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1. Introduction

Multiscale nano-composites have been reported to
have enhanced toughness especially with the use of nano-
tubes. Nano-materials tend to arrest the growth of crack
when loaded. An increase of 8.5% in stiffness was reported
with the addition of nano-fillers in the matrix [1]. Similar
results were obtained by Ashish Warrier et.al when CNTs
where used in both the matrix and the sizing [2]. Thus it
could be said with fair amount of confidence that, a genu-
ine increase in mechanical properties-fracture toughness,
inter-laminar shear strength-is observed when CNTSs are
either deposited on the fibre or dispersed in the matrix. The
degree to which these properties are improved depends on
a variety of factors like the way in which CNTSs are inte-
grated in the composites-like growing on fibres, mixed in
the resin, added to fibre sizing, type of CNTSs, surface func-
tionalization, toughness of base matrix etc. [3]. The en-
hancement of fracture toughness in polymer composites
depends on the length of the CNTs. The bridging process
could either be due to the CNT pull-out or CNT rupture. In
either of the cases the nanotubes bridge the crack surface,
thereby shielding the crack front from carrying the entire
tensile load [4]. Thus, from these positive developments
reported, nanotubes formed an essential part of this study.
Crack propagation can be considered as an ultimate form
of failure mechanism, which takes place in the inter-
laminar zone during de-lamination. Since it can be evaluat-
ed visually it could be considered as a macroscopic failure
activity. Microscopic phenomena leading to de-lamination
such as fibre rupture, matrix cracking etc. could be moni-
tored by acoustics emissions [5-9]. AE is an efficient
method to monitor in real time the damage growth in struc-
tural components and laboratory specimens. In loaded
materials, strain-energy release due to micro-structural
changes results in stress wave propagation. In composite
materials many mechanisms have been confirmed to pro-
duce AE signals which includes matrix-cracking, fibre-
matrix interface de-bonding, fibre breakage and de-
lamination. AE deals with the detection of such waves at
the surface of the material. Thus, this technique allows not
only to determine the location of the source of the emission
but also helps in determination of its nature [9].

1.1. Theory of modal acoustic emission

Modal acoustic emission theory considers the AE
signals to be dispersive elastic waves. The propagation of

elastic waves in thin-walled structure exhibits multi-modes
and dispersion characteristics [10]. An analysis of these
modes provides some insight into the damage types the
composites undergo. The plate theory corroborates that the
acoustic waves propagates through plates in two different
modes, the symmetric “S0” mode and the anti-Symmetric
“A0” mode Fig. 1 [11]. With reference to [11] it could be
further said that, when AE waves travel in flat plates they
exhibit a different behaviour attributable to the bounded
surface of the structure. The waves are bounded by the
surface and are subjected to wave-guide effect, thereby
causing them to propagate as Lamb waves. As mentioned
above these waves propagate in two distinctive modes
namely, longitudinal waves, in the plane of the surface,
and transverse waves, perpendicular to the surface [12].

From the figure below it could be inferred that AE
signal energy is present in portions of both the modes. This
illustrates a key advantage of Wavelet Transforms-WT
over Fast Fourier Transforms-FFT. WT shows how the
signal energy is distributed as a function of frequency, time
and mode whereas FFT provides only the frequency con-
tent of the whole signal [13].

Delamination in composites are largely associated
with the production of mechanical displacement micro-
pulses outside the plane (OP), while matrix micro-cracking
and fibre breakage may produce micro-pulses inside the
plane (IP). It has been understood that A0 mode is fa-
voured by OP excitations and SO by the IP excitations [13].
In a study conducted by Y. Mizutani et.al, it was under-
stood that fibre fracture was characterised by the presence
of both SO and A0 modes, with energy concentration in the
SO0 mode at a frequency range of 200-400 kHz. Matrix
cracking (transverse) when viewed in the wavelet contour
was found to have a component around 300 kHz. Since
low frequency component were absent, signals appeared in
a single mode namely SO mode. Delamination was, like
fibre fracture characterised by two modes, and the wavelet
contour showed that both modes SO and AO had strong
high frequency content. Fibre and matrix de- bonding was
characterised by low frequency A0 mode. The material
used in this study was carbon fibre reinforced composites
subjected to point load. In another study conducted by
Christopher Baker et.al, similar results were obtained in
the case of matrix cracking both surface and internal [14].
Comparing the studies mentioned in [12-14], a table is
compiled elaborating the kind of modes to be expected
when a composite specimen undergoes failure and is
shown below.
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Fig. 1 Calculated AE signals from an in-pane dipole source with corresponding WT (Wavelet Transforms) with super-
imposed modes. On the X-coordinate we have time in ps and on the y-coordinate we have frequency in kHz [11]

