in [36], even if attention is there focused on carbon 
fiber cement paste piezoresistive sensors. The use of copper 
gauzes is recommended since copper shows high durabil-
ity, low polarization and small contact resistance, and it can 
be more easily embedded into the composite. Moreover the 
area of voltage pole and the mesh size of gauze electrode do 
not influence the resistivity. Since the mesh size has negli-
gible influence on the accuracy of measurements, fairly large 
values can be adopted to reduce the influence of the probes 
on the mechanical properties of the composite. The four-
pole layout has to be adopted whenever possible, since it can 
eliminate the contact resistance whereas the direct-current 
two-pole method cannot. 

The spacing between current and voltage poles does 
not influence the resistivity when larger than the critical 
value of 0.75 cm. Finally, since the specimen capacitance 

becomes more influential at smaller inter-electrode spac-
ing, the distance between the (inner) probes has to ensure 
that the resistivity values do not decrease but remain almost 
constant while increasing the spacing [37]. Previous studies 
have shown that this spacing can be set equal to 40 mm for 
carboxyl MWCNT/cement composites and four probe mea-
surements [9,31].

In summary, as a result of the present research, a stan-
dardized fabrication procedure for CNT/cement sensors 
can be outlined as in Figure 3. The optimal concentration 
of MWCNTs can be found by changing the value of CNT 
concentration until the piezoresistive sensitivity of the com-
posite is maximized.

5. CONCLUSIONS

The present study represents one of the outcomes of a 
joint US-Italy research program aiming at the development 
of a biomimetic SHM system for civil structures. The main 
components of such a system will be the embedded CNT/
cement sensors. Thus, different aspects of fabrication of 
CNT/cement composites for SHM applications have been 

Figure 3. Illustration of the designed fabrication process of MWCNT/cement sensors.



Towards the Standardized Fabrication of CNT-Cement Based Composites for Structural Health Monitoring 155

discussed, focusing the attention in particular on an innova-
tive RF plasma technology for CNT functionalization. This 
is able to attach different functional groups on the surface 
of CNTs without damaging them, thus preserving their ex-
cellent mechanical and electrical properties. The possibility 
to attach carboxyl groups makes the plasma functionalized 
CNTs appropriate for dispersion in cement matrices. The op-
timization of this innovative functionalization technology is 
still under development in view of the applications, but it 
can be already considered a promising alternative for CNT 
functionalization and fabrication of smart cement compos-
ites. As a result of the herein described research, guidelines 
for the standardized fabrication of effective CNT/cement 
sensors for SHM of civil structures have also been identified 
and reported. 

In summary, carboxyl (both acid treated or plasma func-
tionalized) MWCNTs have to be dispersed in aqueous solu-
tion. Low power sonication has to be also applied for 2 h 
when acid functionalization is adopted. CNTs can then be 
mixed with the cement paste (optimal w/c ratio ≈ 0.56). Cop-
per gauzes characterized by a fairly coarse mesh can be used 
as electrodes and embedded in the paste at proper distance. A 
four probe layout is recommended. A spacing between cur-
rent and voltage poles larger than 0.75 cm has to be adopted. 
After demolding and curing, the piezoresistive response can 
be measured through an impedance analyzer, by setting the 
AC current frequency in a way able to obtain purely resistive 
impedance. The definition of the most appropriate concentra-
tion of MWCNTs is still an open issue. However, a proper 
calibration of its value can be done by means of the maximi-
zation of the piezoresistive sensitivity of the composite. This 
specific aspect is out of the scope of the present paper. It is 
under development and represents the future step of the work.
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1. INTRODUCTION

Carbon nanotubes have attracted considerable attention
from scientists due to the special properties of these nano-
sized structures, which make them excellent candidates for 
various technological applications [1–3]. Of the various 
methods adopted to produce Carbon nanotubes [4–12], the 
Chemical Vapor Deposition (CVD) technique is a cheap and 
simple process, and hence has been investigated through 
experimental studies and theoretical modeling, with a view 
to optimize the technique [13–17]. The method involves a 
two-step procedure, consisting of a catalyst preparation step 
(coating of iron catalyst on an appropriate substrate) fol-
lowed by deposition of the nanotubes on the catalyst-coated 
substrate placed inside a furnace, due to the chemical reac-
tions, starting from a gaseous precursor such as acetylene. 
Carbon nanotubes will be formed if proper physical param-
eters are maintained in the process. The important influenc-
ing factors in the formation of carbon nanotubes are the 
synthesis temperature, pressure, the volumetric flow rate of 

