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Damage is an inherently dynamic and multi-scale process. Of interest herein is the monitoring and quan-
tification of progressive damage accumulation in a newly developed glass fiber reinforced polymer com-
posite subjected to both tensile and fatigue loading conditions. To achieve this goal, the potential of data
fusion in structural damage detection, identification and remaining-life estimation is investigated by
integrating heterogeneous monitoring techniques and extracting damage-specific information. Damage
monitoring is achieved by the use of a hybrid non-destructive testing system relying on the combination
of acoustic emission, digital image correlation and infrared thermography. Full-field strain and temper-
ature differential maps reveal appearance and development of damage ‘‘hot spots’’ at prescribed strain/
load increments that also correlate well with distinct changes in the recorded acoustic activity. The use of
non-destructive and mechanical testing data further allows the quantification of the observed hysteretic
fatigue behavior by providing measurements of the: (i) stiffness degradation, (ii) energy dissipation, and
(iii) average strain as a function of fatigue cycles. Furthermore, analysis of the real time recorded acoustic
activity indicates the existence of three characteristic stages of fatigue life that can be used to construct a
framework for reliable remaining life-predictions.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

The emerging use of fiber reinforced polymer composites
(FRPCs) in aerospace [1] and power generation applications [2], is
justified by their exceptional combination of properties including
high specific strength and stiffness [3]. However, more than three
decades since their appearance, the widespread acceptance of FRPC
as a reliable class of engineering materials remains an issue. The
reasons for this observed hysteresis between development and
application of FRPC can be traced primarily in the inability to effec-
tively model and predict their performance and remaining life as a
function of both applied load and evolving surrounding environ-
ment [4,5], as for example currently accomplished in the case of
metal alloys [6]. The resulting uncertainty naturally increases the
risk in using this material type and ultimately overweighs their
comparative advantages as engineering materials.

Failure in laminated polymer composites is driven by various
damage mechanisms including matrix cracking, fiber breakage,
interfacial debonding, transverse ply cracking, and ply delamina-
tion [7]. The number, activation and interactions of these failure
mechanisms is further heavily dependent on prior manufacturing
and machining operations, that often result in defects and pre-
damage conditions that ultimately affect the observed failure pat-
terns [8,9]. In addition, the probable simultaneous activation of
two or more of such failure mechanisms and their unpredictable
evolution with applied loading, changing material states, and inter-
actions with the overall structural design, create the need for the
development of effective strategies for early detection of damage
initiation, as well as subsequent tracking of its evolution and accu-
mulation [10]. In this context, nondestructive testing (NDT) meth-
ods have proved invaluable both in understanding the complex
behavior of FRPC and in monitoring their damage process. Recent
NDT applications for damage monitoring of composites include
the use of non contact optical methods [11–16], acoustic-based
techniques [17–21], as well as electrical potential/resistance ap-
proaches [22,23]. In addition to NDT, other methods have been
used for monitoring the degradation of properties and the bulk
mechanical behavior of composites using standard metrological
devices, such as extensometers and strain gages [10,24–27].
Although such efforts have had some success in characterizing
the mechanical and damage behavior of composite materials, an
integrated approach which could effectively and reliably track
and quantify both damage initiation and subsequent damage evo-
lution is needed [5,28,29].
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This paper addresses the experimental procedure followed to
obtain in situ cross-validated NDT data as a function of loading
in uniaxial tensile and tension–tension fatigue tests. To this aim,
digital image correlation (DIC), infrared thermography (IRT) and
acoustic emission (AE) testing were used in parallel to quantify
the damage process in Glass Fiber Reinforced Polymer (GFRP) com-
posites intended for use in wind turbines.
2. Background