Table 1

Modes expected from the failure mechanism of carbon fibre reinforced composites

FRACTURE LAMB WAVE MODES

MECHANISM

FREQUENCY MODES

DESCRIPTION

Fibre fracture Predominantly SO mode

along with A0 mode

S0 300~500 kHz

Wavelet contour had both A0 and SO
modes, but usually SO mode prevails

Matrix cracking S0 and A0 mode S0 ~300 kHz Surface crack excites A0 mode while
A0 ~100 kHz internal cracks excites SO mode
De-lamination S0 and AO mode Both the modes has higher fre- Both the modes usually have higher
guency content frequency content
Fibre-matrix de- A0 Characterised by low frequency Characterised by low frequency A0
bonding A0 mode mode

This Table 1 would be used as a reference for fur-
ther analysis on the acoustic signals obtained for the spec-
imens used in this work. This wouldn’t be used as an abso-
lute reference since in all these tests, the loads applied
were either a tensile force or a bending test. While in our
case we had double cantilever beam specimens and the
crack opening mode was simulated. No literature specifi-
cally illustrates the kind of signal one should expect when
we have this kind of loading.

2. Experimental
2.1. Material

The materials used in this study includes carbon
fibre, an epoxy material with hardner and multi-walled

carbon nano-tube (MWCNTS). The MWCNTSs were pro-
cured form “FIBREMAX COMPOSITES” a Greek suppli-
er of composite materials. The specifications of the
MWCNT are; Bulk volume 4 It; Average diameter 10-
40 nm; Length 1-25 pm; Purity by weight 93% min and
Specific surface area 150-250 m?/g. The epoxy material
along with the hardner was procured from “R&G Faserv-
erbundwerkstoffe GmbH”. As per the manufacturers claim
this resin system (Epoxy resin L+Hardner GL2) offers an
approval by the Germanische Lloyd for the construction of
the boats and rotor blades for wind turbines. Thus this resin
system has the following properties; low viscosity, highly
transparent, fully cures at 15°C, glass transition tempera-
ture Tg>85°C, Pot life (time taken for an initial mixed
viscosity to double or quadruple for lower viscosity prod-
ucts) of approximately 210 minutes, high static and dy-



namic strength. The various mechanical properties of the
resin system are as follows; Density 1,151 g/cm?, tensile
strength 74,8 MPa, elongation at break 4,5%, tensile
modulus 3057 MPa, flexural strength 119 MPa. A 0.1 thick
polyester was used as de-lamination initiator inserted in the
centre plane of the laminates. Both sides of the film were
coated with mould release agent to minimise adhesion
between the film and the matrix material of the composite
material.

Carbon fibres where used in this work, which are
of the non-crimp type. The fibres (commercial name: PY-
ROFILTMTR505 15K) were procured from “R&G
Faserverbundwerkstoffe GmbH”. As per the manufacturers
catalogue the fibre has the following properties; Modulus
240 GPa, tensile strength 4900 MPa, elongation at break
2%, density 1,82 g/cm? and areal density of 200 g/m?.