the precursor, the catalyst and the supporting material. These 
conditions can vary throughout the CVD reactor during the 
growth of carbon nanotubes. Since some previous publica-
tions [18–23] suggest that the geometry and yield of car-
bon nanotube are influenced by its growth temperature, it is 
required to find out the temperature distributions inside the 
furnace to develop a good theoretical model aimed at the de-
sign and optimization of the CVD reactor. A computational 
fluid dynamic model would provide a good description of 
the local temperature distribution and deposition of amor-
phous carbon inside the reactor. 

Previous publications have explored the influence of vari-
ous parameters of the CVD reactor during the carbon nano-
tube formation. Grujicic et al. [24] used a coupled boundary 
layer laminar flow hydrodynamic, heat transfer, gas-phase 
chemistry and surface chemistry model to examine CVD of 
carbon nanotubes consisting of methane and hydrogen in the 
presence of cobalt catalytic particle in a cylindrical reactor. 
The model determines the gas—phase fields for tempera-
ture, velocity, and species concentration as well as the sur-
face coverages, the carbon nanotube growth rate and deposi-
tion rate of amorphous carbon. Kuwana et al. [25] applied a *Corresponding author. Email: raji.kochandra@gmail.com
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ABSTRACT

A theoretical analysis of the Chemical Vapor Deposition (CVD) process for synthesis of 
carbon nanotubes, in order to predict the spatial distributions of the concentration, ve-
locity and temperature inside the reactor has been presented in this paper. The analysis 
is performed by solving the governing differential equations pertaining to the process 
which involves catalytic chemical vapor deposition (CCVD) with acetylene as the car-
bon source and iron oxide as the catalyst. The system of equations, namely the mo-
mentum, energy and mass transport equations have been solved using the COMSOL 
software. The predicted values of the carbon nanotube yield from the chemical kinetics 
model have been verified using experimental results. The analysis presented offers an 
effective tool in designing the CVD furnace and deciding on the operational parameters 
to be used, in the synthesis of carbon nanotubes using the Chemical Vapor Deposition 
method.
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computational fluid dynamics model with multi step chemi-
cal reactions to calculate the yield of multi walled carbon 
nanotubes produced from a Xylene-based chemical vapor 
deposition reactor. A laboratory-scale two-step CVD reac-
tor was developed, that can synthesize multiwalled carbon 
nanotubes and used to measure the total yield of nanotubes 
with a microbalance. They predicted the total yield and de-
position rate of nanotubes over different time periods. In fur-
ther work [26] a two-equation model was presented, which 
could predict the formation of iron nanoparticles from ferro-
cene fed in to a CVD reactor. The model, combined with an 
axisymmetric two-dimensional computational fluid dynam-
ics (CFD) simulation, included the mechanism of nucleation 
and surface growth of an iron particle and bi-particle colli-
sion. The model predicted that the diameter of a particle will 
increase with an increase in the reaction temperature or the 
radial distance from the center of the reactor. 

 Kuwana et al. [27] applied a series of computational cal-
culations to understand the gas-phase reactions of Xylene, 
a typical feedstock for carbon nanotubes. They combined a 
xylene reaction model and a soot formation model and cal-
culated the isothermal pyrolysis of xylene to understand the 
gas-phase species during the CVD synthesis of carbon nano-
tubes. Their model showed that xylene and toluene were the 
major gas-phase species at temperatures lower than 973 K, 
implying that nanotubes were formed through the interac-
tion between catalyst and xylene and/or toluene at these tem-
peratures. At higher temperatures, however, a considerable 
amount of acetylene was found which possibly enhanced 
the growth of polycyclic aromatic hydrocarbons and soot as 
evidenced at 1373 K. Endo et al. [28] presented a computa-
tional fluid dynamics model to predict the production rate of 
nanotubes via catalytic decomposition of Xylene in a CVD 
reactor. In this model, two gas-phase reactions and four sur-
face reactions were considered. This model predicted uni-
form velocity and temperature distributions in the furnace 
region and also the total production rates of CNTs.