A robust monitoring system based on periodical, triggered or
continuous inspections, should be capable of determining whether
the current state of a material or structural component has devi-
ated from its normal operational conditions, i.e. damaged. For this
purpose, innovations in NDT technologies including both novel
sensor platforms (e.g. embedded carbon nanotube networks [30]
or fiber bragg sensors [31] in newly manufactured composites for
on line structural assessment) and several advanced post-process-
ing methods (e.g. the class of statistical pattern recognition (SPR)
techniques [32]) have been reported. Data post-processing through
information integration, a process frequently called ‘‘fusion’’, is
either inherently built in the harvesting part of the system or is
applied in post mortem. At the sensor level fusion has been
achieved by novel platforms with multiphysics sensing capabilities
(e.g. piezoelectricity plus strain) that collect in parallel indepen-
dent information or implement acceptance criteria for hierarchical
recordings based on switching and rejection protocols [33]. Fusion
may also occur at the post-processing level in which heteroge-
neous sensing units provide inputs that are subsequently classified
by the data acquisition system using intelligent schemes including
machine learning [34], as well as neural/fuzzy/probabilistic net-
works [35,36], outlier analysis (OA) [37,38] and probability density
estimations [39] to name a few.

The NDT monitoring approach in this paper is based on the use
of three different techniques briefly described next for complete-
ness that can provide complementary surface and volume informa-
tion to describe damage initiation and development in composite
materials and relate them to remaining life estimations. Specifi-
cally, AE is a promising technique to monitor developing damage
in FRPC as it can track in real time both the activation and evolu-
tion of various damage mechanisms as a function of applied load-
ing. AE refers to stress waves that are produced by the rapid release
of energy caused by reversible/irreversible changes within the
material. Previous work on AE focused on relating extracted fea-
tures, such as counts and amplitude to damage as a function of
e.g. the number of fatigue cycles [17,19,20]. Furthermore, Barre
and Benzeggagh [40] correlated AE amplitude with SEM images
to investigate the various damage mechanisms present in glass fi-
ber composites. Additionally, spectral analysis has been used to
differentiate the different damage mechanisms such as matrix
cracking and fiber breakage [21]. Sause and Horn [41] developed
a finite element model (FEM) to simulate the AE from targeted
damage modes in carbon fiber reinforced composites and used
the frequency content of the numerically produced AE signals to
infer on ways to effectively detect damage experimentally. How-
ever, material type, geometry and damage mode interaction com-
plexities in fiber reinforced composites, and additional
uncertainties introduced by the AE sensors have revealed severe
difficulties in the identification of damage modes using conven-
tional, ‘‘feature-based’’ AE monitoring. To address such difficulties,
SPR algorithms based on both unsupervised and supervised modes
of learning have been implemented with the goal to correlate
mathematically defined clusters of AE data with deformation and
damage mechanisms [42]. Additional difficulties even in such
advanced post-processing techniques have been reported, which
create the need for cross-validation of recorded AE information
with both other NDT information and mechanical data during test-
ing, as described in this article.

DIC is a non-contact optical metrology technique capable of
measuring full-field in and out of plane displacements and com-
puting in-plane strains on the surface of a specimen undergoing
deformation [43,44]. The technique relies on measurements of sur-
face deformation by comparing an original (reference) configura-
tion with subsequent deformed states through tracking contrast
changes in light intensity fields typically achieved by applying a
speckle pattern on the tested sample. This emerging optical meth-
od has been successfully employed to investigate material charac-
terization and failure mechanisms of FRPC subjected to monotonic
and cyclic loadings [11–16]. The DIC method has also been em-
ployed to obtain better understanding of the micromechanical
behavior of FRPC by analyzing strain distributions and associated
fracture surfaces [13,14,16].

