
1. Introduction
High performance polymer composites are sub-
jected to fatigue loading in most of their applica-
tions (vehicles, wind turbines, etc.). One of the com-
mon damage modes caused by such loadings is
delamination, the separation of the adjacent layers.
To describe the susceptibility to delamination vari-
ous parameters can be used, one of these is inter-
laminar fracture toughness. From the three crack
opening modes (opening mode (mode I), sliding
mode (mode II), tearing mode (mode III)), the open-
ing mode (mode I) is the most common, and there-
fore (besides mode II) the most intensively investi-
gated in the literature. The knowledge of this mate-
rial property can be useful for material selection
and mechanical design in case of product develop-
ment, and for the comparison of material types,
qualification in case of material development.
Because of these aspects it is important to investi-

gate the interlaminar toughness of composites at
both static and cyclic loading.
A part of the numerous publications in the field of
quasistatic interlaminar crack propagation tests dealt
with the effect of test parameters (for example: test
speed [1]), laminate layup structure [2–6], others
have characterized the effect of fillers/reinforcing
materials on the fracture toughness (for example:
carbon nanofiber/carbon fiber in epoxy [7, 8], glass
fiber in unsaturated polyester [9], carbon nan-
otube/carbon fiber in epoxy [10], fluoride function-
alized carbon nanotubes/carbon fibers in epoxy
[11], amine functionalized carbon nanotubes/glass
fibers in epoxy [12],  carbon nanotubes grown radi-
ally from vapor on the surface of carbon fiber in
epoxy [13], vapor grown carbon fibers/carbon fibers
in epoxy [14], clay nanoparticles/carbon fibers in
epoxy [15–17], halloysite nanotubes/carbon fibers
in epoxy [18]). All of the papers utilizing nanoparti-
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cle filling report increases from some to 300% in
interlaminar fracture properties (for example: GIC
or GIIC). This increase has been explained with new
failure modes (like the pullout of nanotubes), the
formation of covalent bonds between the fiber and
the matrix provided by functionalized nanotubes,
the deflection of the crack front, and thereby the
increase of the energy dissipation (indicated by the
rougher, tougher fracture surface) caused by the
nanoparticles.
Almost no results are available from interlaminar
fatigue tests, because of the complexity and time
consumption of these tests. Argüelles et al. [19]
demonstrated that fatigue crack initiation is
strongly influenced by the production technology
(film thickness, resin content etc.), so a large num-
ber of tests have to be performed because of the
high standard deviation. Hojo et al. [20] showed,
that the thickness of the middle layer does not sig-
nificantly affect the interlaminar properties in
mode I crack propagation in contrast with mode II,
where a thicker layer caused significant improve-
ment. Hojo et al. [21] successfully increased the
cyclic interlaminar fracture toughness both by the
polyamide filled and by ionomeric middle layer.
After their discovery in 1991 carbon nanotubes came
into focus of interest not only in the field of mate-
rial science, but also almost all research areas.
Researchers are trying to exploit the unique proper-
ties of carbon nanotubes in numerous applications,
like in electronic components [22], fuel cells [23]
and last but not least in the field of material science
as new structural materials [24, 25]. In our previous
work we [26] investigated the effect of carbon nan-
otube reinforcement on the static mode I interlami-
nar fracture toughness of carbon fiber/epoxy lami-
nates. Some papers indicate that carbon nanotubes
could provide good results also in case of cyclic
loading [27, 28], hinder the fatigue crack growth
[29], improve the fatigue resistance of conventional
fiber reinforced composites [30]. The aim of our
present research is to investigate the effect of car-
bon nanotube reinforcement on the cyclic mode I
interlaminar fracture toughness of the same mate-
rial and to develop an acoustic emission localiza-
tion based crack tracking method capable of crack
propagation tracking during fatigue testing.

2. Materials and methods
2.1. Materials
Eporezit FM20 (P+M Polimerkémia Kft., Budapest,
Hungary, Hungary) epoxy resin with Eporezit T16
curing agent was used as the matrix of the compos-
ite laminates, the mixing weight ratio was 100:20
according to the producer specifications.
As fiber reinforcement Zoltek (Nyergesújfalu, Hun-
gary) PX35FBUD0300 unidirectional carbon fab-
ric, consisting of Panex35 50k (surface weight
309 g/m2) tows was used.
Bayer Baytubes® BT150 HP (Leverkusen, Germany)
multiwalled carbon nanotubes (MWCNTs) were
used as filler in one portion of the matrix. The nano -
tubes were produced in a CVD based catalytic
process resulting in an average outer diameter
between 13–16 nm, length above 1 µm and carbon
purity above 99% according to the manufacturer.