 A reaction scale simulation was performed on a tube 
flow CVD reactor by Lombardo et al. [29] using the soft-
ware package COMSOL. The simulation was done to ob-
serve how different combinations of parameters affect the 
growth rate of CNTs, in order to understand how to optimize 
the reactor. The model revealed multiple limiting regimes 
of CNT growth at different reaction conditions. Mishra [30] 
carried out a CFD study to simulate velocity, temperature, 
and concentration profiles in a vertical chemical vapor de-
position (CVD) reactor used for growing carbon nanofibers 
(CNFs). The numerical model was solved by taking conser-
vation equations of momentum, energy, and species. Natural 
convection effects on the heat-transfer and the exothermic 
heat generation due to the decomposition of benzene were 
included. The simulation results revealed that approximately 
uniform temperature and concentration profiles existed in 
the reactor.

 The present study investigates the processes in the CVD 
reactor using a computational model. The major objective of 
the investigation is obtaining the fluid dynamic behavior of 
the reacting flow, and to calculate concentration distribution 
of amorphous carbon (which will produces the CNTs) in the 
CVD reactor, for a given furnace wall temperature using the 
model.

Nomenclature

 ρ = density (Kg/m3)
 u = Axial velocity (m/s)
 T = Temperature (K)
 k = Thermal conductivity (W/m K)
 Cp = Heat capacity at constant pressure (J/Kg K)
 µ = Viscosity (Pa s)
 Q = Heat due to chemical reaction (J/m3s)
 Qext = External heat added to the reactor (W/m3)
 R = Rate expression (mol/m3s) 
 F = Molar flow rate (mol/s)
 V = Reactor volume (m3)

2. COMPUTATIONAL FLUID DYNAMICS MODEL

A computational Fluid Dynamics Model of the react-
ing flow in the CVD furnace can be helpful in determining 
the thermodynamic conditions in the reacting flow domain, 
nanotube growth rate, feed stock decomposition, byproduct 
compositions, transport rates and reaction mechanisms. Gru-
jicic et al. [24] have reported investigations on determining 
the process parameters, growth conditions and fabricated 
material microstructure relationships during the growth of 
CNTs. In the present work, the CFD analysis of the reacting 
flow inside the CVD reactor during CNT synthesis is aimed 
at obtaining deposition of amorphous carbon, as will be ex-
plained here.

2.1. The Physical System

A schematic of the chemical vapor deposition apparatus 
for producing carbon nanotubes is shown in Figure 1. This 
method used acetylene as the precursor and grew carbon 
nanotubes on a ceramic substrate, vacuum-coated with the 
iron oxide catalyst, placed in a tubular quartz furnace. After 
the deposition, the product was scraped from the substrate, 
and purified with nitric acid and hydrogen peroxide to sepa-
rate out the carbon nanotubes. The carbon nanotubes synthe-
sized at 700°C were characterized using Scanning Electron 
Microscopy (SEM) and Transmission Electron Microscopy 
(TEM), the results of which are shown in Figures 2 and 3. 
The SEM images indicate that the product obtained is in the 
form of a bundle of carbon nanotubes. 

 In order to get a clearer understanding of the structure of 
the synthesized carbon nanotubes, TEM micrographs were 
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obtained. The diameter of the carbon nanotubes formed was 
found to lie in the range of 10–15 nm. The variation of the 
yield of carbon nanotubes as a function of the furnace tem-
perature is shown in Figure 4 for the case of a volumetric 
flow rate of 0.07 lpm, at the end of 40 minutes of reaction. 
The predicted values of the carbon nanotubes yield [37] 
have been verified using experimental results. The results 
are found to match well. It is noted that there is a range of 
furnace temperatures where the yield steadily increases with 
respect to the furnace temperature, for a given flow rate. A 
detailed description of the experimental set up, the synthesis, 
the purification process [29–36] and microscopic analysis 
have been presented in an earlier publication [37]. 

2.2. Computational Model for the Reaction

The elementary reactions of carbon nanotube formation 
have been described in a previous publication [37]. These re-
actions are the acetylene decomposition, iron carbide forma-
tion and iron carbide decomposition. The reactions were de-
scribed based on the VLS growth process and modeled using 
chemical kinetics. The entire CVD process can be divided in 

Figure 1. Schematic diagram of the CVD apparatus.