Infrared imaging which allows real-time tracking of surface
temperatures, have permitted thermography techniques (includ-
ing active and passive) to grow as reliable and successful methods
for both material inspection and characterization. Measuring the
infrared radiation emitted by samples subjected to mechanical
loading has provided damage accumulation monitoring by means
of heat dissipation measurements [11,19,45–50]. Ghorbel et al.
[46] for example studied the temperature increase of glass rein-
forced polyamide in a monotonic tensile test during yielding and
necking. Toubal et al. [47] analyzed damage evolution in notched
carbon fiber reinforced epoxy samples based on calculations of
residual stiffness degradation, which was additionally compared
to average surface temperature fluctuations as a function of the
number of fatigue cycles. In addition, Broughton [11] provided
the inverse relationship between normalized residual stiffness
and surface temperature using the fatigue cycles as a correlation
parameter for E-glass epoxy laminates. A similar trend was ob-
served and measured by Reis et al. [19] in conjunction with AE fea-
tures in pristine glass fiber reinforced polypropylene samples.
3. Experimental setup

3.1. Hybrid NDT system

The hybrid NDT system used for mechanical tests is shown in
Fig. 1a; the AE part consisted of a four-channel DiSP system (Phys-
ical Acoustics); two piezoelectric transducers (Pico) were mounted
on the specimen as shown in Fig. 1b using cyanoacrylate adhesive.
The piezoelectric transducers had an operating frequency range of
200–750 kHz with a peak frequency at 500 kHz. The received sig-
nals were amplified using 2/4/6-AST preamplifiers with a uniform
gain of 40 dB, while threshold values of 65 and 60 dB were used for
the tension and fatigue test, respectively. These rather high thresh-
old values minimized the recordings of unwanted noise, such as
mechanical vibrations introduced by the MTS testing machine.
The recorded signals were band-pass filtered in a frequency range
of 100 kHz–2 MHz and the pick definition time, hit definition time
and hit lockout time settings used were 40, 80 and 300 ls, respec-
tively. Before testing, lead break tests were carried out to deter-
mine the sensitivity of the sensors, calibrate the system and
calculate a surface wave speed of 12,000 m/s. The use of two sen-
sors further permitted linear location source detection during
testing.

A GOM ARAMIS 3D 5 megapixel DIC system with a peak image
acquisition rate of 30 frames/s (fps) was utilized to record full field
strain maps for the duration of the test. A 65 � 55 mm2

(2400 � 2100 pixels) field of view (FOV) was employed. 3D surface
deformations were obtained through triangulation of the two
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Fig. 1. (a) Hybrid NDT experimental setup; (b) material specimen geometry; and (c) custom DIC image acquisition for the imposed cyclic sinusoidal loading profile.
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camera lenses. A stochastic speckle pattern was applied on the
front surface to create a vivid surface light contrast and to track
the deformation process. DIC images were captured at a rate of
1 fps during the tensile tests. In the fatigue tests, the DIC system
was programmed to record images at 11 fps using an in-house-
developed script, which triggered the DIC cameras at specific time
instances that corresponded to target force values (marked with X
in Fig. 1c). The strain uncertainty for DIC measurements reported
in this article was ±150 lm/m, achieved by a facet size of
25 � 25 pixels, a step size of 12 pixels and 52% overlap.

Infrared thermography was performed using a Fluke Ti55 IR
FlexCam camera system operating in the 8–14 lm range. A ther-
mal emissivity of 0.75 with an acquisition rate of 0.2 fps for both
the tensile and fatigue tests was utilized. The focal plane array pix-
el format was 320 � 256 pixels for a FOV of 172 � 230 mm2. The
background temperature was set to 70 �F and the accuracy of the
system was ±2 �C for a temperature from �25 �C to 100 �C.
3.2. Material and loading specifications

The composite material tested was a glass fiber reinforced
epoxy laminate consisting of E-glass fibers and epoxy resin with
dimensions 200 mm � 23mm � 1.48 mm. The material had a
stacking sequence of [0/90/90/0] with a fiber volume fraction of
54%. The GFRP specimens were tested both in displacement-con-
trolled tension and force-controlled tension–tension fatigue with
a sinusoidal profile using a MTS servohydraulic testing machine.
Tensile tests were carried out at a 2 mm/min displacement rate
in accordance with ASTM D3039. Fatigue loads were selected
based on the ultimate tensile strength measured in the tensile
tests. The fatigue tests were carried out at a frequency rate of
3 Hz with a minimum to maximum stress ratio (R-value) of 0.1.
4. Results and discussion