2.2. Composite preparation
Because our previous static double cantilever beam
(DCB) measurements [26] showed that significant
interlaminar mechanical property increase could be
achieved only up to 0.3 weight% nanotube content,
0.3 weight% nanotube reinforced and unreinforced
specimens have been studied. The nanotube content
used in this research has been selected based only
on static results, so in our further work we are plan-
ning to obtain the optimal nanotube content for
cyclic properties. The nanotubes were dispersed in
the epoxy resin by three roll milling on an Enrico
Molteni CIEM (Senago, Italy) three roll mill in
4 pass troughs. In their raw form the nanotubes form
aggregates with a diameter of some millimeters, so
not only their proper dispersion, but also the milling
of these aggregates was of key importance. To char-
acterize the effectiveness of the milling, fineness of
grind measurements, common in case of dispersion
of pigments, were carried out after the second,
third, and fourth pass through. The maximum parti-
cle sizes were 15, 10 and below 10 µm respectively,
which is the lowest measurable particle size of the
equipment. There was no significant difference
between result of the third and the fourth pass
through, so probably it was the lowest achievable
particle size by the given equipment.
Because well dispersed nanotubes cause an order of
magnitude increase in resin viscosity [31], hand
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lamination was selected combined with pressing to
achieve reproducible quality and uniform laminate
thickness.
The 4 mm thick laminates were produced by hand
lamination of 10 plies of unidirectional carbon fab-
ric impregnated with the resin. A 50 "m thick PET
film was used as a delamination initiator insert in
the center plane (between the 5th and 6th lamina) of
the laminates. Both sides of the film were coated
with mould release agent to minimize adhesion
between the film and the matrix of the composite.
To avoid voids, the laminate was rolled after every
two plies.
To achieve uniform thickness and fiber content, to
remove the excess resin, the laminates were pressed
with two 4 mm thick steel plates placed as spread-
ers next to the laminates in the press. The laminates
were cured for 4 hours at 60°C after the pressing in a
Heraeaus UT20 (Thermo Fisher Scientific, Waltham,
MA, USA) drying oven.

2.3. Specimen preparation
210 mm long, 25 mm wide and 4 mm thick speci-
mens according to ASTM D 5528 – 01 were cut from
the laminates, the length of the delamination initia-
tor was 65 mm. The edges of each specimen was
coated just ahead of the insert with a thin layer of
water-based typewriter correction fluid to aid the
visual detection of delamination propagation.
100 mm length of the specimens was marked with
thin vertical lines every 2 mm from the insert to
help the recording of the crack front position. Steel
load hinges were mounted on the top and the bot-
tom of each specimen using Sikadur 330 (Sika,
Germany) adhesive.

2.4. Fatigue mode I interlaminar crack
propagation test

Interlaminar fatigue tests were performed on DCB
specimens using an Instron 8872 (Norwood, USA)
servo-hydraulic universal, computer controlled
loading frame with Instron Fasttrack 8800 control
and data acquisition unit and an Instron Dynacell
1 kN load cell. The applied load was sinusoidal
with a frequency of 2 Hz, a maximal load of (Pmax)
70 N and a stress factor of (R) 0.2. 10–10 specimens
were tested from the composite and the carbon nan-
otube reinforced hybrid composite.

2.5. Acoustic emission
The acoustic emission signals originating from the
crack propagation were recorded by Micro30S
(Physical Acoustic Corporation, USA) sensors in
the frequency range from 100 to 600 kHz, and stored
by a Sensophone AED-40 (Gereb and Co., Ltd.,
Budapest, Hungary) device. Logarithmic amplifica-
tion was applied. The threshold was set to 30 dB to
filter out ambient noises, and the reference voltage
of the test device was 1 µV. Two AE sensors were
fixed on the surface of the specimens at given posi-
tions, 120 mm-s from each other, the distance
between the first sensor and the artificial initial
delamination was 20 mm. Before the tests, the
sound velocity in the specimen, necessary for the
localization, was measured. The sensors were fixed
to the specimen surface with bee wax, which func-
tioned as a coupling material and as an adhesive.
Using one of the sensors as an emitter the device
recorded the detection time of the signal. With the
sensor distance known, the device calculated the
AE signal propagation speed (9000 m/s). The test
setup can be seen in Figure 1.

2.6. Transmission electron microscopy (TEM)
80 nm thick slices of the prepared specimens were
investigated by TEM. The slices had been cut by a
Leica Ultramicrotome EMUC6 (Wetzlar, Germany)
microtome. The micrographs were taken using a
FEI Morgani 268D (Hillsboro, USA) TEM.