Figure 2. SEM image of CNTs at 700°C (2 µm resolution). Figure 3. TEM image of CNTs at 700°C (200 nm).
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to a reaction phase and a growth phase. The main reaction 
component in the process is the acetylene decomposition, 
and the growth components are iron carbide formation and 
iron carbide decomposition. As the latter two mainly hap-
pen through mass transfer (i.e. diffusion), it can be assumed 
that the acetylene decomposition is the main stream of the 
reaction, to be considered in the computational model. The 
reactor is assumed as a plug flow reactor. The design equa-
tion [Equation (1)] and energy balance equations [Equation 
(2)] are solved to get the conversion throughout the reactor, 
as given by,

dF
dV

Ri
i=

FC dT
dV

Q Qi p i
i

ext,∑ = +

2.3. Fluid Dynamics Model

 The computational model adopted in the investigation is 
based on three dimensional, laminar and steady state flow, 
along with gas phase reactions. Figure 5 shows the geometri-
cal configuration of the CVD reactor used in the numeri-
cal simulation. The equations of mass, momentum, energy, 
and mass transport [Equations (3), (4), (5), (6) and (7)] are 
solved to obtain the spatial distributions of temperature, 
velocity and concentration in the tubular reactor. The local 
variation of the fluid density is shown in Figure 6. This vari-
ation is a result of the mass depletion from the gas phase due 
to decomposition, and is incorporated in the energy equa-

tion, as estimated through the mass conversion obtained by 
solving the chemical kinetic equations [Equations (1) and 
(2)]. Source terms which appropriately describe the reaction 
heat fluxes along the flow domain are also incorporated in 
the energy equation.

∇⋅ =( )ρ
�u 0

ρ η
η� � � � �u u u u T upI I⋅∇ = ∇ ⋅ − + ∇ + ∇ −






 ∇ ⋅[ ( ( ) ) ( ) ]2

3

ρC u T k T Qp ⋅∇ = ∇ ⋅ ∇ +( )

Figure 5. Geometrical configuration of the CVD reactor for simu-
lation. The shaded region represents the catalyst container (silicon 
boat).

(2)

(1)

Figure 4. Yield of carbon nanotubes with furnace temperature (Pre-
dicted and Experimental).

Figure 6. Density variation in the fluid inside the CVD reactor.

(5)

(4)

(3)
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∇⋅ − ∇ + ⋅∇ =( )D c u c Ri i i i

N D c uci i i i= − ∇ +

Where Q is appropriately chosen at the spatial location 
depending on whether the chemical change is locally exo-
thermic or endothermic in nature. 

The boundary conditions at the inlet of the reactor are a 
constant acetylene flow rate (4.2 lph) and a constant tem-
perature (300 K). On the walls, a uniform temperature of  
1000 K is imposed as the boundary condition, corresponding 
to a practical physical system. The no slip boundary condi-
tion was employed at the surfaces of the wall.

3. RESULTS AND DISCUSSIONS 

 The computational fluid dynamics calculations per-
formed using the COMSOL software package yielded the 
temperature distribution inside the CVD furnace during the 
formation of carbon nanotubes, through the solution of the 
governing equations. The temperature at which the growth 
process takes place is one of major parameters which decide 
the size and yield of the carbon nanotubes. The local temper-
ature in the furnace has been obtained by solving momentum 
and energy equation simultaneously with the results (density 

change) obtained from the chemical model. The major re-
sults obtained are discussed below.

Figure 7 shows the spatial velocity distribution inside 
the reactor. It can be seen that the magnitude of velocity is 
maximum at the centerline of the reactor duct. It is also un-
derstood that at the region of the reactor where the catalyst 
container (boat) is placed, the magnitude of the velocity is 
higher compared to other regions, as expected due to the 
constriction in the cross sectional area available for the flow. 

Figure 8 shows the temperature distribution inside the 
CVD reactor. At the entry region, a significant tempera-
ture drop is observed in radial direction. After this, until the 
deposition region, the temperature variation is found to be 
negligible, and the fluid temperature is found to be close to 
the surface temperature. Beyond the deposition region also, 
temperatures are found to be close to the wall temperature. 
A considerable change in temperature can be seen inside and 
near the catalyst container (boat) region of the reactor, where 
the nanotube deposition process takes place. 