4.1. Tensile testing

Fig. 2a presents the obtained stress–strain (r–e) behavior corre-
lated with the AE amplitude distribution and average temperature
differential evolution. Corresponding full field DIC and IRT results
at marked locations along the r–e curve are shown in Fig. 2b.
Strain values in the r–e curve were computed by averaging full
field strain measurements in the longitudinal direction. The tem-
perature differential values were calculated by the ratio of the
absolute temperature difference over the initial temperature. It is
clear in Fig. 2a that both the temperature differential and scatter
AE amplitude increase significantly as the stress increases. At point
marked as 2, the stress suddenly drops and a slight visual macro-
scopic damage could be detected as shown in the related top raw
DIC image in Fig. 2c, strongly indicating sub-surface damage initi-
ation. Note that such small stress drops are typically referred to as
‘pop-ins’ [51]. The corresponding average strain at point 2 was
1.8%. Both AE and IRT present distinct increases in their activity ex-
actly at this point, with AE emissions demonstrating a large in-
crease in both their event density and amplitude, while a
subsequent decrease was observed past point 2.

The thermography measurements showed a large, sudden and
steady increase in the temperature differential at point 2. Interest-
ingly, both the full field longitudinal strain and temperature differ-
ential values started to show ‘‘hot spots’’ at the left side of the
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Fig. 2. (a) Measured tensile stress versus strain curves correlated with the distribution of real-time extracted amplitude of AE events and computed (in post mortem) average
temperature differential values; (b) full field longitudinal strain (top) and temperature differential (bottom) maps; and (c) ‘‘raw’’ optical images recorded by the DIC system
showing the specimen’s surface at marked points 2 and 3, respectively in the stress–strain curve.
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specimen, although no critical surface damage was observed. It is
further interesting to note, that although at this load increment full
field DIC data show rather fuzzy trends, the IRT results clearly
mark the formation of a region at the left side of the specimen
where incipient damage actually occurred, as shown in the second
raw DIC image (bottom) in Fig. 2c. After the load drop at point 2,
the stress started to increase again until point 3 where final frac-
ture occurred. During this second, the average temperature differ-
ential continued to increase with an impressive �18% rise for a
short load increase period. This increase can be clearly correlated
to the full field temperature differential, which shows high concen-
trations on the initial and final fracture zone, while the AE activity
presented a second sudden rise in both event density and corre-
sponding AE amplitude.

Fig. 3 presents further DIC results that correspond to the tensile
tests in Fig. 2. Specifically, the average transversal strain (ex) in
Fig. 3a (left) increased almost linearly with respect to the average
longitudinal strain, for almost the entire duration of the test indi-
cating linear behavior. However, after point 2, a nonlinearity was
observed associated with critical failure damage formation de-
scribed in Fig. 2. Corresponding local Poisson’s ratio (PR) maps
were computed based on full field longitudinal and transverse
strains. At point 1, spots corresponding to relatively high PR values
appear to form along the loading direction and can be compared to
the GFRP constituents PR values (mfiber = 0.23 and mmatrix = 0.4).
These high values can be attributed to the increased transverse
strain sustained by the matrix. At point 2, additional spots of lower
PR values can be seen which could be related to matrix cracking
and/or debonding in the specimen, resulting in the fibers carrying
load. Furthermore, at point 3, the initial high PR spots seemed con-
nected in a way that correlates well with the location and shape of
the observed final fracture, indicating an interesting correlation
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between a locally resolved mechanical parameter only possible to
be measured by a technique such as DIC, and occurring damage.

A possible method of evaluating the matrix–fiber bonding is by
measuring the shear strain [29,52]. Fig. 3b shows the average shear
strain (exy) computed by DIC, as a function of the longitudinal
strain. Interestingly, the slope of the shear strain changes signifi-
cantly at point 1 (ey = 1.4% strain), as well as past point 2
(ey = 1.8% strain). While the average shear strain was found to in-
crease for longitudinal strain values between 1.4% and 1.8%, it rap-
idly increased thereafter. Based on these findings, it can be
suggested that the slope change at 1.4% strain could probably be
associated with the initiation possibly of interfacial failure, while
the significant increase of the shear strain at 1.8% can be related
to the final stages of damage development. These remarks are fur-
ther supported by the full-field shear strain visualizations also pre-
sented in Fig. 3b, which indicate the appearance and evolution of
permanent concentrations, associated with significant strain val-
ues in regions related to the final fracture location shown in Fig. 2c.

