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Abstract: Theories for predicting the fatigue behaviour of composite laminates often make strong
assumptions on the damage mechanisms that strongly depend on the designed laminate lay-up. In this
regard, several physical and empirical models were proposed in the literature that generally require
experimental validations. The experimental techniques, such as thermography, also provide useful
tools for monitoring the behaviour of the specific material so, that they can be used to support the
study of the damage mechanisms of materials. In this research, the second amplitude harmonic of the
thermal signal has been investigated and used to assess the relationship with the total energy input in
order to estimate the fatigue strength of the material. A thermal index was assessed by monitoring the
constant amplitude tests (S/N curve) that were performed on a quasi-isotropic carbon fibre reinforced
polymer (CFRP) laminate obtained by the automated fibre placement process. The obtained results
demonstrated the capability of the second amplitude harmonic of the thermal signal to describe and
monitor the fatigue damage.

Keywords: FRP composites; total energy input; thermography; second amplitude harmonic of
thermal signal

1. Introduction

The fatigue damage in a fibre-reinforced composite can be due to the presence of irregularities of
the stress distribution into the material and the presence of mechanisms of damage accumulation that
lead to the breakdown of the matrix or fibres or their interfaces [1–4].

In general, the composite behaviour during cyclic loading involves three stages of the damage:
an initial decrease of the mechanical properties due to the matrix cracking, a stable mechanical
degradation growth due to the occurrence of delamination induced by transverse cracks, and a final
severe degradation due to the fibres rupture [4–9]. These three stages of damage can be assessed by
evaluating the material performances in terms of the hysteresis loop changes (rotation and drift) [1,10].
To this purpose, methods that are based on the assessment of Young’s modulus [7–9] and Poisson’s
ratio [11] reduction, crack density [12–14], and strain density variation [2,15] measurements can be used
for describing the material behaviour. The stiffness degradation in terms of Young’s modulus, Poisson’s
ratio reductions, and crack density evaluations are useful for describing the material response [2] and
are representative of specific mechanisms, such as transverse cracks, shear stresses at the interfaces,
and the appearance of the characteristic damage state [16]. In this regard, the assessment of the
evolution of the area of the hysteresis loop is more promising for describing the material behaviour,
as it represents the total energy input (strain energy density) [2].

Several methods were developed to obtain the total energy input [2,10,17–19] in order to draw
considerations on material residual strength. By considering that the imposed stress is the main

Materials 2020, 13, 2820; doi:10.3390/ma13122820 www.mdpi.com/journal/materials

http://www.mdpi.com/journal/materials
http://www.mdpi.com
https://orcid.org/0000-0002-7972-345X
https://orcid.org/0000-0001-6373-2741
http://dx.doi.org/10.3390/ma13122820
http://www.mdpi.com/journal/materials
https://www.mdpi.com/1996-1944/13/12/2820?type=check_update&version=2


Materials 2020, 13, 2820 2 of 18

damage controlling parameter [1] under a fatigue regime, Ellyn [2] proposed a model that related the
total energy input to stress/strains in the material principal directions, for elastic plane stress problems
of orthotropic laminates. Plumtree et al. [20] proposed another formulation, where the total energy
input that was related to in-plane normal and shear stresses and strains. Varvani-Farhani [19] proposed
a model that was based on the physics and the mechanisms of cracking within the three stages of
damage for CFRP composites. In the model, the energy-based fatigue damage parameter was the sum
of the three contributions to the total energy input in the three typical damage stages [4]. However,
the approach requires calculation and assumptions that are based on classical lamination theory (CLT)
at any given stress cycle and the assessment of static material properties.

The presented methods consider the energetic state of the material at a specific stress/strain level,
but they do not allow for the assessment of the evolution of the energy through the cycles. Moreover,
they also require specific assumptions on the damage phenomena and their interactions. However,
they can be considered as a reference for the estimation of total energy input.

The total energy input can be also evaluated by means of experimental approaches. In effect,
several experimental techniques [21–38] were used in the last decades capable of assessing the evolution
of the total energy input and studying the damage. Behera [21] used optical microscopy coupled with
the measurements of the load-displacement area under the hysteresis loop that was provided by an
automatic data acquisition system to study stiffness degradation and material energy dissipations.
The approach is useful for structural health monitoring assessment, but, to perform quantitative
microscopy analysis, the sample has to be removed from the loading machine grips. In view of this,
Liu [22] tested a T300/924 laminated composite at various porosity levels, and showed the effects of
voids on fatigue behaviour (stiffness variations, initiation/propagation of matrix cracks, and fatigue
failure mechanisms).

Acoustic emissions (AE) were used in several works [23–25] for determining the time instant at
which the damage occurs and for characterising the fatigue damage. However, AE present some limit
in localizing the damaged areas and the heat sources due to the overlapping of acoustic signals from
different damage sources. The strain gages (SG) [26] allow for the strain analysis of small regions of
interest of the component, while the Digital Imagine Correlation [27,28] is a full-field technique that
provides the superficial strain maps of the component. These latter techniques are very useful for
obtaining the strain energy input, but they require specific surface preparation for applying the sensors
(SG) and for applying the speckle pattern (DIC).