3. Result and discussion
To characterize the dispersion of the carbon nan-
otubes in the matrix, TEM micrographs were taken
of the thin slices of the matrix of the hybrid com-
posite specimens (Figure 2). In the micrographs
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Figure 1. The DCB test setup a) load block, b) fixing pin,
c) adapter hinge, d) AE sensors, e) scale, f) test
specimen



well dispersed carbon nanotubes can be observed,
so the mixing was effective.
The crack front position values were recorded as a
function of cycle number by visual observation. A
typical crack front position vs. cycle number curve
can be seen in Figure 3.
The positions of the AE signal sources were also
localized. The localized signal source positions
from the fatigue test of a 0.3 weight% nanotube
reinforced hybrid composite are presented in Fig-
ure 4. The localized AE signals almost completely
cover the range between the two microphones. This
can be explained by two factors. Firstly, the vibra-
tion of the fatigue tester provided signals originat-
ing from external sources. Secondly, the AE signal
wave reflected sevaral times from the walls of the
narrow specimen, generating signals from invalid
sources.
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Figure 2. TEM micrographs of the matrix of a hybrid composite specimen (two positions of the same specimen, a and b)

Figure 3. Crack front position – cycle number diagram of a
0.3 weight% nanotube filled hybrid composite
specimen (obtained from visual observation)

Figure 4. Localized AE signals from the fatigue test of a
0.3 weight% nanotube reinforced hybrid compos-
ite (the origin of the coordinate system is the line
of loading; same specimen as in Figure 3)

Figure 5. Localized AE signals from the fatigue test of a
0.3 weight% nanotube reinforced hybrid compos-
ite after the 60 dB amplitude filtering (the origin
of the coordinate system is the line of loading;
same specimen as in Figure 3 and 4)



To be able to track the crack front propagation, we
have developed the following two step method.
Supposing that the larger the amplitude of an AE
signal is, the higher is the probability, that it origi-
nates from the actual crack propagation, in the first
step we have performed an amplitude filtering to fil-
ter invalid AE signals (Figure 5). It can be observed
that the strip of events representing the crack propa-
gation narrowed down significantly, and the trend
of crack propagation is somewhat clearer.
The large number of signals deviating from the trend
even after filtering suggests, that some disturbing
effects are still present. One such effect can be that
the two separated parts of the specimen contact in
each cycle, generating false AE signals through
friction behind the crack front (Figure 6).
In the second step we averaged the localized signals
by the following method. The initial position of the
crack front is known. We kept the signals in a 
–#L –$+#U window from this point. –#L corre-
sponds to the signals behind and +#U in front of the
crack front. If a given X number of AE signals was
collected in this window, their crack position and
cycle number average has been calculated and used
as the actual crack position (Figure 7). To define the
next crack front position signals in the –#L –$+#U

window from this point had been collected until the
number of collected signals reached X. Because of
the dimension of the AE sensors the localization of
signals from sources also forms a patch around the
crack front, because of this, signals behind the
crack front also have to be collected. The window
size behind the crack front can be set by the –#L
parameter. If –#L is set to a lower value than +#U,
the false signals generated by the friction between
the two delaminated specimen halves can be fil-
tered. –#L was set to 2 mm, +#U was set to 9 mm
according to the comparison with the visual crack
tracking results. The number of signals used for the
averaging has to be high enough to get a statisti-
cally correct average value, but more points of the
crack propagation can be acquired if we set the
number lower. The selection of the right #L, #U
and X can be therefore handled as an optimum find-
ing task. In our case X (the number of collected AE
signals to be averaged for one crack position) was
set to 17.
The comparison of the crack front positions obtained
from the AE measurement followed by the averag-
ing method and recorded visually is presented in
Figure 8. It can be observed that the crack propaga-
tion obtained by the two methods is similar in the
stable crack propagation stage, larger differences
only occur after the crack propagation becomes
unstable, but the highest difference remains below 5
mm. This difference can be explained by the trouble-
some visual tracking of the fast moving crack in the
unstable stage. According to the results visual crack
tracking can be superseded by the developed AE
method.
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Figure 6. Friction surface of a DCB fatigue test specimen

Figure 7. Method for calculating the averaged crack posi-
tion in a given point (for same specimen as in Fig-
ure 3–5)

Figure 8. Comparison of the crack tracking results obtained
by AE and visual crack tracking of the fatigue test
of a 0.3 weight% nanotube filled hybrid compos-
ite specimen