To correlate the recorded AE results with both mechanical data
and evolving damage in the material, the r–e curve versus the
cumulative AE energy is plotted in Fig. 4a and versus the number
of AE counts in Fig. 4b. The AE energy remained nearly constant
initially and presented a significant jump at 1.8% strain level corre-
sponding to the stress drop in the r–e curve, which can also be
associated with the shear strain changes. Past 1.8% strain level,
the AE energy continued to increase indicating severe source activ-
ity. Similarly, it can be seen at and past this strain level in Fig. 4b
where both the number and density of counts increased signifi-
cantly, offering additional evidence on the evolution of damage
in the composite specimen.

Furthermore, unsupervised SPR analysis was performed to clas-
sify the recorded AE signals from the tensile tests. Four AE features
were used as descriptors in this clustering methodology, namely,
counts to peak, decay angle, absolute energy and peak frequency
[42]. Based on previous work by the authors, the max–min dis-
tance algorithm was employed to remove any noise recorded dur-
ing the test; and a complete link clustering algorithm with the
selected four features was performed. The features were normal-
ized and were found to have a correlation level less than 0.3, which
is acceptable for clustering. The classification procedure was eval-
uated using the R and s criteria, which yielded the case of 2 classes
as optimum [42].

In Fig. 5a, the evolution of the absolute energy of the AE signals
in each of the identified classes as a function of the average longi-
tudinal strain is plotted. Class 0 appears to be active throughout
the test with a noticeable change in slope at 1.4%; moreover, a dis-
tinct sharp increase at 1.8% in agreement with the results pre-
sented previously at point 2. Class 1 appears to be almost idle up
to about 1.6%, where starts increasing with a slower rate compared
to Class 0. To further investigate the properties of the identified
clusters, the rise-time of the AE signals for each class is plotted
against peak frequencies (Fig. 5b). Interestingly, class 0 AE signals
seem to be linked with higher rise-time and lower peak frequency
values which has been associated earlier in literature to matrix-
dominated failure in composites (Fig. 6c), whereas class 1 com-
prises AE activity with relatively lower rise time and higher fre-
quencies typical for fiber-dominated failure processes (Fig. 6a
and b).

The weighted spectral content of the signals in each class was
further analyzed using a Fast Fourier Transform (FFT) algorithm
using the formula given in the following equation:

WFFT ¼

XN

i¼0

XFFTi

N
ð1Þ
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Fig. 6. SEM images of characteristics failure modes: (a) fiber breakage, (b) fiber pullout, and (c) matrix cracking.
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Fig. 7. (a) Representative fatigue stress–strain loops and (b) full field stain maps at marked locations 1–4 at LF = 99%. (c) Energy density and (d) residual stiffness compared to
cumulative AE energy and versus normalized fatigue life.
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where XFFT is the FFT of a signal belonging to a particular class and N
is the total number of signals. The results are shown in Fig. 5c and d
for each class. The peak frequencies of class 0 and 1 lie around
166 kHz and 517 kHz respectively, while it is interesting to note
that the 166 kHz peak of class 0 also appears in class 1 which cor-
relates well with the absolute energy results in Fig. 5a. AE events
with a dominant frequency <300 kHz have been associated to ma-
trix cracking (Fig. 6c), fiber pullout (Fig. 6b) and fiber debonding
(Fig. 6a), while events with >300 kHz peak frequencies typically cor-
relate well with the fiber breakage dominated stage of failure in
composites [53–55]. Such damage modes were revealed by a de-
tailed microscopic analysis subsequent to the tensile tests (Fig. 6),
reinforcing the classification results shown in Fig. 5b. However, it
should be noted that only the most reliable trends related to AE
and damage are sought in this analysis. Furthermore, no effort
was made to directly associate a particular damage mode (e.g. fiber
breakage) with one or more extracted AE features, as frequently at-
tempted in the pertinent literature mentioned in this section. The
AE results presented herein are however examined in comparison
to related fatigue data, as described next.