Toubal [29] used the infrared thermography technique to study the damage evolution of woven
laminates by measuring the material surface temperature during fatigue tests. This approach has
the advantage of monitoring the material state in real-time during the fatigue tests. In the work of
Montesano [30], a direct relation between the temperature and the energy dissipated evaluated as
the area under the hysteresis loop in a loading cycle is presented. This approach led to obtaining
the S/N curve. Huang et al. [4] proposed a model that was capable of reconstructing S/N curve
based on the stiffness degradation and temperature measurements acquired during rapid fatigue tests.
However, the temperature is a physical quantity that can be influenced by external noise factors: heat
exchanges by convention with the external environment or the thermal conduction through the grips
or fixtures [31]. Another application of thermography is provided by Sarker [32]. In the work, Sarker
showed as the active stepped thermographic technique coupled with EDX measurements applied on a
CFRP and epoxy samples after cyclic loading can be a useful tool for studying the effect of different
sulphuric acid environments on the thermo-physical and mechanical properties of these materials and
their constituents.

In another approach [33], the maps of the thermoelastic behaviour of the material during fatigue
loading presented different signal changes that were related to the stiffness variations and stress
redistribution that can be used to study the material degradation. In effect, Shiozawa [34] presented
that the damage evolution can also be assessed using thermoelastic signal and phase shift, on Short
Carbon Fiber Reinforced Plastics. In particular, in that work, the evolution of the damage was obtained
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by a new thermoelastic phase damage analysis that improves the phase contrast for detecting damage
on these specific materials.

In recent years, the thermal signal analysis approach was developed for assessing the different
harmonics components of the thermal signal that are related to both thermoelastic and dissipative
heat sources [35]. Following this approach, Palumbo et al. [36] showed a new method to filter out
‘disturbing’ heat sources affecting temperature signal based on the analysis of spectral components of
the temperature. In particular, in that work, it was showed in a qualitative way that the amplitude
of the second harmonics of the thermal signal of a GFRP laminate undergoing cyclic loading was
representative of the intrinsic dissipations and it can then be used to detect and monitor the damage.
In effect, thermal signal components can describe local temperature variations related to the damage
in the material [35]. This is particularly important for an accurate detection of the damage locations.
More recently, De Finis et al. [37] presented a preliminary qualitative study of the relation between the
first harmonic amplitude (thermoelastic temperature signal) and stiffness variation evolutions in a
quasi-isotropic CFRP for this material, in the work the capability of thermoelastic stress analysis to
predict the failure area was also presented.

In this work, by using the same material and experimental set-up in [37], another different physical
thermal index has been used for studying the fatigue behaviour of CFRP composites. The second
amplitude harmonic of the thermal signal has been used for correlating the total energy input and
dissipative heat sources. The main novelty of the present research consists in the experimental
investigation of the relationship between the second amplitude harmonic of the thermal signal and the
total energy input obtained by evaluating the area under the hysteresis loop with an extensometer
during the same tests. Moreover, in the present manuscript, by using the Ellyn model [2], the stresses
of the S/N curve have been obtained via energy input using mechanical and thermal data.

The advantage of the present approach is the possibility of realising real-time monitoring
of the damage of real components where it is difficult to measure the total input energy with
traditional approaches.

2. Theory: Fatigue Energy Assessments in Composites

2.1. Total Energy Input

Under cyclic loading, the mean and maximum values of the applied stress levels control the initial
and final damage stages [1]. In these conditions, damage and material properties degradation occur
in a cumulative way [19]. In effect, the major part of the laminate life is dominated by a subcritical
damage accumulation that manifests in the form of matrix/fibres cracking, delamination, debonding,
etc. [2].

According to different authors [2,3,19], the fatigue life of the material is related to the total energy
input per unit volume per cycle by:

W = A Na, (1)

where A and a are constants depending on loading ratio, fibre orientation, while N represents the cycles
run. The same power law is used for describing the relation between stress and cycles [15], which is
the S/N curve.

The formulation requires defining a proper constitutive law describing the material response in
order to theoretically describe the total energy input [2,15,19,20].

For an elastic plane stress problem, Ellyn [2] expressed the total energy input (strain energy
density) in terms of the stress and strains and loading ratio in the case of uniaxial cyclic loading:

W =
S11

2(1−R)2 ∆σ2, (2)
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where ∆σ is the stress amplitude, R is the loading ratio (σmin/σmax) and S11 can be described by:

S11 =
1

E1
cos4 θ+

1
E2

sin4 θ+
(
−

v
E1

+ G12

)
sin2 θ cos2 θ, (3)

where S11 is the transformed compliance value that depends on the angular orientation of the fibres
with respect to the load direction θ and on mechanical properties, such as elastic moduli in longitudinal,
transverse directions (E1, E2), shear modulus (G12), and Poisson’s ratio v12. The material properties
can be described by the constants E and G for an elastic isotropic laminate under uniaxial loading
conditions θ = 0 (the principal material directions and loads are in the same system reference). It leads
the transformed compliance is simply described by S11 = 1/E.

