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Current models for delamination propagation prediction in fiber-reinforced polymer (FRP) composites exhibit
limitations to explain the physics underlying the mechanisms of damage formation in fatigue. In order to con-
tribute in this field, this research focuses on the study of damage development within a single loading cycle of
FRP double cantilever beam specimens under different stress ratios (R). The acoustic emission technique was
used to investigate damage propagation. Results showed that under high R-ratios, the load cycle spends an

increased time above the threshold energy (Uy,). This time difference affects the damage distribution within a
single loading cycle. Furthermore, the steady-state delamination propagation was influenced by the R-ratio
variation due to the modification of the external work applied to the specimen.

1. Introduction

Fiber-reinforced polymer (FRP) composites have a great potential to
replace metals in applications that require lighter components and
structures, since these materials are capable of reaching high in-plane
properties of specific strength and stiffness. However, FRPs exhibit a
low interlaminar strength, which leads to delamination and hinders its
use in primary structural applications. Therefore, extensive research
has been conducted to understand quasi-static and fatigue delamination
growth in FRPs over the past decades.

Many of these works have focused on the development of fatigue
delamination growth (FDG) models aiming to predict the lifetime of
FRP structural components under cyclic loading. As examples, Amaral
et al. used the physical strain energy release rate (SERR - G) basis
theory to compare mode I crack extensions in fatigue and quasi-static
loading, and concluded that the SERR depends on the damage state of
the fracture surface [1]. Zhang et al. developed a novel double-load-
envelop numerical method to predict fatigue delamination propagation
in composite laminates [2]. The works of Yao et al. [3] and Jones et al.
[4] obtained the fatigue resistance curves of FRPs using the Hart-
man-Schijve equation, which is a phenomenological approach capable
of performing lifetime predictions. Another recurrent focus of the

research regarding delamination is the study of the micro-mechanisms
associated with the process. Khan et al. [5] and Varandas et al. [6]
studied the micro-mechanisms developed in mode I delamination pro-
pagation, and Bertorello et al. [7] evaluated the influence of the matrix
type on delamination growth, which exemplifies the considerable po-
tential of the micro-mechanical analysis to increase the knowledge re-
garding the delamination process.

In order to guarantee the reliability of composite structures, it is
essential to comprehend the physics underlying their fatigue behavior,
to enable the development of FDG models capable of estimating reliable
component lifetimes and maintenance periods. A large number of FDG
models has been developed so far, but the understanding of the fracture
process' underlying physics is still lacking [8,9]. The knowledge of the
micro-mechanisms involved in the delamination propagation increases
the understanding of the phenomenon and enables physical explana-
tions. However, few researchers have used micro-mechanical analysis
to develop FDG models. In order to develop an FDG prediction model
based on physical concepts, the form of the equation should be ex-
plained by the mechanisms observed during the phenomenon, which
means that micromechanical models should receive more attention.

In literature, a limited number of micromechanical models for FDG
were found [10]. Khan et al. [11] developed a model based on damage
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mode features observed on fracture surfaces by scanning electronic
microscopy (SEM). In the work of Khan, the matrix’ cohesive failure
was associated with hackle formation, and the fiber-matrix decohesion
assessed by the presence of striations in the fiber imprints. Brighenti
et al. [12] used the fracture mechanics approach to describe fiber de-
bonding and simulated progressive fiber detachment. Indeed, both
models were based on micro-mechanisms developed during FDG but
neglected relevant mechanisms of the delamination process, such as
fiber bridging, fiber failure, and damage formation ahead of the crack
tip. Khan et al. [11] justified that both fiber failure and fiber bridging
formation were not considered in the model because they are me-
chanisms developed behind the crack tip. However, Yao et al. [13]
showed that these mechanisms also contribute to the material’s re-
sistance, since strain energy is released when bridging fibers fail or are
pulled out of the matrix.

The creation of new micromechanical models relies on knowledge
of how the damage is created over a single loading cycle and the correct
quantification of this damage [9,10]. There is a consensus on using the
macroscopic crack length to quantify the damage developed during the
fatigue process, which is not capable of representing the physical da-
mage created within a single loading cycle. The use of the one-dimen-
sional crack length concept to quantify the damage created in FDG has
been shown to be efficient for engineering purposes. However, con-
sidering a scientific point of view, there are some problems and lim-
itations in using the macroscopic crack length to quantify physical fa-
tigue damage.

Considering typical fatigue tests with double cantilever beam (DCB)
specimens, a crack propagates during the loading cycles, and a camera
captures images of the delamination profile in pre-determined time
intervals. This technique of monitoring the delamination length pre-
sents some limitations. The limited resolution of the optical lenses de-
tecting microscopic details of the delamination increment inhibits
analyses of how the damage propagates within a single load cycle [10].
Besides, the fact that the crack propagation is monitored only at the
specimen’s edge means it is not possible to observe damage propagation
inside the specimen. Therefore, as a consequence of these conditions,
the macro-crack length is an average over the width, the time scale, and
the topography, leading to the following approximations: a straight
crack front, a constant propagation rate for multiple consecutive
loading cycles, and a perfectly plane topography, respectively [11].