The decrease observed in temperatures at the boat region is 
the cumulative effect of the endothermic and exothermic re-
actions taking place in the reactor, which results in a reduced 
equilibrium temperature in this region. This means that that 
the growth temperature for the carbon nanotube formation 
is different from the furnace temperature, which is normally 
controlled. Hence, it would be more effective to use this ac-

(6)

(7)

Figure 7. Velocity distribution inside CVD reactor.
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Figure 9. Concentration distribution of amorphous carbon inside CVD reactor.

Figure 8. Tempearture distribution inside CVD reactor.
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tual growth temperature to set the operating temperature of 
the furnace accordingly. Figure 9 shows the spatial concentra-
tion distribution of amorphous carbon inside the reactor. At 
the entry region the quantity of amorphous carbon is more 
when compared to the deposition region of CNTs. It can be 
shown that the deposition of amorphous carbon is decreased 
with the length of the reactor. The carbon nanotubes will be 
produced from the amorphous carbon in the catalyst region of 
CVD reactor (deposition region of CNTs). 

4. CONCLUSIONS

A computational fluid dynamic simulation has been per-
formed to determine the temperature and concentration dis-
tribution inside a CVD reactor during carbon nanotube for-
mation. A CVD reactor which involves acetylene as precursor 
and iron oxide as catalyst has been analyzed. The reactor is 
considered as a plug flow reactor. The density change due 
to the depletion of mass in the decomposition reaction has 
been calculated by solving mass balance equation (design 
equation of the reactor) with the energy balance equation in 
the CVD reactor. The velocity and temperature fields inside 
the reactor have been obtained by solving the governing dif-
ferential equations of energy and momentum conservation. 
The distribution of concentration of amorphous carbon is 
obtained by solving the mass transport equations. It is con-
cluded from the investigation that a considerable variation 
exists in the local temperature inside the reactor, at regions 
near the catalyst container, where the actual deposition pro-
cess takes place, which makes the deposition temperature 
different from the furnace wall temperature, which is prac-
tically taken as the furnace temperature. This information 
can be used in developing precise theoretical models, and 
optimizing the CVD reactor for CNT synthesis.
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Letter from the Editor

The 21st century has ushered in a tremendous level of interest in multifunctional composites. Composites that were once 
used only as structural reinforcements now have the added dimension of multi functionality, and are being used in novel ap-
plications such as structural composite batteries for the next generation of electric vehicles and soldier combat gear; structural 
embedded communication systems in helmets and vehicles; structural thermal management systems; and even in outer space 
exploration vehicles for radiation and debris shielding. Other novel features of these multifunctional composites include self-
cooling, self-healing, adaptive and active morphing, and smart composites, all of which are topics of interest for this journal. 
As the world looks towards new ways to conserve energy and material and minimize cost, another important area of interest for 
this journal is in bio and green composites and renewable, sustainable composite manufacturing technologies.

We felt it was necessary to create a new platform primarily focused on reporting on the latest advances in this field, in 
addition to the more traditional areas of composites technologies. Amidst great anticipation, the Journal of Multifunctional 
Composites was launched in April 2013. I am pleased to report that in a short period of time, the journal has already generated 
a lot of interest from the scientific community. A lot of hard work has gone into launching this new journal and I am personally 
grateful to all the members of the editorial advisory board and the publishers for their continued efforts in making this journal 
a success. The second volume of this journal, in 2014, will contain four issues: January, April, July, and October.

With the exception of the first article, this October 2013 issue features a compilation of select papers from the 4th Interna-
tional Conference on Smart Materials and Nanotechnology in Engineering (SMN2013). I am grateful to Dr. Jayantha A Ep-
aarachchi, Dr. Gayan C Kahandawa, and Dr. Mainul Islam from the University of Southern Queensland in Australia for serving 
as the guest editors for this issue. The January 2014 issue will contain more these papers.

© 2013 DEStech Publications, Inc. All rights reserved. 
doi:10.12783/issn.2168-4286/1.2
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1. INTRODUCTION

As promising building blocks for the next generation
electronics, single-walled carbon nanotubes (SWNTs) pos-
sesses unique characteristics and remarkable structural, 
physical, and electrical properties. Accordingly, intense re-
searches have been dedicated to fabricating SWNT-based 
nanodevices and improving their performance [1–3]. One 
way to achieve high-performance nanodevices is to utilize 
ultralong and aligned SWNTs as the basic architectures, be-
cause these ultralong SWNTs with low density of defects 
could exhibit extraordinary electrical behaviors, which are 
comparable to the best short SWNTs [4], and at the same 
time the superior length together with the uniform struc-
tures along the tube axis enables large-scale fabrication of 
nanodevices on one SWNT, which facilitates the scaling in 
integrated circuits [5]. 