The model provided by Equation (2) is taken into account for the fatigue strength estimations
starting from the total energy input measurements.

2.2. Second Amplitude Harmonic of the Thermal Signal

Under cyclic loading, the mechanical energy (area under the hysteresis loop) is transferred
into the material [10]. This energy converts both into heating and for the damage production and
propagation [15,19,35]; hence, it is responsible for the material response. The characterisation of actual
damage state of the material can be assessed by measuring the portion of the total energy that converts
in heating as about the 80–85% of the total energy [10].

In the absence of heat exchanges (Q) (adiabatic conditions), the total energy input per unit volume
in a cycle) (W) can be directly related to the internal energy term (∆U) represented by the energy stored
in the material (Es) and the energy dissipated as heat (Ed) [38,39]:

W =

∮
σdε = Q + ∆U = Q + Es + Ed, (4)

where σ and ε are respectively the stress and the strain of the hysteresis loop. For certain types of
composites, due to the linear elastic behaviour, it is possible to assume that the major portion of the
supplied mechanical energy converts into heat [10].

The temperature can be considered a feasible estimator of the energy involved in the dissipative
processes, as demonstrated by several researchers [31,35,36]. However, the measurement of the
temperature of the material during fatigue tests depends on several noise factors (environment heat
exchanges, conductive heat exchanges with grips) that can blur the signal of the damage heat sources.
A suitable smooth of the data is required for filtering out these external factors and improving the
signal to noise ratio.

Several authors [35,40,41], adopted a suitable approach to decompose the mean temperature
variations from the sinusoidal ones This approach leads to a more accurate description of the material
state by evaluating different temperature effects that are related to the energy heat sources. The thermal
signal can be represented by mean temperature variations (the well-established parameter used by [31])
and components running at the mechanical frequency and at the twice the mechanical frequency,
which are representative of the thermoelastic [36] and dissipative phenomena [42], respectively.
The thermoelastic temperature component describes phenomena, such as stiffness degradation and
stress redistribution [43], while the second amplitude harmonic, as demonstrated by Enke [42], can be
used to estimate the energy involved in damage processes.

In a previous work of Palumbo et al. [36], the second amplitude harmonic of the thermal signal
has been used for evaluating the fatigue strength with a rapid procedure. In particular, it has been
demonstrated, as the second-order harmonic provides results that are in agreement with the traditional
approaches and allows for localizing and identifying the damaged areas with better accuracy than the
traditional approaches [35]. In the present work, the second amplitude harmonic of the thermal signal
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will be used for estimating the heat dissipated during the fatigue damage and it will then be related to
total energy input for evaluating the S/N curve of the material.

3. Material and Experimental Campaign

The tested material is a quasi-isotropic CFRP made by Automated Fiber Placement (AFP) [44,45],
an innovative process for the automated deposition of the dry-fibres/thermosets/thermoplastics plies.
The roller of the robotic arm has a longitudinal dimension of 60 mm and a radial dimension of 69 mm.
The process deposition speed varies between 320 and 480 mm/sec [39,40]. The samples were obtained
from a panel with fifteen plies of an epoxy-type resin reinforced by carbon fibers, each ply has roughly
the same thickness of 0.183 mm. The lay-up sequence [0/−45/45/90/90/45/−45/0]2. The sample geometry,
as in Figure 1a, involves a square cross-section and a constant gage length. The sample width is
25 mm, the length is 250 mm, and the thickness is 3.0 mm. Tensile static tests that were performed on
five samples at the displacement rate of 1 mm/min. provided the average value of the Ultimate Tensile
Strength (UTS) and Young’s modulus, the results are reported in Table 1.Materials 2020, 13, x FOR PEER REVIEW 6 of 18 
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Table 1. Mechanical properties.

Property Mean Value *
[MPa]

Standard Deviation *
[MPa]

Young’s modulus 55,800 1600
Ultimate Tensile Strength 825 85

* value over 5 tests.

Constant amplitude fatigue tests have been performed on 10 samples (one sample tested at each
stress level) at the stress ratio of 0.1, loading frequency of 7 Hz, under load control. The cycles runout
was 2 × 106 cycles.

Table 2 reports a resume of the imposed stress levels and cycles run to build the S/N curve.

Table 2. Loading table.

Cycles Maximum Stress [MPa] %UTS

1765 660.75 80
2875 660.75 80
6500 619.25 75 *

12,323 619.49 75
60,041 578.16 70 *
75,461 578.16 70
291,610 536.86 65 *
300,334 495.56 60 *

2,000,000 412.97 50 *
2,000,000 412.97 50

* indicates those tests that have been also monitored with the IR camera.