4.2. Fatigue testing

Force controlled tension–tension (R = 0.1) fatigue tests were
performed at loading rates of 2–3 Hz using a sinusoidal profile
(Fig. 1c) while simultaneously recording AE, DIC and IR data. Rep-
resentative stress–strain loops measured using customized DIC
data recording schemes (designated with marks in Fig. 1c) are
illustrated in Fig. 7a. An increase in the average maximum longitu-
dinal strain as the fatigue process develops can be seen, which
indicates changes in the overall damage condition of the tested
specimen. Full field longitudinal strain distributions at specific
points along a loop that corresponds to the end of the fatigue life
(�99%) are shown in Fig. 7b demonstrating significant strain accu-
mulation defined near a vertical line on the right side of the spec-
imen, which coincided with the fractured zone.

The energy density (area inside the r–e loops) and residual stiff-
ness (slope connecting the two strain extrema in the loops) are
presented in Fig. 7c and d respectively as a function of normalized
fatigue life and correlated to the in situ recorded cumulative AE en-
ergy. Three stages of fatigue life were identified based on these
parameters and are marked with the vertical dotted lines in
Fig. 7c and d. The first significant change in the slope of the AE en-
ergy curve denotes the transition from the initial stage I (0–32%) to
stage II (32–84%), which is the longest out of the three. In stage II
the calculated energy density gradually increases while the resid-
ual stiffness decreases, providing two additional bulk parameters
to quantify the material’s damage condition. The onset of stage
III (>84%) was clearly identified by the sudden change in both en-
ergy density and stiffness, which is subsequently followed by a
steep increase of the AE energy right before final fracture.

To further investigate the correlation between NDT data,
mechanical properties and fatigue behavior, Fig. 8a shows the AE
amplitude distribution in comparison with the computed average
PR, while Fig. 8b presents the variation of the average x and y
strains calculated from the field data presented in Fig. 8c and d
as a function of fatigue life. In stage I, the initial high amplitude
of AE signals associated with rapid material changes that
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accommodate the imposed loading, decreases as fatigue evolves
due to temporary saturation of these microstructural effects, while
it is further accompanied by decreasing PR values. To investigate
this trend, the full field DIC data for ex in Fig. 8d and PR in Fig. 8e
show the appearance of localized ellipsoidal regions, in which both
ex and mxy are significantly lower than that their neighborhood. In
addition, these regions were found to be close to the distinct sur-
face failure zone shown in Fig. 8f. The average strains values pre-
sented in Fig. 8b reveal that the calculated variations in the PR
values are caused by the change in the x strains in stage I (y strains
remain almost constant as also further verified by the full field data
in Fig. 8c). Furthermore, a closer look at the ex data in Fig. 8d shows
that at marked location 2 the actual failure zone starts forming
from the right size of the coupon, which becomes more pro-
nounced at locations 3–4 and can be clearly seen at location 5.
Having such DIC data and motivated by the results described
above, the calculation of localized Poisson ratio values shown in
Fig. 8e was achieved, and demonstrated again the sensitivity of this
mechanical parameter in monitoring progressive damage under
fatigue loading conditions. Note that at the transition between
stages II and III, both x and y strains suddenly present significant
changes accompanied by the clear formation of the fracture zone
in Fig. 8f, which was subsequently followed by a sharp increase
of the AE amplitude as shown in Fig. 8a and an accompanying in-
crease of the average PR values.

