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Abstract

Composite materials are nowadays used in many fields of industry, especially for producing large structural components in many
applications ranging from naval to aerospace.

Beside to the capability and versatility of uses, the study of damage in composites is not easy due to the different failure mechanisms
that can occur simultaneously or in different conditions. The characterisation of composites represents then a critical stage of
assessing mechanical properties and resistance and a careful attention has to be put in the study and damage analysis. Due to this,
the fatigue performances imposed by Standards have to be verified by means of experimental techniques involving experimental
campaign in laboratory on samples or directly on large components. However, classical procedures for evaluating the fatigue
resistance of materials present two issues: the expensive and time-consuming tests because of the high number of specimens being
tested, and the totally absence of information on occurring damage. In the last few years, great efforts have been made to develop
a number of methods aimed at reducing testing time and, subsequently, the cost of the experimental campaign. Among the different
techniques, for instance, thermographic methods are considered as a useful tool for the rapid evaluation of fatigue damage and
fatigue resistance at specific cycles number (endurance limit).

The capability of thermography, is not only, related to the experimental procedure providing specific tests capable of assessing
fatigue resistance in accelerated way, but also to study the energy involved in the fatigue processes.

As previously said, damage mechanisms in composite materials are difficult to be understood and even a small scale anomaly can
lead the failure of the material without visible damage or visible signs of the onset of failure phenomena. For this reason, energy
intrinsically dissipated can be another point of view to face up to a sudden failure. In this way, energy-related parameters assessed
by the analysis of thermographic signal can be useful for assessing information related to the onset of irreversible damage.

The focus of the present research is to provide an innovative method for process thermal signal from innovative composites obtained
by Automated Fiber Placement process in order to understand the fatigue behaviour qualitatively and quantitatively.
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1. Introduction

Composites materials show high performance requirement in different industrial fields such as boating-yachting,
aeronautical or aerospace industry Bannister (2004) and wind turbine blades due to high specific stiffness, strength,
and good mechanical behavior Palumbo (2016), however, it is very well-known that the fatigue characterisation using
standard test method is expensive and time consuming Harris (2003).

In order to reduce test time and costs of fatigue tests, several methods have been proposed to study rapidly and
consistently the various damage phenomena, Munoz (2016), Goidescu (2013), Naderi(2012), Kordatos (2012).

The potentialities of thermography to fatigue characterize the composites are exploited by the Thermoelastic Stress
Analysis (TSA). The well-known technique is a non-contact, full field technique that provides stress maps of a
component subjected to dynamic loading Harwood (1991), Pittaresi (1999), Wang(2010), Palumbo (2016). The
theoretical framework refers to the thermoelastic effect arising from cyclic loading applied to a component.

Emery (2010) discussed the benefit of using TSA on composites by investigating different stacking sequences of
polymer-matrix-composites. In particular, the stiffness degradation and strain redistributions in between lamina or
composite regions where opportunely analysed compared to different thermoelastic metrics.

The use of thermoelastic phase signal was discussed by Fruehmann (2010), in order to detect fatigue damage at
low stress amplitude.

The exigence of an in-depth study of the damage (stiffness degradation, failure mechanisms) of fundamental

importance to characterize the behaviour of complex shaped components such as those adopted as structural parts
components.
In fact, advanced aircraft structures, nowadays contain high percentage by weight of composite components. This
allows producing large dimension components in small-time as the production rate forces composite structure
producers finding more cost efficient manufacturing methods Denkena(2016), Aized(2011), Kozaczu(2016),
Briining(2017), Belhaj(2013), Zhao(2018).

To reduce, hence, the time to market of composite innovative components, during the last decades, Automated
Fiber Placement (AFP) technology was proposed and developed becoming more and more popular and affordable.
Today, AFP process is used several aero-structure manufactures which successfully incorporated and certified this
method for their products Belnoue(2017), Schmidt (2016), Lichtinger(2015).

In this work, the fatigue behavior of quasi-isotropic CFRP obtained by AFP process was studied and the mechanical
degradation of the material is discussed in terms of significant temperature variations. To do this, the adopted
processing procedure is presented Krapez (2000), capable of providing thermoelastic signal.