Moreover, the damage quantification using the crack length does
not consider the micro-crack formation ahead of the crack tip [14].
Thus, although the crack length proved to be a good approximation of
the damage in progress under fatigue, it cannot provide a full under-
standing of the phenomenon, which hinders further developments.

1.1. The use of acoustic emission (AE) technique to quantify physical
damage in fatigue

In order to thoroughly understand the mechanisms of damage for-
mation in fatigue, non-destructive evaluation (NDE) techniques have
gained more attention. The acoustic emission (AE) technique is one of
the NDE techniques most frequently used to study damage formation in
composites [15-18]. One of the main reasons for its application is the
fact that the AE is a passive technique, which means that the source of
the acoustic signal is located inside the material, enabling the material’s
behavior monitoring under loading conditions [15]. The source of the
AE signals can be related to damage nucleation and propagation, plastic
deformation, or even internal friction [19]. The development of these
damage mechanisms inside the material causes sudden internal dis-
placements combined with spatial crack surface oscillations originating
acoustic waves. Once originated, these acoustic signals have their fea-
tures affected by the wave propagation until their detection on the
material’s surface by the piezoelectric sensor [20]. Therefore, the cor-
rect interpretation of the signals detected by the AE technique relies on
a complete understanding of the wave features, also referred to as AE
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parameters.

Some AE parameters, such as the peak amplitude, peak frequency,
energy, duration, counts, and rise time, have been used to interpret
acoustic signals and study the damage formation process in FRPs. Most
of the works have focused on damage onset detection, damage location,
damage identification, and studies related to the remaining useful life
and residual strength of composite structures [19]. Barile et al. used the
sentry function to relate the acoustic energy with the strain energy
released by the material during delamination propagation in [15] and
investigated the effect of the number of plies, fiber orientation, and
thickness of carbon fiber reinforced polymer (CFRP) composites on the
AE parameters in [21]. Fatih et al. [22] evaluated the frequency
bandwidth of typical damage modes of the delamination propagation in
FRP, such as fiber breakage and matrix cracking. Pascoe et al. [10]
studied the damage formation in the course of a single loading cycle
using the AE technique and concluded that the damage onset within a
fatigue cycle only happens if a strain energy threshold is overcome.

As demonstrated, a substantial number of researchers have used the
AE technique to evaluate delamination in FRP [10,23-28]. However,
only a few of them focused on the study of damage formation within a
single loading cycle. Consequently, the damage formation process
within a single loading cycle still presents some interesting questions.
For example, it is unknown if the entire load cycle is relevant to FDG
prediction models, and if it is not, which portion of the loading cycle
should be considered? Is there any stochastic process acting on fatigue
delamination growth? Moreover, does the R-ratio have any influence in
the region of the cycle where the damage occurs?

In order to address these questions, this research focuses on ex-
plaining how the damage propagates within a single loading cycle. To
accomplish this, the mode I FDG of CFRP composites was monitored
using the AE technique, and the damage distribution within a loading
cycle was investigated.

2. Materials and methods

2.1. Test set-up of mode I fatigue delamination propagation, specimen
preparation, and the AE equipment and settings

Six DCB specimens of CFRP, namely: FT-1, FT-2, FT-3, FT-4, FT-5,
and FT-6 were prepared following the guidelines given in ASTM D5528-
13 [29], as illustrated in Fig. 1a.

The specimens were obtained from two CFRP laminates processed
via resin transfer molding (RTM) with the same pre-form but with
different fiber volume fractions (FVF), using as the matrix a mono-
component PRISM™ EP2400 epoxy system. The pre-form was composed
of eight plies of bidiagonal carbon fiber stitched fabrics, stacked up in
an orthotropic [90°/0°]4s lay-up, resulting in the laminates 1 and 2 with
the following FVF and thickness: 49.6% ( * 2.7), 4.01 mm ( = 0.17)
and 54.7% ( = 1.6), 3.37 mm ( = 0.16), respectively. The FVF mea-
surements were obtained by acid digestion following ASTM D3171-15
[30]. The fabrics were supplied by SAERTEX, comprised of Hexcel IM7
GP carbon fibers, and stitched with PES SC yarns.

An inserted film of polytetrafluoroethylene with 13 um thickness
was added between 0°/0° mid-plane interface to produce a pre-crack of
approximately 50 mm (measured from the load line until pre-crack tip).
One edge of each specimen was coated with type-writer correction fluid
(white color) to promote a better visualization of the crack tip.