Further analysis of the recorded AE activity was performed by
analyzing waveforms both in time and frequency domains, as
shown in Fig. 9. The spectral content of the waveforms was com-
puted using FFT. A large number of AE signals at each of the three
fatigue stages was used for this analysis; however, for presentation
purposes only three waveforms from each stage are presented in
Fig. 9, while the remarks made correspond to the analysis of the
entire data set. Specifically, although the waveform population cor-
responding to all identified fatigue stages comprised primarily
burst-type emissions, differences in their features were identified
in both time and frequency domains. Real time recorded AE signals
were found to have low amplitude and short duration in stage I
with their dominant frequencies centered around 150–200 kHz
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Fig. 9. (left) Selected AE waveforms and (right) their corresponding frequency content for the identified three stages of fatigue life.
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and�470 kHz. Signals extracted from stage II appeared to have rel-
atively higher amplitude and longer duration on average and in
comparison to stage I. In addition, their dominant frequency was
found centered at the same frequency ranges as in stage I, but with
significantly more pronounced the 150–200 kHz region compared
to the 470 kHz, indicating changes (again statistically and on aver-
age) in the features of the AE emissions in this particular stage. Fi-
nally, the AE signals in stage III clearly have significantly different
frequency content with a dominance of the �470 kHz, while they
additionally have much higher amplitude with respect to the AE
signals associated with the previous fatigue stages. Therefore, the
careful analysis of the AE population appears to yield heteroge-
neous features that can be used for monitoring of composite’s fati-
gue. These findings agree well with the results presented in Fig. 5
indicating matrix and fiber failure dominated regions, which are
additionally supported in this article by full field temperature
and strain data (Fig. 10a and b).

Full field and average temperature and strain maps for a second
fatigue sample are shown in Fig. 10 and are compared to relevant
AE data. It should be noted that the results shown in this figure are
for the final 1% of the fatigue life fraction (LF), where the most
interesting damage evolution activity was recorded. Note also, that
due to differences in the sampling rate of the DIC and IR equip-
ment; the instances within the loops (i.e. the marked locations in
Fig. 10a and b for the average longitudinal strain and temperature
differential) were not always the same explaining some reported
fluctuation. However, these concerns do not affect the description
followed related to observed permanent damage features. Specifi-
cally, the onset of a region with pronounced heat localization is
seen in Fig. 10a at the top left corner of the tested specimen and
just prior to final fracture (LF = 99.3%), while no significant strain
accumulation was measured in the full field data of Fig. 10b. Sub-
sequently, at LF = 99.4% some strain accumulations at the bottom
left corner of the specimen can be observed, which becomes more
pronounced at LF = 99.7% and coincides with the fracture zone.
Similarly, the heat localization at LF > 99.4% appears to define a dis-
tinct region near the subsequently observed fractured zone. In
addition, the average temperature differential increases from
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6.58% in location 2 to 8.80% in location 3, accompanied by an in-
crease of the corresponding AE amplitude.
5. Concluding remarks

Two main conclusions can be drawn by the results presented in
this article. The first addresses the issue of NDT for damage quanti-
fication in composites. Specifically, it was repeatedly mentioned in
the analysis of the results in the previous sections that for the same
time/load/strain increment at which NDT or mechanical data were
recorded, information evaluated by cross correlation of the inde-
pendent inputs allowed both a more effective interpretation of the
damage characteristics and their cross validation increasing the
reliability of the monitoring strategy. The second conclusion refers
to the fundamental need in understanding the mechanical and dam-
age behavior of composites and is associated with the success of the
presented hybrid NDT system to indicate the initiation and progres-
sive development of occurring damage in both tensile and fatigue
loading conditions. Rather than attempting to correlate specific fea-
tures to distinct failure mechanisms, as frequently suggested when
NDT methods are used in mechanical testing, this article addresses a
framework for monitoring NDT changes in direct correlation to ac-
tual mechanical parameters, i.e. strains, Poisson’s ratio, energy den-
sity and residual stiffness. Therefore, this article demonstrates that
the careful use of available NDT technology can result in informa-
tion that can feed data-driven modeling and allow the next genera-
tion of applications based on composite materials.
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