Wet-lay-up technique was adopted to prepare the
panels. Two set of specimens where prepared; the first set
numbering three (1.n, n=1,2,3) contains no CNTs in the
matrix material, while the second set numbering three (2.n)
has 0.3 wt% of nanotubes in the matrix material (the CNTs
where hand stirred into the matrix in a vacuum chamber).
Latter the specimens where cut as per ASTM D 5528[15].
The fibre volume fraction was calculated using the rela-
tion:

VAR M

hpi
where: N is the number of plies, m the areal density, o is
density of fibres and h is the thickness of the specimens
[3]. Fig. 2, a and b shows the specimens that were used in
this work. Table 2, shows detailed specimen dimensions
and other details.
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Fig. 2 Specimen as per ASTM 5528-01 — a. Specimen with
an edge painted white to aid visual detection of de-
lamination, the black lines are 5 mm apart — b. Ex-
perimental setup — ¢

Table 2
Specimen dimensions, along with the masses and fibre volume fraction.
Fibre
T1 Mass Mass
Sl No. (nﬁ:q) (rkrzn) (rkfn) (n% T(mm) | (without | ()= | (2)+ f';"lfs(sg) '\f"of"isls('g“)o ;’r‘;::‘::gz
foil) 0.1g 0.0001g %)
11 18.75 50.08 142.81 24.98 3.82 3.72 19.7 19.6370 | 0.2370 19.4000 53.17
1.2 17.51 50.23 142.78 24.97 3.76 3.66 19.6 19.5500 | 0.2330 19.3170 53.97
1.3 18.46 50.42 142.78 25.04 3.77 3.67 19.5 19.4532 | 0.2380 19.2152 53.89
2.1 17.58 49.95 142.33 25.06 3.78 3.68 194 19.3199 | 0.2340 19.0859 53.75
2.2 18.28 50.03 142.22 24.88 3.78 3.68 19.5 19.4730 | 0.2350 19.2380 53.75
2.3 175 49.9 142.43 24.96 3.80 3.70 19.6 19.5626 | 0.2320 19.3306 53.46

2.2. Mode-I inter-laminar crack propagation test

The specimens were loaded on a 50 kN capacity
servo-drive controlled screw driven load frame. The open-
ing forces were applied to the DCB specimen with loading
blocks glued on both side of the specimen as shown in
Fig. 2, c, the specimen is given a colour in the picture. The
end of the DCB is opened by controlling the crosshead
movement. The tests were carried out with a displacement
speed of 5 mm/min, while the load and delamination
length were recorded.

Acoustic signals were captured when the speci-
mens where subjected to loading. A Vallen-Systeme
GmbH acoustic emission measurement system AMSY-5
(Vallen-Systeme GmbH, Icking, Germany) was used to

capture and analyse the AE signals at 5 MHz sampling
frequency. Two sensors namely a piezoelectric AE sensor
VS150-M with a measuring range between 100 and
450 kHz and resonance at 150 kHz and a SteveCo
KRNBB-PCP12042 wide band sensor with a frequency
ranging from 100 kHz to 2.5 MHz were used. The sensor
connections is as shown in Fig. 2, c. The amplitude thresh-
old was set up at 40 dB. The entire process was recorded
on a camera to calculate the inter-laminar fracture tough-
ness.

2.3. Determination of inter-laminar toughness

As per the ASTM 5528-01[15] three methods are
available for determination of determination inter-laminar



fracture toughness and they are; Modified Beam Theory
(MBT), Compliance Calibration method (CC) and Modi-
fied Compliance Calibration method (MCC). The modified
beam theory was used to determine the inter-laminar
toughness as it gave a more conservative value.

The beam theory expression for strain energy re-
lease rate of any perfectly built-in double cantilever beam
is given by the following expression:

3PS
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where: P is the applied load, J'is the load point displace-
ment, & is the specimen width, and « de-lamination length.
But in practise the above equation doesn’t hold good since
all beams are not perfectly built in. Hence we correct this
by adding an absolute value of 4 to de-lamination length
thus treating the DCB, as if it contained a longer de-
lamination. Thus the above equation can be modified by
incorporating | 4 |. As P reaches its critical value Pc, the
crack starts propagating. The corresponding G, value
would be critical energy release rate G;c and this is a mate-
rial characteristic that represents the fracture toughness of
the cracked interface. Based on an energy criterion, G
gives an estimation of the amount of energy absorbed dur-
ing crack growth [5].