The specimens FT-1, FT-2, and FT-3 were obtained from laminate 1,
whereas the specimens FT-4, FT-5, and FT-6 were obtained from la-
minate 2. All the specimens were tested in mode I under fatigue with
displacement-controlled conditions following the guidelines of ASTM
D6115-97 [31], and different loading ratios: R = 0 (FT-1 and FT-4),
R = 0.5 (FT-2 and FT-5), and R = 0.8 (FT-3 and FT-6). The R-ratio
varied regarding the minimum displacement (d,;,), keeping the max-
imum displacement (d,.,) constant for all the tests. The d., used in
the fatigue tests was determined based on quasi-static test results. The
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Fig. 1. (a) DCB specimen dimensions according to ASTM D5528-13, (b) position of the piezoelectric sensor used to detect the hits in the AE technique. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
The values of maximum and minimum displacement used in each fatigue test
with their respective R-ratio.

Specimen  Maximum displacement Minimum displacement R-ratio
(mm) (mm)
FT-1 8.00 0.00 0.0
FT-2 8.00 4.00 0.5
FT-3 8.00 6.40 0.8
FT-4 9.50 0.00 0.0
FT-5 9.50 4.75 0.5
FT-6 9.50 7.60 0.8

average displacement of the maximum load in the quasi-static tests was
obtained for both laminates, and 75% of this value was taken as dax-.
The values of d,.x and d;, of the fatigue tests are presented in Table 1.

The tests were performed by an MTS 15 kN servo-hydraulic fatigue
machine equipped with a load-cell of 1 kN under a loading frequency of
1 Hz (low frequency to reduce noise generation). A camera was posi-
tioned facing the edge of the specimen to monitor the crack length with
the acquisition rate of one picture every 60 cycles.

The AE system used in the tests was an 8-channel AMSY-6 Vallen
with four parametric inputs. A high sensitivity wide-band piezoelectric
sensor (AE1045S) with an operating frequency ranging between 100
and 900 kHz was clamped on one of the specimen’s extremities (Fig. 1b)
to capture the AE events (called “hits”) originated during the fatigue
tests. The sensor was connected to an external 34 dB pre-amplifier with
a band-pass filter of 20-1200 kHz. Grease was used as a coupling fluid
to eliminate the effect of the material’s surface roughness, affecting the
piezoelectric sensor performance in recording the resonances and re-
verberations [15,32]. The pencil lead break procedure was used to
ensure a proper conductivity between the specimen’s surface and the
sensor [33]. The amplitude threshold for the recorded signals was set at
50 dB, and the tests were performed with a sampling rate of 2 MHz
[10,34]. The entire setup was integrated to synchronize the parameters
for data reduction: load, displacement, and AE signals.

2.2. Methodology of damage distribution analysis within a single loading
cycle

Current prediction models for FDG assume in their analysis that the
delamination propagation rate is constant within a single loading cycle,
which is an approximation and requires further investigations. The
methodology used in this work to study damage distribution within a
single loading cycle is presented. The cycles were divided into seven
regions with an equal time interval, as illustrated in Fig. 2. The moment

*
~
¢ Hits
== R
TIE . Displacement
2 |E
T |+ *
2|6
= *
5| .
18
o | ® . *
%o
wv
oS hd First hit of
O ,,,,,,,,
= the cycle
1,2 3 4 5 6 7

Time (s)

Fig. 2. Illustrative scheme of the distribution of the hits over a single load cycle.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

the damage occurred within the loading cycle is known because hits
and displacement are time-correlated. Therefore, it is possible to count
how many hits were detected in each pre-determined region of the
loading cycle during the fatigue tests.

The decision to divide the cycle into seven regions was taken based
on two restricting factors. First, an odd number of regions is required to
guarantee that the acoustic signals detected at the moment the cycle
reaches d;.x are always in the same region (region four), and not
shifting between two adjacent regions, which is essential considering
that most of the damage is expected to develop surrounding day.
Second, the number of regions (divisions) cannot be high, aiming to
avoid a relevant influence of the time-delay between damage event and
signal detection in the results.

Once a damage event occurs, an acoustic wave is created, and the
signal has to propagate until reaching the piezoelectric sensor. Thus,
there is a delay between damage formation and signal detection. The
time interval of each region presented in Fig. 2 is 1/7 s, considering that
one cycle takes 1 s to develop. Taking into account the pre-crack length
and the position of the piezoelectric sensor (shown in Fig. 1), and as-
suming that the sound propagation speed in CFRP is about 3 mm/ys
[35], a maximum time-delay of 33.3 ps is estimated, representing about
0.023% of the time interval of a single region depicted in Fig. 2. Since
the time-delay in data acquisition is low compared to the time interval
of a single region of the cycle, the time-delay was neglected in the data
reduction.

The position of each hit within a single loading cycle and its
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respective region were obtained for the first five hundred cycles of each
test, and the percentage of hits detected in each region was calculated.
Only five hundred cycles were considered in the results to reduce noise
detection. The assessment of more cycles means more time for dela-
mination propagation, resulting in longer crack lengths and, conse-
quently, more noise from friction. Aiming to evaluate the damage onset
in each cycle, the first hit detected (as detailed in Fig. 2) was considered
the damage propagation onset.