Raman spectroscopy has been widely used for character-
izing SWNTs, because it is a noncontact and nondestructive 
measurement, operated at room temperature and in air. For 

the ultralong SWNTs, the radial breathing mode (RBM) 
is useful to obtain the diameter of the examined nanotube, 
through the relations between the RBM frequency and the 
diameter of the SWNT [6]. The G band of the SWNT is used 
to identify its conducting type, based on the line shape of the 
G feature [7]. The intensity ratio of D band and G band (ID /
IG) can be used as an evaluation of the quality of the SWNTs. 
Furthermore, the consistence of the RBM and G band fre-
quencies along the tube length provide the direct evidence 
of the structural and chiral uniform of the specific nanotube.

In this study, we controllably synthesized ultralong 
SWNTs on Si/SiO2 substrates, using chemical vapor de-
position (CVD) method. The as-grown SWNT arrays were 
observed to be centimeter-long, well separated on the sub-
strates. Raman spectra acquired on isolated nanotubes reveal 
that the nanotubes are of high quality. For each individual 
SWNT, the consistence of the frequencies of the Raman 
features suggests that the nanotube is structural and chiral 
uniform along its length. The filed-effect transistors (FETs) 
made from the as-grown SWNTs exhibit excellent perfor-
mances. The performance parameters of the SWNT-based 
FETs were also analyzed. Our results show a promising fu-*Corresponding author. Tel: 65 67904163; Email: lxzheng@ntu.edu.sg

© 2013 DEStech Publications, Inc. All rights reserved. 
doi:10.12783/issn.2168-4286/1.2/Zheng

ABSTRACT

Ultarlong aligned single-walled carbon nanotubes (SWNTs) are very useful for high 
performance nanoelectronics because they have uniform properties along tube axis. 
In this study, ultralong and well-aligned SWNT arrays were synthesized via an ultralow 
gas flow chemical vapor deposition (CVD) system using ethanol as the carbon source. 
Raman spectroscopy was employed to comprehensively characterize the as-grown 
SWNTs. The intensity ratio of D band and G band (ID /IG) of the SWNTs was extremely 
low, indicating the nanotubes are of high quality. The frequencies of RBM and G band 
acquired along one isolated tube axis maintained constant over a large length scale, 
which reveals that the SWNT is structural and chiral uniform. Field-effect transistors 
(FETs) were fabricated with such ultralong single nanotube as conduction channel, 
exhibiting excellent performances. Our results show possibility of large scale fabricat-
ing SWNT-based electronic devices and perspective of creating integrated circuits on 
individual SWNTs.

© 2013 DEStech Publications, Inc. All rights reserved.
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ture of employing SWNTs as the building blocks of nano-
electronics.

2. EXPERIMENTAL DETAILS

2.1. Synthesis of Single-walled Carbon Nanotubes 

Compared with other growth method, gas-flow-guided 
CVD is an appealing approach to obtain horizontally-
aligned ultralong SWNTs on surfaces, which almost invari-
ably requires the presence of transition metal nanoparticles 
as the catalysts [8]. In our experiments, the FeCl3 ethanol so-
lution, with a concentration ranging from 0.005 M to 0.1 M, 
was used as catalytic precursors, which will decompose at 
high temperatures to produce Fe nanoparticles. For a typical 
growth process, the FeCl3 ethanol solution was first applied 
with a dig-pen onto one end of silicon substrates with 500 
nm thermally grown oxide. The sample was then placed into 
a horizontal 1-inch quartz tube furnace. At ambient pressure, 
the furnace was heated to the desired temperature (975°C) 
under a flow of 120 sccm argon (Ar) and 30 sccm hydrogen 
(H2), in order to decompose and reduce the catalyst complex 
into Fe nanoparticals. After 10 min, the Ar and H2 flow was 
reduced to 6 sccm and 4 sccm, respectively. In the mean-
while, ethanol vapor was introduced into the furnace by bub-
bling Ar through ethanol (20°C) at a controlled rate of 20 
sccm to start the CNT growth. Here, choosing ethanol as the 
carbon source is because it contains oxygen atoms and is 
also difficult to decompose without catalysts, which facili-
tate the growth of clean and long SWNTs. After a 40 min 
synthesis period, the ethanol supply was terminated and the 
furnace was cooled to room temperature under ~120 sccm 
Ar.