Table 2. also reports the percent of Ultimate Tensile strength (%UTS) to which maximum stresses
are referred.

The fatigue tests have been carried out by using a 25 mm gauge length contact clip-on extensometer
for measuring the strain. The frame rate used for acquiring mechanical data was 100 Hz.

Thermal sequences were acquired by a cooled In-Sb detector FLIR X6540 SC (640 × 512 pixel
matrix array, thermal sensitivity NETD < 30 mK) with a frame rate of 177 Hz. Each thermal sequence
acquisition is composed by 1770 frames acquired. The experimental set-up allowed for obtaining a
millimetre-to-pixel ratio of 0.35.

Figure 1b shows the setup and equipment. The infrared camera was positioned in front of the
monitored surface of the sample.

4. Data Processing

4.1. Hysteresis Loop Measurements (W)

The data obtained by the extensometer have been processed to assess the area under the hysteresis
loop to obtain the total energy input W per cycle. The values of W, assessed for each recorded cycle,
allows for the monitoring of the energy during the fatigue life for a fixed value of the stress (UTS%).

The procedure of analysis (Figure 2) of the extensometer data implemented in Matlab® (Mathwork,
Natick, MA, US) involves the following steps:

• assessment of the strain-stress couples (εi, σi) of the N-th cycle. One cycle is composed of 16 (εi,
σi) data couples;

• finding the maximum (minimum) stresses (σmax) imax and (σmin) imin where the indexes imax
(min) represent the values of the index i in correspondence of the maximum (minimum) stresses,
respectively, σmax and σmin;

• finding the extremities of the hysteresis loop in term of the couples:
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# ε(σmax)imax, (σmax)imax;
# ε(σmin)imin, (σmin)imin;

clearly, the values of the strains were evaluated in correspondence of the maximum
(minimum) stresses.

• integration of the stress-strain data (εi, σi), i = imax:imax + 8, via the trapezoidal method to
assess Wlower;

• integration of the stress-strain data (εi, σi), i = imin:imin + 8, via the trapezoidal method to assess
Wupper; and,

• assessment of energy input per cycle W = Wupper −Wlower.
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The presented procedure allows for obtaining the evolution of the energy input through the
loading cycles.



Materials 2020, 13, 2820 8 of 18

4.2. Thermal Signal Analysis

The thermal signal was analysed by means of the IRTA® software [46] that allows for processing
thermal data by using the following model (least squares method):

S(t) = S0 + S1 sin(ωt + ϕ1) + S2 sin(2ωt + ϕ2), (5)

where S0 is the mean temperature signal, while S1, S2 are the amplitude of the first and the second
harmonics and ϕ1, ϕ2 the related phase shifts. The angular frequency ω is proportional to the
mechanical frequency. The output of the analysis are the maps where each pixel represents the value
of the thermal signal components [47].

In the present research, the component taken into account is S2. Subsequently, the S2 data
were processed to reduce the noise and extract the thermal index (thermal metric) related to S2 from
each image.

The algorithm for the data processing has been implemented in a suitable Matlab® routine,
whose basic steps are graphically described in Figure 3.

Materials 2020, 13, x FOR PEER REVIEW 8 of 18 

 

where S0 is the mean temperature signal, while S1, S2 are the amplitude of the first and the second 
harmonics and φ1, φ2 the related phase shifts. The angular frequency ω is proportional to the 
mechanical frequency. The output of the analysis are the maps where each pixel represents the value 
of the thermal signal components [47]. 

In the present research, the component taken into account is S2. Subsequently, the S2 data were 
processed to reduce the noise and extract the thermal index (thermal metric) related to S2 from each 
image. 

The algorithm for the data processing has been implemented in a suitable Matlab® routine, 
whose basic steps are graphically described in Figure 3.  

The processing involves the: 

• application of the two-dimension spatial median filter (Medfilt2) to obtain S2_filt. Each output 
pixel contains the median value in a 3-by-3 neighbourhood around the corresponding pixel in 
the input image; 

• reduction of the thermal scene to the gage length area to obtain S2_filt_red, to make the signal value 
in the same area considered for extensometer analysis; and, 

• evaluation of the mean value of the signal S2_m. 

 
Figure 3. Procedure for processing the second harmonic amplitude of the thermal signal. 

5. Results 

In this section, the evolution of W and S2_m is presented and the proper value of each metrics 
representing the damage state at the specific stress level is also assessed.  

5.1. Area under Hysteresis Loop (W) and Evolution through Constant Amplitude Loadings 

For all of the stress levels the evolution of the hysteresis loop at specific cycles, in terms of N/Nf, 
are presented in Figure 4.  