3. Results and discussions

Sections 3.1, 3.2, 3.3, and 3.4 present the analysis of damage pro-
pagation and damage distribution in the course of a single loading cycle
using the AE technique. With these results, some physical explanations
concerning the damage formation mechanisms can be given.

3.1. R-ratio variation influence on damage formation within a single
loading cycle

The R-ratio influence over the micro-mechanisms developed during
FDG must be understood to enable the development of micro-
mechanical models. The R-ratio variation changes the external work
applied to a specimen, which changes the delamination growth rate,
but how it changes the distribution of the damage within a single
loading cycle is unknown. Therefore, aiming to understand the R-ratio
influence on damage distribution fully, Figs. 3 and 4 show the damage
distribution within a single loading cycle during the first five hundred
cycles of each fatigue test. The specimens were obtained from two la-
minates with different FVF to verify if the damage distribution behavior
is the same when the FVF is increased since laminates with high FVF are
often used in structural applications.

Specimens FT-1 and FT-4 were tested with an R-ratio of zero, which
means a dp,;, of zero, leading to a total crack closure in each cycle. This
process of total closure and opening of the fractured surfaces causes
internal friction that is a source of noise. Analysis of Fig. 3a and d show
a considerable incidence of hits in sections 6 and 7 of the cycle, in-
dicating a substantial amount of noise originated by crack closure
friction, and a lower incidence of hits originated by crack opening
friction in section 1 of the cycle, which is in agreement to more intense
friction during crack closure.

The friction noise observed in the fatigue tests of specimens FT-1
and FT-4 is better observed in details a, b, ¢, and d of Fig. 4a and d.
Fig. 4 presents the position of the hits within the loading cycle and the
amplitude of each signal. Both specimens FT-1 and FT-4 showed a very
similar behavior, as can be seen in Fig. 4a and d. A small cluster of hits
is observed in section 1 of the cycle of both specimens (details a and c).
The proximity of the fractured surfaces and the low strain energy ac-
cumulated in section 1 of the specimens tested with an R-ratio of 0 leads
to the conclusion that the source of these signals was friction of the
fracture surfaces during the crack opening. A more relevant cluster of
hits is observed in sections 6 and 7 of the cycle of both specimens
(details b and d). The source of these signals was the friction of the
fracture surfaces during the crack closure, based on the proximity be-
tween the fracture surfaces and the low strain energy level of the spe-
cimens in these sections.

Considering that the hits detected in sections 1, 6, and 7 of the
specimens FT-1 and FT-4 were mostly friction noise, the hits corre-
sponding to damage formation are concentrated in sections 2, 3, 4, and
5 of the cycle (Fig. 4a and d). These regions possess higher values of
displacement and external load applied to the specimen. Consequently,
a higher amount of strain energy is accumulated in the specimen, al-
lowing damage development.

Fig. 3a and d showed a higher incidence of hits in section 3, in-
dicating that more hits originated by damage mechanisms were de-
tected before the cycle reaches d., (condition of maximum strain
energy accumulation within the loading cycle). The hits corresponding
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to damage formation of specimens FT-1 and FT-4 can be observed in
Fig. 4a and d, respectively, as a unique hit cluster in sections 2, 3, 4, and
5 of the cycle. This cluster of hits starts in section 2 with low amplitude
hits, then the amplitude of the hits presented an increase until reach a
maximum in section 4 and a slight reduction in section 5 where the
cluster ends. This variation in the amplitude of the signals in different
sections of the cycle can indicate that different damage modes are
trigged in different sections of the cycle. This statement is based on the
fact that different damage modes require different amounts of energy to
develop, and different sections of the cycle present different levels of
strain energy accumulation. However, a proper damage mode identi-
fication requires the assessment of more AE parameters and must be
conducted in future works. The bandwidth range used in the AE set up
in this study detected hits from internal friction, which complicated the
analysis of the results. In future works, the frequencies associated to
friction hits must be determined first, and then a bandpass filter above
this value set to avoid the detection of noise from friction in the results.

The specimens tested with an R-ratio of 0.5 (Fig. 3b and e) pre-
sented a relevant reduction of the friction noise due to the increase of
dmin, leading to a better visualization of damage formation. However, a
small cluster of hits that might be attributed to crack closure friction
was still observed in section 7 of specimen FT-5 in Fig. 4e. As observed
in specimens FT-1 and FT-4 (Fig. 3a and d), specimens FT-2 and FT-5
(Fig. 3b and e) also showed a concentration of hits in sections 3 and 4
surrounding dpax, but hits indicating damage formation were observed
in all sections. Moreover, an increasing trend in the hit amplitude
surrounding d,,.x was observed in the results of specimens FT-2 and FT-
5 (Fig. 4b and e), similar to specimens FT-1 and FT-4 (Fig. 4a and d).