2.2. Characterization of Single-walled  
Carbon Nanotubes

The as-obtain samples were characterized by scanning 
electron microscopy (SEM, Jeol, JSM-7600F) at an acceler-
ating voltage of 1 kV. Images with magnifications as low as 
25× could still clearly show the existence of SWNTs, due to 
a charging effect of the substrate. Atomic force microscopy 
(AFM, Digital Instrument IIIa, Santa Barbara, California, 
U.S.) in tapping mode was utilized to obtain 3D morpholo-
gies of SWNTs. The AFM height profile can give the diam-
eter information of SWNTs. Confocal Raman system (Ren-
ishaw, Via Microscope, 50 mW) was utilized to characterize 
the microstructure of specific individual SWNTs. Raman 
imaging and Raman spectra were obtained with excitation 
wavelength of 514 nm through a 100× objective. 

2.3. Electrical Measurements on Single-walled  
Carbon Nanotubes 

The electronic properties of individual SWNTs were stud-
ied using a back-gated FET structure at room temperature. 
Figure 1(a) is schematic of a typical FET geometry for elec-
tron transport measurement. An individual SWNT was posi-
tioned to bridge a pair of metal electrodes (Ti/Au, 10 nm/60 
nm), which acted as the “source” and “drain”, respectively. 
The electrodes were fabricated on top of the SWNT-grown 
SiO2 layer by lithographic techniques. The SiO2 layer was 
used as the gate dielectric, whose thickness is 500 nm. The 
silicon wafer itself was used as the gate electrode. The SEM 
image [Figure 1(b)] of the device verified that there was one 
individual SWNT lying across the pair of metal electrodes, 
the channel length L varied from 20 µm to 300 µm.

Figure 1. (a) Schematic representation of device geometry for electron transport measurement. (b) SEM image of the back-gated FET. An 
individual SWNT forms the FET channel connecting metal source and drain electrodes. The silicon wafer acts as the gate.
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3. RESULTS AND DISCUSSION

3.1. Synthesis of Ultralong Single-walled Carbon 
Nanotubes

Of the most common methods for CNT production, CVD 
is the most suitable approach because of the advantages for 
large scale production, diameter, length and orientation con-
trolled growth, and in situ growth for electronics, etc [9]. 
Synthesis of CNTs using CVD method involves many pa-
rameters, such as carbon precursors, catalyst, temperature, 
pressure, gas flow rate, deposition time, and reactor ge-
ometry. Herein we present the SWNTs obtained under the 
optimized growth condition after carrying out a parametric 
study. A typical SEM image [Figure 2(a)] shows horizontally 
aligned SWNTs being well separated from each other, with 
an average spacing of 100 µm, in good alignment perpen-
dicular to the catalyst stripe. Some of the SWNTs are able to 
extend over 2 cm (which is the length of the substrate). The 

AFM image and the corresponding height profile reveal that 
as-obtained ultralong CNTs have diameters in the range of 
1.3–1.9 nm, indicating indicating these CNTs are SWNTs. 
Figure 2(b) shows one representative isolated nanotube, 
with the diameter around 1.4 nm from the height profile.

3.2. Uniformity of the Single-walled Carbon Nanotubes

Raman imaging of the as-grown SWNTs were performed 
with 514 nm excitation. A representative segment image of 
one isolated SWNT with a total length of 1 cm is shown 
in Figure 3(a). Figure 3(b) reveals its corresponding Raman 
features. The distinct RBM and the extremely weak D-band 
imply that the SWNT is of high-quality. RBM frequency at 
171 cm–1  is assigned to semiconducting tube within the res-
onance window under 514 nm excitation, where resonance 
Raman scattering is associated with the ES33  transition. Ac-
cording to the relationship between the RBM frequency and 
the diameter of the tube: dt RBM= 248/ω [6], we calculate 