The hysteresis ellipse-shaped loop is due to the viscoelastic characteristics of the polymer matrix 
and the friction between debonded and delaminated surfaces [39,48]. For the test at 50% UTS, Figure 
4a shows narrow curves from the initial to the end of the test (2,000,000 cycles). The curves underwent 
a significant shift at higher strain values at roughly 50% of the lifespan (1,000,000 cycles) that 
continues up to the test stop. A curve rotation is also present, starting from 50% of the life span of the 
sample. The same behaviour (translation and rotation) of the hysteresis loops is observed in Figure 
4b (test at 60%UTS) and Figure 4d (test at 70%UTS) and Figure 4e (test at 75%UTS), while the rotation 
is less marked in Figure 4c. In these cases, the area under the hysteresis loop is wider than the one at 
50% UTS. The area under the hysteresis loop depends on the damage, as the imposed stress increases 
the damage increases, the curves are hence wider. These behaviours indicate a ratcheting 
deformation and a dynamic stiffness reduction, as observed in the literature [48]. 

Figure 3. Procedure for processing the second harmonic amplitude of the thermal signal.

The processing involves the:

• application of the two-dimension spatial median filter (Medfilt2) to obtain S2_filt. Each output
pixel contains the median value in a 3-by-3 neighbourhood around the corresponding pixel in the
input image;

• reduction of the thermal scene to the gage length area to obtain S2_filt_red, to make the signal value
in the same area considered for extensometer analysis; and,

• evaluation of the mean value of the signal S2_m.

5. Results

In this section, the evolution of W and S2_m is presented and the proper value of each metrics
representing the damage state at the specific stress level is also assessed.

5.1. Area under Hysteresis Loop (W) and Evolution through Constant Amplitude Loadings

For all of the stress levels the evolution of the hysteresis loop at specific cycles, in terms of N/Nf,
are presented in Figure 4.

The hysteresis ellipse-shaped loop is due to the viscoelastic characteristics of the polymer matrix
and the friction between debonded and delaminated surfaces [39,48]. For the test at 50% UTS, Figure 4a
shows narrow curves from the initial to the end of the test (2,000,000 cycles). The curves underwent a
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significant shift at higher strain values at roughly 50% of the lifespan (1,000,000 cycles) that continues
up to the test stop. A curve rotation is also present, starting from 50% of the life span of the sample.
The same behaviour (translation and rotation) of the hysteresis loops is observed in Figure 4b (test at
60%UTS) and Figure 4d (test at 70%UTS) and Figure 4e (test at 75%UTS), while the rotation is less
marked in Figure 4c. In these cases, the area under the hysteresis loop is wider than the one at 50%
UTS. The area under the hysteresis loop depends on the damage, as the imposed stress increases the
damage increases, the curves are hence wider. These behaviours indicate a ratcheting deformation and
a dynamic stiffness reduction, as observed in the literature [48].
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The area under the hysteresis loop per cycle has been evaluated according to the procedure that is
presented in Section 4.1.

For each stress level, the W evolution per cycle is reported in Figure 5 as a function of N/Nf that
is the ratio between cycles and cycles at failure. The failure is represented by. In an early period of
the evolution of W, it seems that the stiffness controls the energy, in fact, due to the appearance of
transverse cracks, stiffness undergoes a copious reduction [4,39]. The initial reduction is due, in this
case, to an initial degradation of the stiffness of the material that leads to an energy decrease for all the
curves in Figure 5. Subsequently, a stabilization of the stiffness of the material, due to stable growth of
the damage, also causes a stabilization in the energy per cycle. The final increase in the energy W is
due to the damage increase through the simultaneous appearance of irreversible processes near the
material failure (test at 60-65-70-75% UTS), while, for the loading level where the material did not
fail (test at 50% UTS), this increase is not observed. In addition, the slope of the final energy increase
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clearly depends on the stress imposed, in fact, it is more severe for the tests that were carried out at
70–75% UTS, since more severe is the damage intensity at this stress level. In effect, at a higher stress
level, the different damage processes occurring simultaneously lead to an abrupt increase of the total
energy W [10].
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The stress dependence is clearly visible in the W curves of Figure 5 in terms of the offset between
the curves of each test. In particular, it is significant between the test at 50% UTS and the tests at
70–75% UTS, specifically at higher N/Nf. This can be explained by the different damage mechanisms
activated at lower and higher stress levels imposed. On the other hand, the initial data scatter between
the curves can be due to the different amount of matrix driven processes (such as transverse cracks [4])
that depend on the stress level [16]. Moreover, W depends on material characteristics and the evolution
depends not only on the stacking sequence, but also on the presence of flaws [2].

5.2. Second Harmonic Amplitude of the Temperature Signal Related to the Energy Dissipated

In this section, the maps of S2_fil_red and the evolution of S2_m processed according to the algorithm
of the Section 4.2 are presented.

In Figure 6, the maps of the second harmonic amplitude of the temperature signal are reported for
the tests at 50% UTS, 60% UTS, 65% UTS, 70% UTS, and 75% UTS for fixed N/Nf ratios referring to the
gage length of the sample (between the blades of the extensometer).