The specimens FT-3 and FT-6 were tested with an R-ratio of 0.8
(Fig. 3c and f). The R-ratio increase reduced the hit concentration
around d ., compared to the results of the specimens tested with the R-
ratios of 0 and 0.5. This more homogeneous damage distribution be-
havior is a consequence of the increase of d,,;; (condition of minimum
strain energy state). Keeping d,.x (condition of maximum strain energy
state) constant and increasing d.,n, the cyclic strain energy is reduced,
while the monotonic strain energy of the specimen is increased. Con-
sequently, the specimen will be continuously at a high level of strain
energy. On the other hand, the reduction of the cyclic energy applied to
the specimen led to a reduction in the number of hits detected, in-
dicating a lower delamination propagation rate, as depicted in Fig. 4.

According to the work of Pascoe et al. [10], there is a threshold
value of energy that must be overcome to enable damage formation in
each cycle, called Gy, Considered this, the damage mechanisms de-
tected by the AE system during the tests of all the specimens occurred
when the specimen had a strain energy state (G) above Gy,. The concept
of G used by Pascoe in his work stems from fracture mechanics. In
contrast, in the present work, the discussions will be performed based
on the definition of G as physics-based characterization of resistance
(G = dU/dA), i.e. the result of crack growth, in which U is the internal
strain energy stored in the specimen, and A is the area corresponding to
the crack propagation. Therefore, the strain energy threshold required
for damage onset within a fatigue cycle will be referred to as Uy, instead
of Gy, in the following discussions.

The total strain energy stored in the specimen within a single
loading cycle (Uy,) can be divided into the monotonic (Uy,on) and cyclic
(Ucyc) strain energy, as depicted in Fig. 5. The monotonic energy is the
amount of strain energy stored in the specimen when d,;, is reached in
the first loading cycle. Since the displacement is never lower than d;,
during the entire fatigue test, Uy, is never recovered. The cyclic en-
ergy is the amount of strain energy stored in the specimen during the
loading section of the cycle due to the external work applied by the
machine and recovered during the unloading section of the cycle [8].
The total strain energy (Uy,) correlates with Gp., and provides a
measure of the resistance to crack propagation, while Uy corresponds
to the applied work and correlates with AG (AG = Guax — Gmin), Pro-
viding a measure of the amount of energy available for crack growth
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Fig. 3. Distribution of the hits within a single loading cycle of the first five hundred fatigue cycles. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

[36]. Thus, the reduction of U.. means reducing both the external
work and AG, leading to a reduction of the energy available for crack
propagation and, consequently, a reduction of the crack propagation
rate [37].

The damage propagation at the unloading stage was observed in all
tests, as depicted in Figs. 3 and 4. Therefore, although most of the
damage develops during the loading section of the cycle, the damage
creation is not limited to the loading process. As long as U is higher than
Uy, the damage can propagate even during the unloading. In view of
physics, one can take the analogy of pulling a box over the ground,
where static friction has to be overcome first before the box starts
sliding, where after the peak load reaches its maximum and reduces the
box still slides because the force still exceeds the (now: kinetic) friction.
The increase of the R-ratio observed in the results, obtained by the
increase of d,,;, while maintaining d,,,., constant led to a higher fraction
of the loading cycle being in an energy state above Uy,, enabling the
damage formation during a broader region of the cycle, as can be seen
in the illustrative scheme of Fig. 6.

The more homogeneous damage distribution along the fatigue cycle
observed in high R-ratio tests does not mean that more damage is
created when the R-ratio is increased in displacement-controlled tests,

leading to higher delamination propagation rates. On the contrary, the
R-ratio increase with d,., kept constant resulted in a decrease of the
delamination propagation rate in the fatigue tests. The main reason that
explains this behavior is the discontinuity of damage propagation in
fatigue caused by the reduction of the external work applied to the
specimen, which is discussed in Section 3.3.

3.2. Damage onset within a single loading cycle

Several hits can be detected within a single loading cycle, meaning a
damage initiation followed by its propagation. Considering this, Fig. 7
displays only the first hit detected in each loading cycle to study the
damage onset.

The assessment of the results presented in Fig. 7 shows that the R-
ratio reduction leads to a damage onset in the early stages of the fatigue
cycle, which might seem unexpected at first considering that the spe-
cimens with high R-ratios are continuously in higher levels of strain
energy. For example, the strain energy state of specimen FT-2 (Fig. 7b)
in sections 1 and 2 is higher than the strain energy state of specimen FT-
1 (Fig. 7a) in section 2 (observation based on the increase of d;y).
However, most of the damage onset in Fig. 7b is concentrated only in
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Fig. 4. Hit amplitude and distribution of the hits within a single loading cycle of the first five hundred fatigue cycles. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Schematic diagram of load (P) versus displacement (d) with the defi-
nitions of U, Uyon and Uey.. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

section 3 (Fig. 7b), while the damage onset of specimen FT-1 is con-
centrated in section 2 (Fig. 7a). In terms of maximum strain energy
(considering both monotonic and cyclic energy), these results indicate
that specimen FT-2 needed more energy for damage onset in most of the
cycles than specimen FT-1. Nevertheless, the Uy, in section 2 of spe-
cimen FT-1 (Fig. 7a) and in section 3 of specimen FT-2 (Fig. 7b) are
expected at the comparable level considering that the cyclic energy
reduces when the R-ratio increases (Fig. 8).