3Po

3. Results and discussion

®)

3.1. Mechanical performance

Fig. 4 details the influence of CNTs on the me-
chanical performance of the material. The figure below
(Fig. 4, a) was obtained while studying the mode-I inter-
laminar fracture toughness of the DCB specimens. As seen
in the figure there is an increase in load for all the speci-
mens and the slopes are similar due to the same pre-crack
length used in all of them. This gradual increase in load
was followed by a sudden decrease which marks the initia-
tion of crack. It was observed that after this initial drop the
load increased considerably but lesser than the previously
attained maximum loads in all the specimens studied. For
instance in specimen 1.1 the load increased upto 113N
before dropping to 103N, but latter increased to 111N. The
abrupt load decrease was earlier in case of specimens
without CNTs (1.1, 1.2, and 1.3) while those with CNTs
(2.1, 2.2, and 2.3) the load decrease was found in a later
stage. For instance if specimen 2.1 is considered, though
initially there was a load decrease as in all specimens but
this decrease was not as abrupt as in the 1.n (1.1, 1.2 and
1.3) series. After an initial negligible drop from a maxi-
mum of 98.15 N to 94 N, there was a gradual decrease of
load and later a gradual increase in load with intermediate
negligible load drops until it reached a maximum of 92 N.
From this it could be inferred that an external hardening
was provided by the CNTSs either through fibre pull outs or
bridging. This phenomena was not observed in the case of
1.n series. In these specimens the curve looked rather un-
stable. But, these specimens could withstand much higher
loads before initiation of crack when compared to those
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with CNTs. From this it could be inferred that there is a
considerable degradation in either the mechanical or chem-
ical properties of the matrix material.
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Fig. 4, b known as the “Resistance curve-R
curve” is a plot of inter-laminar fracture toughness (G-
N/m) against crack length (a, mm). Table 3 elaborates on
the percentage increase in G for crack initiation. Gic at
crack initiation could be defined as the point of sudden
decrease in load as shown in the R-curve. The Gic was
calculated using equation (3). From the curves it’s evident
that those specimens with CNTs i.e 2.1, 2.2 and 2.3 offered
the most resistance to de-lamination as is evident from the
increasing inter-laminar fracture toughness. From table 4 it
could be inferred that the maximum increase in G was for
specimen 2.1 with respect to all the specimens without
nanotubes, while in 2.2 and 2.3 it was found to be modest
and , in few instances the G dropped to as low as -17.53%
as was the case of 2.3 with respect to 1.3. The reason for
this increase in only specimen 2.1 couldn’t be well under-
stood since 2.n series were all cut from the same panel. But
there was also an increase of 8.52% for 2.2 with respect to
1.1 and 12.83% for 2.2 with respect to 1.2. From these
observances it could be hypothesised that some nanotubes
in the matrix system may have agglomerated thus prevent-
ing the hardening mechanisms like bridging our fibre pull-
out from happening, while some may have dispersed more
uniformly. But this positive increase in inter-laminar frac-
ture toughness is at the expense of reduced load bearing
capacity. The Gic for crack propagation is another im-



portant aspect to be looked into. It is evident from the R-
curve that the inter-laminar fracture toughness during
propagation is high in the 2.n series of specimens.

Table 3
Comparison of Gic increase in specimens 2.n
with respect to specimens 1.n
Specimens 2.1(855.74) 2.2(813.23) | 2.3(733.19)
Gic(N/m)
1.1(749.37) | +14.19% +8.52% -2.15%
1.2 (720.71) +18.73% +12.83% +1.73
1.3 (889.14) -3.75% -8.53% -17.53
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3.2. Acoustic signals during crack propagation

Wavelet contours where generated using AGU-
Vallen Wavelet solver and where classified into Class A
denoting matrix cracking, Class B denoting fibre fracture
and Class C denoting de-bonding. Table 1 would be used
as a reference for this analysis. Group velocities were de-
termined using longitudinal velocity of 2850 m/s and a
shear wave velocity of 1980 m/s [16]. The Vallen disper-
sion solver was used to calculate the group velocities.
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Fig. 5 Waveforms (a), wavelet contours (b) and frequency projections (c) for specimen 1.3 surface matrix crack exciting
low frequency A0 mode. Waveform (d), wavelet contour(e) and frequency projections (f) for specimen 2.3, internal