Figure 2. (a) A typical SEM image of SWNTs synthesized under the optimized growth conditions. Some of the nanotubes are able to extend to 
the edge of the substrate. (b) 2D and 3D AFM image of an individual SWNT grown on Si/SiO2 substrate, respectively. Height profile indicates 
the diameter of the SWNT is around 1.4 nm.
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the tube diameter to be 1.45 nm. By fitting its corresponding 
G band with the Lorentzian function, a sharp Lorentzian line 
shape is obtained, with the G+ and G– peaks are centered at 
1598 cm–1 and 1576 cm–1 , respectively, confirming its semi-
conducting nature [Figure 3(c)]. The exceedingly low inten-
sity ratio ID /IG indicates that the density of defects in this 
segment is quite low. Figure 3(d) shows a series of Raman 
spectra of the typical single tube, which were obtained over 
150 µm along its length. The RBM and G peak frequencies 
of every single spot were found the same, indicating a high 
degree of structural and chiral consistence in this SWNT.

Figure 4(a) and 4(b) display typical Raman features of 

another individual nanotube, which is assigned to be metal-
lic, with 514 nm excitation. The frequency of RBM with 488 
nm excitation was observed ~153 cm–1, this corresponds 
to a metallic tube with diameter of 1.62 nm. The G band 
shows a typical BWF line shape, indicating the metallic 
characteristic. A series of Raman spectra were taken along 
the length of the nanotube, frequencies of the RBM and 
G+ peak as a function of position along the tube axis are 
plotted in Figure 4(c) and 4(d), respectively. The frequencies 
of RBM and G+ peak are quite stable, suggesting that the 
diameter and chirality of the tubes do not change during the 
growth process.

Figure 3.  (a) Raman imaging of as-grown SWNTs, individual SWNTs can be identified. (b) A typical Raman spectrum of an isolated nanotube, 
RBM and G-band features are shown. (c) Corresponding Lorentzian fitting of G-band. (d) Evolution of Raman features of the isolated SWNT 
along its length. The series of Raman spectra were taken every 20 µm from left end to right end of the tube. The Raman image and spectroscopy 
were taken with 514 nm excitation wavelength.
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3.3. Electrical Measurements on Isolated Single-walled 
Carbon Nanotube

Since electrical properties of a SWNT are intimately re-
lated to its diameter and chirality, and also affected by its 
structural uniformity, we carried out electrical measurement 
on both metallic and semiconducting SWNTs, respectively. 
Figure 5(a) and 5(c) display the I-V characteristics for an 
individual metallic SWNT and a semiconducting SWNT, 
respectively. The gate voltage varied from –24 V to 24 V. 
The source-drain current of the metallic SWNT shows weak 
gate-voltage dependence, while for the semiconducting 
SWNT, there is an obvious “on” and “off” state in the Ids—Vg 
characteristics. The corresponding electrical behavior for 
the individual semiconducting SWNT incorporated in the 
back-gated FET device (channel length is 300 µm) is ex-
hibited in Figure 5(d), which was recorded under constant 
bias voltage of 2V. The curve displays a typical p type FET, 

with the current on/off ratio (Ion/Ioff) around 103, which is 
comparable to that of short channel length SWNT FETs. The 
threshold voltage (Vt), the voltage where the nanotube just 
begins to be conductive, is extracted to be –5V, and the cor-
responding transconductance (gm) is calculated to be 81 nS. 

4. CONCLUSION

In conclusion, we have successfully synthesized ul-
tralong, horizontally aligned, well-separated SWNTs by 
using a CVD method. Several instruments, such as SEM, 
AFM, and Raman spectroscopy were utilized to characterize 
the as-grown SWNTs. The results show that the as-prepared 
SWNTs are of high quality, with relatively low density of 
defects. Characterization on specific individual SWNTs in-
dicates that the nanotubess are structural and chiral uniform 
along their length. Semiconducting and metallic SWNTs can 
also be distinguished by conducting electrical measurements 

Figure 4. RBM (a) and G band (b) for a 200 um long segment of one individual metallic SWNT. The frequency of the RBM (c) and G+ peak (d) 
of the SWNT as a function of position along its length are shown, respectively.
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on individual nanotubes. Back-gated FETs fabricated with 
individual semiconducting exhibited excellent performanc-
es. The extraordinary electrical properties of the ultralong, 
uniform SWNTs show great potential in large-scale fabrica-
tion of nanodevices on individual SWNTs.
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