Assuming that Uy, is constant for specimens of the same laminate,
the damage onset in section 2 (Fig. 7a) of specimen FT-1 (R = 0) in-
dicates that specimen FT-3 (R = 0.8) is always in an energy state above
Uw, as illustrated in Fig. 6. The same analogy can be performed for
specimens FT-4 and FT-6. Thus, if damage onset exclusively depended
on Uy, and if Uy, was unique and constant, all the damage onset ob-
served in specimens FT-3 (Fig. 7c) and FT-6 (Fig. 7f) should be located
in section 1, since the entire cycle is above Uy,. However, an increased
scatter in the damage onset and a high incidence of hits in section 4 of
specimens FT-3 (Fig. 7c¢) and FT-6 (Fig. 7f) were observed.

The damage onset in the early stages of the fatigue cycle with the
reduction of the R-ratio observed in Fig. 7 might be related to the
variation of the external work applied to the specimen. The amount of

Utoﬁ S
l
!
Ut F
\
\
]
Urnon >

Increase of the cycle segment above Uy,

Fig. 6. Scheme of the increase of the cycle segment above Uy, when the R-ratio increases. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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cyclic strain energy stored in the specimen is reduced when the R-ratio
is increased keeping d,.x constant due to the reduction of the external
work applied, as depicted in Fig. 8. Therefore, the cyclic strain energy
stored in specimen FT-1 (R = 0) in section 2 might be equivalent to the
cyclic strain energy stored in specimens FT-2 (R 0.5) and FT-3
(R = 0.8) only in sections 3 and 4, respectively. This reveals a trend
between U,y and the section of the cycle where most of the damage
onset occurred, as can be seen in Fig. 7.

Considering the energy balance in which damage propagates only
when the energy available (U) is equal or higher than the material’s
resistance (Uy,), the strain energy level during the damage onset is
equivalent to Uy, and its scatter also indicates a scatter of Uy, The

results presented in Fig. 7 show a Uy, scatter, as observed in the work of
Pascoe [10], mainly in specimens with high R-ratios. Therefore, Uy, is
not constant, and the variation of U, affects the damage onset and has
some relation to Uy. This could be explained by a cyclic energy
threshold requirement for damage formation instead of Uy,. The influ-
ence of the Uy on the damage onset inhibits a precise determination of
Uw. Then, Uy, might not be considered as a unique value, but as an
interval in which the likelihood of damage propagation depends on the
amount of cyclic work applied to the specimen.
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Table 2
Number of cycles with no hit detection and the average number of hits detected
in the first 500 cycles excluding cycles without hits.

Specimen R-ratio Number of Average number of hits Standard
cycles with no per cycle not considering  deviation
hit detection cycles with no hit

detection

FT-1' 0.0 13 7.14 2.88

FT-2 0.5 77 2.10 1.74

FT-3 0.8 406 3.38 5.08

FT-4' 0.0 0 23.16 3.40

FT-5 0.5 9 4.32 2.87

FT-6 0.8 455 1.39 0.77

! In order to avoid any influence of noise in the analysis, the hits of sections
1, 6 and 7 (Fig. 3a and d) of the specimens FT-1 and FT-4 were excluded.

3.3. Discontinuity of damage propagation in fatigue of FRP

According to the definition of da/dN (delamination growth rate)
and the results presented in Figs. 3, 4, and 7, it is possible to note the
discontinuity of delamination growth in fatigue. First, the damage
propagation was discontinued within a single loading cycle, as pre-
sented in Figs. 3, 4, and 7. Moreover, da/dN is defined as the crack
increment developed during a single loading cycle, which means that
da/dN is not continuous by definition considering a sequence of loading
cycles.

The methodology employed by well-established models for FDG
predictions to calculate da/dN results in approximations [1-4]. The
determination of da/dN is usually conducted averaging the damage
formation of successive fatigue cycles in pre-defined intervals of 100,
1000, or even 10,000 cycles leading to an apparent constant delami-
nation growth rate in this period, which is a simplified approximation.
In addition, these models also assume that delamination growth is
continuous within a single loading cycle. These approximations lead to
a misinterpretation of damage development during fatigue, because
damage development discontinuity is hidden, as also observed in the
work of Alderliesten et al. [9]. Table 2 shows the average values of the
number of hits detected over the first 500 cycles of each fatigue test and
the number of cycles with no hit detection.