The thermoelastic signal, in fact, can support the understanding and study of the stiffness degradation and
strain/stress distribution/redistribution in between lamina.

The strong point of the proposed method is such that thermoelstic signal leads to obtain quantitatively and
qualitatively the failure areas, a significant reference in performing non-destructing inspections.

2. Theoretical field

During dynamic loading two thermal effects are generated: thermoelastic heat sources and intrinsic dissipations.
The first represents the well-known thermoelastic coupling term related to dynamic loading while, intrinsic dissipation
is thermodynamically irreversible. Dissipative phenomena arise due to the viscoelasto-plastic nature of the matrix
material, matrix cracking, fibre fracture, and interface cracking /friction among others Montesano(2013), De
Finis(2019), Palumbo(2017), Pierron (2007).
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Whether the adiabatic conditions are achieved, the temperature changes ATel for orthotropic materials are related
to the changes in the stresses in the material principal directions by the following expression:

T,
AT, =—— (A0, +a,Ac
C(1 | ta, z) (D

p

where a; and a; are, respectively the coefficients of linear thermal expansion relative to the principal axes, C, is
the specific heat at constant pressure, p is the density, 7} is the absolute temperature and Ao, and Ao are the principal
stresses.

Typical TSA acquisition systems provide usually a not radiometrically calibrated S signal proportional to the peak-
to-peak variation in temperature during the cyclical variation of the sum of principal stress. Usually the signal S is
presented as a vector, where modulus is proportional to the change in temperature due to the thermoelastic effect and
the phase ¢ means the angular shift between the thermoelastic and the reference signal provided by loading machine
Montesano (2013). In this case, the following equation can be used:

AS= (0!1A0'1 + OIZAO'Z) @)

where 4 is a calibration constant. In time domain, the equation (2) can be expressed as follows:
N
s:7sm( wt+ 7+ @) 3)

where s is the uncalibrated thermographic signal, @ is the angular velocity and ¢ is the phase angle between
temperature and loading signal. The phase angle remains locally constant in presence of linear elastic behaviour of
material and thus, if adiabatic conditions are achieved. If damage occurs non-linearity of thermoelastic signal and
phase variations can be observed, Fruehmann (2010).

Intrinsic dissipations are irreversible sources opposed to thermoelastic ones. The presence of irreversible
phenomena affects temperature by determining both an increase of mean temperature of the specimen and the
occurrence of second order temperature variations. In following paragraph, it will be presented the algorithm to obtain
these indexes from temperature signal.
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Fig. 1. Coriolis ® robotic system equipped with a roller of the Robotic system, Denkena (2016).
3. Experimental campaign and data processing
Before presenting the tested material a brief introduction about the process is provided. Automatic Fiber Placement

technology is aimed to lay composite layer (0,25 width) as unidirectional prepreg tapes, Belnoue(2017), Schmidt
(2016), Lichtinger(2015). Each tape is laid down by a robotic system with butt joint in any orientation: this clearly
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represents the advantage of producing isotropic structures capable to carry load in any direction. Each tape is pressed
to the mould by a roller for proper compaction which is installed on robotic arm (Fig. 1).

The tested material was CFRP panel (fifteen plies of an epoxy-type resin reinforced by carbon fibers with a stacking
sequence of [0/-45/45/90/90/45/-45/0]2), from which specimens were extracted. The global panel was 560 mm
(weight) and 695 mm (length), samples extracted was designed according to the Standard ASTM D3039. The
dimension of specimens were: 25 mm width, 250 mm length and thickness of 3.5 mm. All the specimens were tested
on a INSTROM 8850 (250 kN capacity) servo-hydraulic machine.