matrix crack exciting a high frequency SO mode

An example of class A is shown below. These
waveforms are characterised by slow rise time of approxi-
mately 20 ws. In the study conducted in [14] it was found
that surface matrix cracks would excite low frequency AQ

mode, while an internal crack would excite a high frequen-
cy SO mode. And it has been stated in the same research
[14] that AE events at lower stresses are characterised by
low frequency corresponding with surface ply cracking and



at high stresses high frequency events are noticed, this was
in the context of transverse cracking. The waveforms be-
low (Fig. 5-a, b and c for specimen 1.3) is an example of a
low frequency A0 mode and therefore this waveform could
be assigned to that of a surface matrix cracking. From the
figure it is clear that the highest concentration of energy is
in the AO mode at a frequency of 160 kHz at a group veloc-
ity of 1.884 m/ms. Peak frequency analysis has also been
considered as an accurate way of predicting damage mech-
anism in composites. Interesting results were found in
various studies were it was found that matrix cracking
could be attributed to low frequency while fibre breakage
to high frequency [14, 17]. If peak frequency analysis was
to be considered then the frequency response seen in
Fig. 5-a, b and ¢ matches with the frequency found in liter-
ature for matrix cracking. Also waveforms that could be
assigned to internal matrix cracking i.e. a dominant SO
mode was obtained in this study. An example is shown
below in Fig. 5-d, e and f. Here it is evident that the high-
est concentration of energy is in the SO mode at a frequen-
cy of 600 kHz and the group velocity was centred about
1.539 m/ms. This waveform cannot be ascribed to fibre
breakage because as per Y.Mizutani et.al [18], fibre break-
age should excite high frequency SO mode followed by low
frequency but high amplitude A0 modes, these waves
would be classed as Class B signals and elaborated next.
But our results for Class A contradicts the peak frequency
analysis which says that high frequency signals are gener-
ated when fibre breaks. From this it can be concluded that
the high frequency response for internal matrix cracking
and low frequency response for surface matrix crack lies in
the modal character of the AE waveforms, therefore peak
frequency analysis cannot always point out correctly the
failure mechanism within a composite material.

Class B signal here corresponds to fibre breakage.
Since the ASTM 5528 standard was followed where the
crack opening mode was simulated, no tensile force was
applied to the specimen, and hence not many fibre break-
ages are expected. But still there could be fibre breakage
occasionally in the course of the experiment, those few
waveforms could be analysed for fibre breakage. In a study
conducted by José Martinez-Jequier et’al [11], it was found
that the breakage of carbon fibre generated high frequency
energy response (SO mode) in the range of 300-500kHz.
While, if the peak frequency analysis is considered the
frequency range for fibre breakage lies between 400-
500 kHz [14]. These findings where used as reference for
this analysis. Waveforms (a), wavelet contours (b) and
frequency projections (c) for specimen 1.3 in the case of
fibre breakage is as shown below, Fig. 6. The waveform
agrees with the waveform generated for fibre breakage in
[18]. Initial high frequency component was followed by
low frequency but with high amplitude. Since fibre break-
age produces micro-pulses inside the plane, the SO mode is
favoured [11]. From the figure 6 (b) it is evident that there
is some energy concentration in the SO mode at a frequen-
cy of 410 kHz the group velocity was cantered at 2.775
m/ms, while the highest energy concentration is in the AQ
mode at a frequency of 150 kHz, but the group velocity
was found to be 1.871 m/ms which is far less when com-
pared to 2.775 m/ms, therefore this should be an A0 mode.
From these observations this waveform could be assigned
to fibre breakage. From this observation it’s clearer that
fibre breakage can excite both SO and A0 modes. Thus,

396

again it could be stressed that peak frequency analysis can
be proved wrong when it states that fibre breakage excites
high frequency which was not the case in class A signals.
But in the case of fibre breakage both these modes are
excited, with a pronounced SO mode. But in our case the SO
mode was not as pronounced as those found in the litera-
ture, since there the fibre was subjected to axial tensile
force, whereas here it was subjected to bending. Thus,
based on these findings along with those mentioned in
literature, this waveform shown below could be assigned to
that of fibre breakage.
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Fig. 6 Waveform (a), wavelet contour (b) and frequency
projection (c) for specimen 1.3