The results presented in Table 2 show a trend of the R-ratio with
both the number of cycles with no hit detection, and the average
number of hits detected per cycle. The R-ratio increase reduced the
external work applied to the specimen (Fig. 8), resulting in more cycles
with no hit detection and a reduction of the average number of hits
detected per cycle, as observed in Table 2. The absence of hits detection
is interpreted as no damage propagation in these cycles, indicating an
increase in damage propagation discontinuity. The high hit detection
rate within a single cycle suggests that more damage mechanisms are
under development simultaneously due to the high external work ap-
plied.

In order to confirm that the hits correctly represent damage pro-
pagation in fatigue tests, Fig. 9 presents curves of AP,y (APpax = Prax,
first cycle — Pmax, n) Versus the number of cycles (N), and the propagated
crack length versus the number of cycles.

Fig. 9b and 9d present a macro-crack length increase when the R-
ratio decreases, which is in agreement with the results presented in
Table 2. Even for comparisons between specimens tested with the same
R-ratio, such as the specimens FT-1 and FT-4 (R = 0), the AE results
and the macro-crack length showed a consistent correlation. Specimen
FT-1 presented the highest average number of hits per cycle in Table 2,
and also presented the most extended macro-crack length in Fig. 9d,
which proves the AE technique efficiency in quantifying damage in
fatigue.

The damage propagated within a single loading cycle leads to the
release of a fraction of the total strain energy accumulated in the spe-
cimen, avoiding a total recovery of the cyclic energy during the
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unloading. Because of this, the maximum strain energy reached is re-
duced in the subsequent cycles, yielding a reduction of Py, since dpax
is constant. Fig. 9a and c present the reduction of Py, in each test
caused by the damage propagation. However, specimen FT-3 showed an
unexpected increase of Py ... A slight reduction of P,,, was expected for
specimen FT-3 since the damage propagation detected was low, similar
to the behavior observed in specimen FT-6, which was tested in the
same conditions (R = 0.8). The explanation for this outlier is the in-
ability of the test machine to keep dy.x constant during the specimen
FT-3 test. Fig. 9e shows that d,,,.x increased, leading to the P,,, increase
observed in Fig. 9a. Specimen FT-3 also can be considered an outlier in
the results of the average number of hits per cycle, as seen in Table 2.
Specimen FT-3 (R = 0.8) presented a higher number of hits per cycle
than specimen FT-2 (R = 0.5), even with an R-ratio increase.

On the other hand, the increase in the number of hits per cycle
observed in specimen FT-3 might be explained by the high strain energy
conditions caused by the high R-ratio applied. As already discussed, the
increase of dy,, in high R-ratios increases the region of the cycle above
Uy, which may lead to a more extended damage propagation after its
onset within the cycle compared to low R-ratios. The process of sub-
sequent damage propagation after the damage onset takes more time to
stop for high R-ratios since the reduction of the elastic strain energy
stored in the specimen caused by the unloading is lower compared to
low R-ratios.

Therefore, for high R-ratios, more time in the loading cycle is spent
above Uy, but the likelihood of triggering a delamination increment is
lower, because of the reduced cyclic work compared to low R-ratios.
Hence fewer cycles with hits are detected, but once damage propaga-
tion is triggered, it certainly continues over a larger portion of the
loading cycle. Considering low R-ratios, less time in the loading cycle is
above Uy, but with more external work. Then, the likelihood of trig-
gering a delamination increment is higher, and the damage propagation
stops more quickly within the cycle than in high R-ratios. However, the
damage propagation during a shorter region of the cycle does not ne-
cessarily mean a lower damage propagation rate.

3.4. Scatter of Uy,

In displacement-controlled conditions, the elastic strain energy
available for delamination propagation is maximum in the first cycle
and reduces after damage propagation. Then, if Uy was the only
parameter needed to be overcome to enable damage formation, once no
damage appears in a cycle, the damage should not take place after that.
This behavior is expected because the maximum energy of the sub-
sequent cycles will not increase due to the displacement-controlled
conditions. On the other hand, according to the results presented in
Table 2 and the work of Alderliesten et al. [9], the AE results indicated
that the delamination could propagate in fatigue even after a sequence
of cycles without the detection of any damage mechanism.

The delamination propagation process obeys an energy balance
concept, in which the elastic strain energy available for delamination
needs to be higher than the material’s resistance (Uy,) to enable damage
formation. However, Uy, was not constant, as can be observed in Fig. 7,
and might be affected by some factors, as follows:

o Stochastic mechanisms accumulated during the loading cycles might
reduce the strain energy required for damage formation. Thus, this
“activation energy” drops, enabling the creation of damage;

e The presence of any defect in the specimen such as porosity and
resin pockets due to the manufacturing process;

e The occurrence of different fracture modes during FDG, such as
matrix cracking, fiber breakage, and interfacial failure due to the
composites’ heterogeneous nature. These types of failure might need
a different amount of elastic strain energy to occur [23]. As there is
no specific order for the development of these damage modes, the
first damage event detected in the loading cycle could be any of
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these modes or a combination of them, resulting in different values
of Uy, increasing its scatter.