The maps of Figure 6 show that the signal S2_fil_red of the test at 50% UTS exhibits a slight increase
in the maximum and mean values through the cycles for all of the tests. The S2_fil_red of 60–65% UTS
presents higher signal values than the previous test, a constant mean value between N/Nf � 0.3 and
N/Nf � 0.73 and a small signal increase at N/Nf � 1. For the test at 70% UTS, the signal is slightly
increased from N/Nf = 0.37 to N/Nf = 0.99. At 75% UTS, a decrease in the signal map S2_fil_red up to N/Nf
= 0.37 and the final increase at N/Nf = 0.7–0.92 are evident.

The S2_fil_red signal increase in Figure 6 is appreciable from lower (first row) to higher (latter row)
imposed stresses according to the W energy increase among stress levels. Moreover, in Figure 6, for each
tested stress level, it is possible to see the transverse cracks [7–9]. The presence of transverse cracks
affects the mechanical behaviour of the material in terms of stiffness reduction. In effect, the material
stiffness reduces as the number of transverse cracks per unit length increases (crack density [12–14]).
Clearly, this produces a variation in the energy, W.

Figure 7 represents the S2_m through N/Nf. The signal in the figure, for each stress level, presents
an initial decrease and a stable phase. The slope of the S2_m signal decrease is not very pronounced for
all of the performed tests. A small final signal increase is observed in the tests at 50-60-65-70% UTS,
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while S2_m increases abruptly for the test at 75%UTS. As previously said, S2_m represents a parameter
that is capable of estimating the portion of the energy input, W, which converts into heating. The small
signal increase S2_m in the last part of the test is in accordance with the behaviour of W.
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It is worth noting to highlight that the S2_m represents an estimator of the heating processes
appearing on the material surface, so that it represents an index of the portion of the total amount of
the heat dissipated in the material. This could justify the less pronounced decrease/increase in the
trend of the curves of Figure 7. Referring to the curves of Figure 7, a small data offset is observed
between the curves.

6. Discussion

6.1. Procedure to Assess a Damage State Parameter for the Specific Stress Level

This section introduces a procedure for evaluating an estimator of the material damage state that
is understood in the present research as the characteristic value of W and S2_m representative of the
damage level at the specific imposed stress level. It is used to estimate the fatigue strength of S/N curve
according to the procedure that will be further explained.

The metrics W and S2_m, as previously explained, have two different physical meanings; however,
the S2_m can be used to estimate the portion of W that converts into heating. In view of this, clearly
the behaviours are similar, in effect the curves of both W and S2_m present an initial decrease a steady
state and a final increase of the signal. By taking the steady state of each parameter that occurs mostly
in the range of 0.2–0.5 N/Nf for each stress level into account, it is possible to extract two parameters
for assessing the damage level. In this indicated period of the sample-life, quasi-constants values are
observed in the curves of Figures 5 and 7 of W and S2_m, respectively. Accordingly, the mean values of
these latter (Wmech, S2_M) have been considered as representing the damage state of the material for
each stress level:

W mech =
1
S

∑S

i=1
Wi, (6)

S 2_M =
1
S

∑S

i=1
S2_mi , (7)

where i is the index that corresponds to the data points (N/Nf i, Wi) and (N/Nf i, S2_m i) between
N/Nf = 0.2 and N/Nf = 0.5 and S corresponds to the total number of data points in this range. S varies
among the tests, but, in general, its value is at least three. For example, between N/Nf = 0.2 and
N/Nf = 0.5, for the sample tested at 50% UTS, there are four data points, the Wmech and S2_M will be the
averaged values of four data points lying in the considered interval.

Table 3 resumes the values that were calculated for each parameter.

Table 3. Damage index parameter.

Stress
[MPa] Wmech [106

× J/m3]
S2_M

[Unit Signal]

412.50 0.50 6.46
495.75 0.65 8.12
577.50 0.74 10.32
536.25 0.68 9.10
618.25 0.85 12.08

In Figure 8, the total energy input (square marker) and the thermal parameter (round marker) are
compared to cycles run N. It is possible to observe that a power law describes the behaviour of S2_M
as a function of the loading cycles. The exponent of the power fitting of the (N, S2_M) data is similar
to the one of the (N, Wmech); moreover, the two behaviours are similar. Figure 8 also reports the 95%
confidence intervals that are represented by red dotted lines for S2_M and red solid lines for Wmech,
with a minimal difference between the slopes. The error bars are also reported in Figure 8, representing
the one-sigma (68% confidence interval).
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The relation between the total energy input and the thermal parameter can be finally investigated
by plotting in the same graphs the Wmech as a function of and S2_M, as in Figure 9. The linear regression
shows the good correlation between the second harmonic amplitude of the thermal signal and the
total energy input, as also demonstrated by the R2 coefficient of 0.97. Figure 9 also reports the linear
regression lines of the 95% confidence interval that is presented in Figure 8, of Wmech plotted as a
function of S2_M.
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The equation of the linear regression model in Figure 9 can be rewritten as:

Wmech = Wmech(S2_M) = KS2_M + k, (8)

where K, k, are the calibration constants of linear regression models, also reported in Figure 9 (K = 0.059,
k = 0.14). The value of the total energy input Wmech (S2_M) obtained through the model of Equation (8)
can be recalled as Wtherm. In other words, the presented analysis demonstrated it is possible to obtain
values of total energy inputs by simply analysing the temperature signal component.