Nine samples were tested with conventional constant amplitude procedure, in load control, in order to obtain the S-N
curve conducted at stress ratio of 0.1 and a loading frequency of 7 Hz, runout 2*1076 cycles. The imposed loading
level of SN curve were compared to ultimate tensile strength (UTS) of the material which is 827 MPa, previously
evaluated. The imposed stress levels were six: 50 UTS% (maximum stress: 413.5 MPa), 60% UTS (maximum stress:
496 MPa), 65%UTS (maximum stress: 537.5 MPa), 70%UTS (maximum stress: 579 MPa), 75% UTS (maximum
stress: 620 MPa), 80%UTS (maximum stress: 661 MPa).
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Fig. 2. Obtained SN curve (a), Layout of loading frame and infrared camera (b).

Fig. 2 reports the experimental SN curve for material (a) and the set-up (b). The equipment involves also an
extensometer with the purpose of acquiring strain and stress cycles per cycles. This leads to calculating the global
secant Young’s modulus for specimens. The evaluation of Young modulus was to provide a metric with which to
compare the thermoelastic signal data by fixing the residual stiffness of the specimens after cycles.

The SN curve reported in Fig. 2a shows as the endurance limit is present in correspondence of 50%UTS at 412.5 MPa
in terms of maximum stress. All the data lies in the 95% confidence bounds. In Fig. 2a, is represented the loading
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frame, and the infrared detector used for thermographic acquisition which was positioned in from of the gage length
of the sample.

The IR camera provided a cooled In-Sb detector FLIR X6540 SC (640X512 pixel matrix array, with thermal sensitivity
NETD < 30 mK). FLIR X6540 SC acquired at fixed time instant of the tests. The adopted acquisition frequency was
177 Hz. The analysis of thermoelastic signal involved three stress levels: 50% UTS, 65% UTS and 70%UTS
respectively at 413.5 MPa, 537.5 MPa, 579 MPa of maximum stresses. The endurance limit obtained was in
correspondence of 50%UTS at 413 MPa.

Thermal sequences were processed using specific algorithms providing a thermal signal reconstruction De Finis
(2019). The algorithms finally provides pixel by pixel information about the temperature of the specimen ‘Sm’. As
reported in equation (4) ‘Sm’ is decomposed in:

S,(@)=S,+at + Slsin( wt + @)+ S2sin( 2wt) (4)

the contribution ‘SO + at ‘ of the mean temperature increase during the cyclic mechanical loading, ‘@’ the angular
frequency of the mechanical imposed load, ‘S/’ and ‘p’ respectively the amplitude and phase of first harmonic
component of Fourier series while, ‘S2’ the amplitude of the second Fourier harmonic component. In particular, the
harmonic term ‘S1/ S0’ related to thermoelastic temperature signal variation normalised to mean temperature signal
is object of the present investigation.

The ‘S2’ term is proportional to the amplitude of intrinsic dissipations. In this paper, as previously said, the ‘S7/ S0’
term was considered for the analysis referring to 95° and 5° percentile values extracted from the maps, this for firstly
avoiding any outlier data point and secondly for taking into account both the phenomena related to stiffness
degradation and stress/strain redistribution in through the lamina as explained by Emery(2010). The values of
thermoelastic temperature signal variations are referred to the value of an undamaged condition.

4. Results

The constant amplitude tests, as previously shown, were thermographic monitored in order to assess the thermal
signal. Firstly, thermoelastic temperature signal normalised per mean temperature was obtained and studied. The
thermoelastic temperature signal variations as found by Wang(2010), Krapez(2000), are related to the thermoelastic
energy of material which is low at low stress amplitudes and increases as the degradation of the mechanical properties
occurs. Specifically for the longitudinal modulus of the material, as the material elastic properties reduce the load
imposed reduces as the stiffness reduces12. However, it is difficult to determine quantitatively this energy, especially
due to complex damage mechanisms involved in fatigue and due to the brittle behaviour of material.