Another fracture mechanism observed in fibre re-
inforced composites is the de-bonding of fibres. Fig. 7
shows de-bonding in specimen 1.3. According to findings



of Y.Mizutani et.al[18], de-bonding excited both SO and AQ
mode, with a relatively stronger low frequency A0 mode.
Wavelet contours of specimen 1.3 was studied, and similar
results were observed. Here the high frequency SO mode
was followed by the A0 mode with comparatively larger
amplitudes. The group velocities in both the case centred
around 1.8 m/m.
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Fig. 7 Waveform (a), wavelet contour (b) and frequency
projection (c) for fibre/matrix de-bonding in speci-
mens 1.3

4 Conclusions

The addition of CNTs does had a positive as well
as a negative impact on the mechanical properties of the
polymer composites. An increase in Gic was observed in
specimens with CNTSs, but the percentage increase was far
less when compared to those found in literature. Also, the
load bearing capacity of the material reduced considerably.
But this could be attributed to the way the CNTs where
introduced in the specimen. Better results could have been
obtained by depositing the CNTs (functionalised) on the
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fibre. Acoustic emission methods holds the key to under-
stand the material deterioration in real time. From this
study it can also be concluded that the different frequen-
cies, for instance in the case of matrix cracking (surface or
internal) and likewise in fibre fracture which was charac-
terised by the presence of both the modes, lie in the modal
character of the AE waveforms, and thus associating a
single peak frequency with a specific damage might not be
an accurate way of predicting damages in a composite
material.
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Sh. P. Subadra, T. Kek, Z. Bergant, P. Griskevicius

STUDY OF ACOUSTIC EMISSION SIGNALS DURING
CRACK PROPAGATION IN MUL-TISCALE NANO-
COMPOSITES

Summary

Polymer composites are gaining wide acceptance
in industries for their high in-plane specific stiffness and
specific strength. The damage these materials undergo are
quite unique, and could limit or even prolong their usage
on an even wider scale in critical sectors like the wind
industry. De-lamination in laminated composites is a seri-
ous issue and could be attributed to de-bonding, matrix
cracking and fibre rupture. Factors leading to delamination
are weak fibre/matrix interface and brittle nature of the
resins. Studies have shown that delamination could be
controlled to some extend by altering the internal structure
of the composites. Addition of nanotubes (CNTS) is one
widely accepted method, for it has been shown that they
bridge the crack growth. Six specimens classed into two
groups-first without nanotubes (1.n, where n = 1,2,3) and
second with nanotubes (2.n)- where fabricated as per
ASTM 5528. Delamination was simulated in the opening
mode (mode-1) with simultaneous acoustic signal registra-
tion. Post experiments, the influence of CNTs on the frac-
ture toughness was studied and modal acoustic emission
analysis carried out on the signals by generating wavelet
transforms. The results showed a considerable increase in
inter-laminar fracture toughness Gy, but at the expense of a
reduced load bearing capacity. Signal analysis based on
modes where found to be more promising when compared
to peak frequency analysis.

Keywords: polymer composites,
acoustic test, modal analysis.

fracture toughness,

Received April 11, 2018
Accepted August 20, 2018


https://doi.org/10.1016/j.compscitech.2008.01.018
https://doi.org/10.1016/S0266-3538(02)00087-8
https://doi.org/10.1016/j.ijpvp.2004.03.009
https://doi.org/10.1016/j.compositesb.2014.09.002
https://doi.org/10.1016/j.compositesb.2014.08.046
http://www.aewg.org/jae/JAE-Vol_20-2002.pdf
https://doi.org/10.1016/j.compscitech.2015.05.005
https://www.ndt.net/article/Prague2009/ndtip/proceedings/Grimberg_1_Deter_10.pdf
https://www.ndt.net/article/Prague2009/ndtip/proceedings/Grimberg_1_Deter_10.pdf
https://doi.org/10.1016/j.compscitech.2004.01.008
https://doi.org/10.1016/S0963-8695(99)00030-4