In the following section, the data of Wmech, Wtherm are used to assess the fatigue curve of the material.
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6.2. Assessment of the Fatigue Curve by Means of Total Energy Input Estimations

In the present section, the fatigue stress assessments are presented by using the model that was
proposed by Ellyn [2] (Equation (2)), opportunely rewritten as a function of the maximum stress σ:

σ =

√
W (2 E (1−R)2)

( 2
1−R

)2
, (9)

The model requires as input the quantity R that is 0.1. The S11 of Equation (2), for an elastic
isotropic laminate, coincides to the inverse of the measured Young’s modulus (E), which, in this case,
is 55,800 MPa.

The input data W are represented by the values of the total energy inputs Wmech and Wtherm and
the output data are represented by the maximum stresses σ evaluated for each one of the total input
series, respectively, σWmech, σWtherm.

Table 4 reports the assessed values of the maximum stress obtained by using, as input, the different
contribution to total energy input Wmech, Wtherm. By observing the values of σWmech, σW therm, of Table 4,
it arises that improvements in the precision and accuracy will be surely achieved by performing more
tests and using another suitable model to correlate Wmech, Wtherm and stresses of the S/N, but the
discussion of the analytical model relating these quantities is not in the purpose of the present research.

Table 4. Stress obtained by using Wmech, Wtherm as input for the Equation (9).

Cycles of the S/N Curve σWmech [MPa] σWtherm [MPa]

2,000,000.00 447.97 481.17
300,334.00 504.92 526.28
60,000.00 596.91 580.58

290,000.00 547.14 551.13
6500.00 611.56 620.61

Figure 10 presents the stress assessments σWmech, σWtherm as compared to the imposed stresses of
the S/N curve, respectively, represented by red, blue, and green markers.Materials 2020, 13, x FOR PEER REVIEW 15 of 18 
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As for the σWmech, the stresses values of the tests at 75% UTS are in good agreement with the stress
of the S/N curve. All of the obtained stresses σWmech, σWtherm lie in the 95% confidence interval.
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The stress values obtained by the second amplitude harmonic of the temperature signal, σWtherm,
matches very well the imposed stress data, blue markers in Figure 10. Moreover, it is worth noting that
the exponent of the power law describing the data (N, S2_M) in Figure 8 is very close to the one of the
S/N curve of Figure 10 demonstrating the capability of S2_M to reproduce the material strength.

Together with the advantages of the present approach, to perform the tests with a contactless
technique, the main limitations refer to the possibility of accessing into the monitored areas with the IR
camera and, in the presence of thick components, the difficulties to have a significant thermal signal
related to the inner damage.

7. Conclusions

In the present research, the fatigue behaviour of quasi-isotropic CFRP samples that were obtained
by automated fibre placement has been investigated using thermography. The aim of the research
was to investigate the relationship between the total energy input and the second order amplitude
harmonic of the thermal signal.

Specifically, the extensometer has been used for the assessment of the area under hysteresis loop
that represents the total energy input, while the infrared detector has been used for the evaluation of
the amplitude of the second harmonic of the thermal signal.

The first outcome refers to the estimation of a damage state parameter for total energy input and
second amplitude harmonic (Wmech, S2_M) representing the damage level at the specific imposed stress
level. It was demonstrated that Wmech, S2_M exhibited a linear relationship with a good correlation.
Moreover, by comparing, Wmech, S2_M, at specific cycles number it was demonstrated that S2_M has the
same variation trend as Wmech, which can be represented by a power law. This law of variation is the
same as the one characterizing the stress of the S/N curve.

Further, by using a suitable model and a data calibration procedure, it was demonstrated as the
stresses of the S/N curve can be obtained via the infrared signal acquisitions in a rapid way. In effect,
the stresses obtained by using the damage state parameter S2_M (σWtherm) lie in the 95% of the confidence
interval and approximate the stresses of the S/N curves very well.

In view of the achieved outcomes of the present research, it is possible to highlight that the use of
the present approach could allow:

• the realization of a real-time damage monitoring,
• the assessment of the fatigue behaviour of real components where it is difficult to measure the

area under the hysteresis loop by means of an extensometer, and
• the assessment of parameters capable of validating the theoretical and numerical models.

It is clear that the present approach requires specific parameters calibration. In view of this,
in this paper, the adopted parameter values are valid, specifically in the case of CFRP exhibiting a
quasi-isotropic stacking sequence.