In the present work, the authors propose that the stochastic me-
chanisms are mainly related to the stress state and the damage forma-
tion ahead of the crack tip. In mode I fatigue delamination propagation
conditions, the crack tip inside the specimen originates a process zone
ahead of the crack tip in which the stress field is more intense than in
the rest of the material. Micro-cracks and plastic deformations are ac-
cumulated in this process zone during the cyclic loading due to the
high-stress conditions [14,23], as illustrated in Fig. 10a.

In case of the strain energy accumulated in the specimen (U) is
lower than the Uy, for crack propagation, the crack propagation will
only occur by the coalescence of the micro-cracks ahead of the crack

tip, as presented in Fig. 10b. This statement's basis relies on the fact that
the crack propagation through micro-crack coalescence requires less
energy than the usual crack propagation, which can be an explanation
for the delamination propagation after several cycles without damage
detection observed in the results. Therefore, when U is not high enough
to enable crack propagation, the crack stops its propagation, and only
damage mechanisms ahead of the crack tip are developed and detected
by the AE system. Once the region ahead of the crack tip accumulated
enough damage, the crack propagates through micro-crack coalescence
consuming a lower amount of energy, which can be interpreted as a
lower Ug,.

The crack propagation through micro-crack coalescence increases
the Uy, scatter since both the micro-crack formation and the crack
propagation require different amounts of energy to develop (different
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Fig. 10. Idealized illustrative scheme of the process of damage accumulation
ahead of the crack tip.

Uw). A high Uy, scatter is expected to be observed in low crack pro-
pagation rates in which the energy available for damage propagation
(U) can be lower than the threshold energy required for the macro-
crack propagation. A condition that was observed in this work when the
R-ratio was increased. Thus, the R-ratio increase led to a reduction of
the crack propagation rate and an increase of the Uy, scatter, as can be
observed in the results presented in Fig. 9b and d, and Fig. 7, respec-
tively.

This section explained the scatter observed in Uy, results based on
the different amounts of energy required for the activation of different
damage mechanisms, resulting in different Uy,. It is reasonable to as-
sume that each one of these damage mechanisms requires a specific
amount of energy to develop despite the R-ratio applied. Therefore,
why does the Uy, showed an increase in the results presented in Fig. 7
when the R-ratio was increased, maintaining d,,x constant? The re-
sponse to this question relies on the cyclic strain energy applied, as
discussed in Section 3.2. Thus, the threshold of strain energy required
for damage onset within a single loading cycle in fatigue might relate
better with U, than with Uy, since Uy, considers both Up,on and Uy
energies.

4. Conclusions

The capability of the AE technique to quantify physical damage in
FDG was evaluated in this work. Based on the results presented, the AE
technique proved to be suitable to evaluate the damage formation
during fatigue loadings, providing insight into the mechanisms of de-
lamination propagation.

The analysis of damage distribution in the course of a single loading
cycle, and the assessment of damage development cycle by cycle en-
abled the following statements about FDG:

e Damage is developed during both loading and unloading phases of
the fatigue cycle;
e The damage developed during the unloading is generally a
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consequence of any damaging event initiated during the loading;
The R-ratio directly relates to the external work applied to the
specimen, which changes both the damage distribution within a
single loading cycle and the continuity of damage development
cycle by cycle;
A threshold level of energy (Uy,), which is the material’s resistance,
needs to be overcome in each loading cycle to enable damage pro-
pagation. However, the cyclic strain energy showed a strong cor-
relation with the results and, possibly, a cyclic strain energy
threshold might be considered as a condition to damage formation
instead of Ug,;

o The increase of the R-ratio leads to a larger fraction of the loading
cycle being above Uy,, which means that damage mechanisms can
develop along a broader region of the loading cycle;

e The damage onset within a single loading cycle correlates with the
cyclic strain energy of the specimen. Thus, the R-ratio variation
indirectly correlates with the damage onset;

e The increase of the R-ratio reduces the likelihood of triggering da-
mage propagation because the external work reduces, reducing the
delamination propagation continuity;

e The Uy, scatter is caused by the presence of different damaging
processes during the delamination propagation, which require a
different amount of energy to occur (different Uy,), such as micro-
crack formation ahead of the crack tip, micro-crack coalescence and
crack propagation;

e The FVF evaluated in this work did not present as an essential in-
fluence on the results.

The delamination process in fatigue, when physically explained,
enables the development of more precise prediction models based on
micromechanics. Therefore, future works should continue to investigate
the FDG mechanisms aiming to increase the physical understanding of
the phenomenon to enable the creation of reliable micromechanical
models.
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