In Fig. 3 the results of the calculation of Young modulus at each stress level imposed during the classic constant-
amplitude tests are reported for three samples: from the one tested at 50%UTS through sample tested at 65%UTS to
the one tested at 70%UTS. The values of Young modulus have been related to the value of Young modulus of virgin
sample, which practically corresponds to the elastic modulus calculated at initial stages of the test. The markers on
each curve of Fig. 3 corresponds to the cycles at which elastic modulus calculations have been made, hence each curve
represents a data fitting. According to the literature Huanga(2019), in general, the stiffness of the composites reduces
thought the cycles as effect of occurring damage. The entity of the variation depends on the load Ospina Cadavid
(2017) and in general an initial stage of stabilisation is recorded which lasts few cycles compared to the total duration
of the tests. This initial stage is governed by micro-cracks initiation phenomena and is very short as the load increases.
The second stage is governed by the delamination or cracks occurring in the matrix, this phase is slow and occurs with
steady growth of damage processes. The third stage is a dramatic elastic properties reduction coupled with final failure
of the material. This latter stage lasts few cycles.

The long-lasting stage one is the second stage with a quasi-stable damage growth rate accounting for the most parts
of the total cycle numbers.

The behaviour presented in Fig. 3, is in agreement with the theoretical behaviour, in particular, for this quasi-
isotropic composite produced by AFP process, the lower are the stresses the more the initial phase lasts. The same as
for the second stage: obviously, the lower the stresses are, the more this phase lasts.
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Fig. 3. Stiffness degradation cycle after cycle during constant amplitude test at different imposed loads.
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The mechanical data have been compared with thermal data represented by thermoelastic uncalibrated signal
variations. The values considered for the analysis of the thermoelastic signal were the maximum value represented by
95° percentile and the minimum represented by 5° percentile related to mean temperature. Those signal variations are
strictly correlated to the sum of the changes in the principal stresses Wang (2010), Emery (2010), Fruhemann (2010).
The thermal signal maps have been also referred to undamaged/unload condition represented by the thermoealstic
values at initial loading level. This clearly emphasizes the different temperature variations which are characterized by
higher or lower thermoelastic signal.

In particular, the lower thermoelastic signal variations are correlated to the reduction in stress or strain in certain areas
as the load carrying capacity reduces (and the stiffness degradates). The higher values are related to the capability to
redistribute stress or strain redistribution as the damage increases.

In Fig. 4, are reported the curves of higher/lower values of thermoelastic signal. The lower values of the 5° percentile
are negative in values since, as previously explained they are referred to undamaged condition.

In Fig. 4(a) the values of 95° percentile of thermoelastic signal decreases after an initial increase which has been
blurred by a flattened scale for y-axis.

In further graph the same values will be reported coupled with the Young modulus reduction for a specific imposed
stress level.

Fig. 4(b) reports the graphs of negative values of thermoealstic signal that refers to 5° percentile values, in these graphs
after the initial higher values, one can observe a significant increase in terms of negative values.

Referring to all the samples the entity of ‘decrease’ of thermal indexes at the end of the test is more severe than the
decrease in the stiffness (referred to E/EO metrics). These finding demonstrates a higher sensitivity of the thermal
indexes to record even small variations in the mechanical behaviour of the material.

In Fig. 5 are represented the data in terms of maximum/minimum values of thermoelastic temperature signal variation
for each test compared to the mechanical parameter E/EQ representing the stiffness degradation of the material.

In Fig. 5(a-c-e) are reported for each test the 5° percentile values. In the graphs, after the first maximum value, the
trend is generally decreasing. The thermoelastic metric 5° percentile exhibits a severe slope variation in those cycles,
immediately after the begin of the test.

The thermal analysis made by using the thermoelastic parameters is more sensitive to properties reductions than the
one made by using the extensometer data. In fact, the related data are averaged in the gauge length of the sample. So,
to use thermal data allows performing a more local and conservative determination of both the time and the location
where the mechanical properties degrade.

In Fig. 5(b-d-f) are reported the trend for 95° percentile, the second metrics evaluated. The trend of this parameter is
more complex since after an initial increase (which is clearly detectable especially for lower stress levels) an
immediate decrease follows. However, after the first decrease which occurs roughly at 102-10° cycles there is another
less pronounced decrease before the failure.