In case of fatigue testing one way of comparison of
failure processes is the comparison of the crack
propagation rates in the stable stage. To define the
stable-unstable transition and obtain the crack prop-
agation rate a five parameter curve Equation (1)
was fitted to the measured points (Figure 9):

a(N) = a0 + vc·N + anl(N)

                (1)

In the diagram it can be observed, that after a spe-
cific cycle number the crack propagation becomes
unstable, followed by the catastrophic failure of the
specimen. The stable-unstable transition was pin-
pointed by the N0 parameter. The slope of the first,
linear section, (vc) defines the crack propagation
rate in the stable stage. Because the maximum load
and the specimen geometry were the same in all

cases during fatigue testing, the crack propagation
rates can be compared. The comparison of the crack
propagation rates of the composite and hybrid com-
posite can be seen in Figure 10. (deviations in the
figure correspond to double standard deviation).
According to the test results, the carbon nanotube
reinforcement has decreased the crack propagation
rate in the stable section by 69% compared to the
composite not containing nanotubes.
With the crack propagation data the maximum
cyclic strain energy release rate can be calculated
by Equation (2) described in the ASTM 5528 stan-
dard:

                                             (2)

where Pmax is the maximum load, !max is the crack
opening displacement at maximum load, a is the
crack front position from measured from the point
of loading, b is the specimen thickness.
The obtained GImax values at 6 different crack front
positions in 5 mm steps in the whole failure process
can be seen in Figure 11 (deviations in the figure
correspond to double standard deviation).
According to the results the GImax values were in
average 17% higher than in case of the composite
without nanotubes. This can be explained by the
lower crack opening displacement at a given load in
case of the carbon nanotube reinforced composites.
The crack opening displacement of a DCB speci-
men can be divided into two components. One of the
components is the curved deformation of the delami-
nated specimen halves, the other is the deformation
of the middle resin layer (Figure 12).

GImax 5
3
2

Pmaxdmax

ab

anl1N 2 5 e k
~
1N 2 N0 2n if N 7 N0

0, otherwise
anl1N 2 5 e k

~
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3
2
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Figure 9. The fitted function for obtaining the stable crack
propagation rate of a 0.3 weight% nanotube filled
hybrid composite specimen

Figure 10. Comparison of the stable crack propagation
rates of the 0 and 0.3 weight% nanotube content
composites (data obtained from the test of 10–
10 specimens)

Figure 11. The maximum cyclic strain energy release rate
values of the 0 and 0.3 weight% nanotube con-
tent composites at different crack front positions
(data obtained from the test of 10–10 specimens)



Previous tests showed no significant difference in
the bending modulus of elasticity between the com-
posites and the 0.3 weight% carbon nanotube rein-
forced composites [33], so the difference in the
crack opening displacement of the DCB specimens
during fatigue test can be mainly caused by the
smaller deformation of the resin film. The stress peak
emerging at the crack front at lower displacement
will be lower in case of the carbon nanotube rein-
forced hybrid composites. This mechanism signifi-
cantly decreases the rate of interlaminar crack prop-
agation during fatigue testing. The individual GImax
values give no information about the advancement
of the failure process (which is the most important
in fatigue testing), they can be only interpreted
together with the crack propagation rate and cycles
to failure values. The cycle to failure results (cycles
elapsed to the complete split of the specimens) are
presented in Figure 13 (deviations in the figure cor-
respond to double standard deviation).
According to our results, although with high devia-
tion (which is acceptable in case of interlaminar
fatigue tests), 0.3 weight% carbon nanotube rein-
forcement has increased the cycles to failure of the
composites significantly, to 3.8 times the cycles
withstood by the composites without nanotubes.

4. Conclusions
The aim of this study was to investigate the effect of
carbon nanotube filling on the interlaminar fatigue
properties of composite laminates. In our previous
work it was demonstrated, that in static DCB tests
the best interlaminar mechanical properties can be
obtained at 0.3 weight% carbon nanotube filling, so
this content has been selected for the fatigue tests.
According to the fatigue test results it can be declared
that with 0.3 weight% carbon nanotube filling of
the matrix of a carbon fiber reinforced composite:
–%the cycles to failure increased to 3.8 times the

original value,
–%the crack propagation rate decreased by 69%,
–%the carbon nanotubes reinforced the interlaminar

resin layer, which resulted in lower crack open-
ing displacement at a given load, resulting in
lower maximum cyclic strain energy release rate.

The test results showed, that even with the addition
of 0.3 weight% proportion of carbon nanotubes a
more fatigue resistant, reliable material can be pro-
duced.
Besides these results, we have developed a new
acoustic emission localization based crack tracking
algorithm, capable of the replacement of visual
crack propagation tracking.
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