A possible explanation of these results can be in part attributed to the mismatch in the Poisson’s ratio between the
different lamina of the composite which induces interlaminar shear that determines strain values capable of causing
cracks in the matrix. Such the matrix stress/strain concentration increases up to a saturation point, at fixed stress, and
the stress can be redistributed at local level into the sound, that are the unbroken parts of the samples. This can explain
the slight stabilisation of both 95° and 5° at 50%UTS and 65%UTS. This means that the stress is moving to the
adjacent plies. The delamination results in a reduction in the capability of carry out stress/strain concentration at local
level. In the case of quasi-isotropic stacking sequence, the stiffness reduction can be attributed to crack occurring at
intermediate level plies.

Another strong point of the adopted technique is represented by the possibility to assess where and when damage and
failure occur. To do this,-thermoelastic maps are reported for the three tests in Fig. 6. As previously said, the analysis
of thermoelastic temperature signal variations leads to localize the damaged areas of material, as the thermoelastic
signal variations are related to the redistribution of the stresses caused by the stiffness degradation due to the damage,
Fig. 6.

As is possible to see in Fig. 6 at each stress level imposed, there is the effect of the signal of fibres oriented at 90°
with respect to the loading direction. This signal appear at each stress level and it seems to be related to intrinsic
phenomena occurring between the layers. By observing the images in Fig. 6 it is possible to see intense delamination
phenomena. This reflects what found quantitatively by analysing both thermal and mechanical data where the second
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stage in the stiffness degradation stage not only is long-lasting but also is characterized by a stabilization of the
properties as also observed by the 5° percentile of thermoelastic data. In the same area where the maximum negative
value is achieved in terms of thermal metrics the delamination occur (Fig. 6a).
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The most of these areas are detectable by early cycles whether the stress is high (Fig. 6¢) or not (Fig. 6b).

Another remarkable effect is represented by the higher signal in the upper part of the sample which characterize all
the test samples. This phenomenon is actually object of study, however is likely to be ascribed to the motion since the
region is close to the moving grip of the loading frame.

The effect of motion causes the thermoelastic signal to ‘blur’. Observation of the affected area through the fatigue
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loads shows motion becomes more significant as the stiffness reduces. This will be in depth investigated. This is
especially true for those areas close to the aforementioned region however the area considered for the analysis refer
to region where displacement are zero for most part of the test.

Hence, it is possible to conclude that the maps of thermoealstic signal allow the assessment in a qualitative way of the
information about the early onset of material degradation and about the material carrying load capability.
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Fig. 6. Maps of thermoelastic signal for (a) S0%UTS, (b) 65%UTS, (c)70%UTS tests.
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Conclusions

In this work, a procedure has been proposed for studying the damage of composite materials obtained by automatic
fiber placement by using thermographic metrics provided by infrared thermography.
The thermoelastic temperature signal was used as parameter to both assess the stress/strain redistribution in the
material and the stiffness degradation. Three specimens of the reference SN curve performed were used for studying
the thermoelastic maximum and minimum values compared with the data obtained by extensometer.
The samples were tested at respectively 50%UTS, 65%UTS, 70%UTS, of the material. The first value of the imposed
stress corresponded to the runout at 2*1076 cycles.
The analysis of thermoelastic signal metrics in terms of 95° percentile value, which in theory are related to the stress
redistribution in the material showed particular trend characterised by an increase and immediate decreases followed
a steady state. This involve in a several discrete equilibrium phases up to the failure. The thermoelastic variations (5°
percentile of data) presented a trend which followed the those provided by mechanical data (E/EQ) obtained by using
an extensometer. In particular, the thermal parameter presented a severe decrease phase after the tests started,
demonstrating the higher sensitivity with respect an extensometer to reflect any mechanical changes in the material.
Also, the analysis of the maps of thermoealstic parameter reported locally where and when the typical damage failure
started. This demonstrates the capability of thermoelastic stress analysis to predict the failure area, then, the capability
in performing also non destructing inspections.
The potential of the technique is related to the possibility of reducing testing time: from one thermographic sequence,
different indexes can be extracted to study the fatigue behavior under different points of views. Furtherly, the proposed
procedure could represent a useful tool for the monitoring of real and more complex components subjected to actual
loading conditions.
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