Further works will be focused on:

• the validation of the present approach on real components; and,
• the determination of S/N curve by using just thermal data.
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Nomenclature

Es energy stored in the material a cycle [J/m3]
Ed energy dissipated as heat in the material a cycle [J/m3]
N actual number of cycles
N/Nf ratio between actual cycles and cycles at failure
Q energy exchanged between material and environment in a cycle [J/m3]
UTS ultimate tensile strength of the material [MPa]
R loading ratio
S thermal signal
S2_m processed value of the second harmonic amplitude of the thermal signal: mean value in the gage length
S0 mean temperature signal
S1 amplitude of the first harmonic amplitude of the thermal signal
S2 the second harmonic amplitude of the thermal signal
S2_M mean value in the steady state condition of the S2_m data series [Unit Signal]
W total energy input per unit volume in a cycle [J/m3]
Wmech mean value in the steady state condition of the W data series [J/m3]
Wtherm total energy input obtained by means of the calibration between Wmech and S2_M [J/m3]
∆U internal energy changes of the material a cycle [J/m3]
∆σ is the stress amplitude
ε actual strain of the hysteresis loop
σ actual stress of the hysteresis loop
σWmech stresses obtained by using Ellyn’s model and W data series [MPa]
σWtherm stresses obtained by using Ellyn’s model and Wtherm data series [MPa]
ϕi phase shifts of the harmonics (i = 1,2).

References

1. Carswell, W.S. Damage Mechanics and Composite Behaviour. Compos. Struct. 1988, 10, 335–342. [CrossRef]
2. Ellyin, E.; El-Kadi, H. A Fatigue Failure Criterion for Fiber Reinforced Composite Laminae. Compos. Struct.

1990, 15, 61–74. [CrossRef]
3. Degrieck, J.; Van Paepegem, W. Fatigue damage modeling of fibre-reinforced composite materials: Review.

Appl. Mech. Rev. 2001, 54, 279–300. [CrossRef]
4. Huanga, J.; Pastor, M.L.; Garnier, C.; Gong, X.J. A new model for fatigue life prediction based on infrared

thermography and degradation process for CFRP composite laminates. Int. J. Fatigue 2019, 120, 87–95.
[CrossRef]

5. Ogin, S.L.; Smith, P.A.; Beaumont, P.W.R. Matrix cracking and stiffness reduction during the fatigue of a
~0/90s GFRP laminate. Compos. Sci. Technol. 1985, 22, 23–31. [CrossRef]

6. Beaumont, P.W.R. The fatigue damage mechanics of composite laminates. In Wang ASD and Haritos GKeds,
Damage Mechanics in Composites, Proceedings of the Winter Annual Meeting of the ASME, Boston, MA, USA,
13–18 December 1987; ASME: New York, NY, USA, 1987; pp. 53–63.

7. Spearing, S.M.; Beaumont, P.W.R. Fatigue damage mechanics of composite materials. I: Experimental
measurement of damage and post-fatigue properties. Compos. Sci. Technol. 1992, 44, 159–168. [CrossRef]

8. Sendeckyj, G.P. Life prediction for resin-matrix composite materials. In Fatigue of Composite Materials;
Composite Material Series 4; Elsevier: Amsterdam, The Netherlands, 1991; pp. 431–483.

9. Highsmith, A.L.; Reifsnider, K.L. Stiffness-Reduction Mechanisms in Composite Laminates. Damage in Composite
Materials; ASTM STP 775; American Society for Testing and Materials: West Conshohocken, PA, USA, 1982;
pp. 103–117.

10. Naderi, M.; Khonsari, M.M. On the role of damage energy in the fatigue degradation characterisatin of a
composite laminate. Compos. Part B 2013, 45, 528–537. [CrossRef]

11. Talreja, R.; Yalvac, S.; Yats, L.D.; Wetters, D.G. Transverse cracking and stiffness reduction in cross-ply
laminates of different matrix toughness. J. Compos. Mater. 1992, 26, 1644–1663. [CrossRef]

12. Carraro, P.A.; Maragoni, L.; Quaresimin, M. Prediction of the crack density evolution in multidirectional
laminates under fatigue loading. Comp. Sci. Tech. 2017, 145, 24–39. [CrossRef]

13. Johnson, P.; Chang, F. Characterization of matrix crack-induced laminate failure—Part I: Experiments.
J. Compos. Mater. 2001, 35, 2009–2035. [CrossRef]

http://dx.doi.org/10.1016/0263-8223(88)90010-4
http://dx.doi.org/10.1016/0263-8223(90)90081-O
http://dx.doi.org/10.1115/1.1381395
http://dx.doi.org/10.1016/j.ijfatigue.2018.11.002
http://dx.doi.org/10.1016/0266-3538(85)90088-0
http://dx.doi.org/10.1016/0266-3538(92)90109-G
http://dx.doi.org/10.1016/j.compositesb.2012.07.028
http://dx.doi.org/10.1177/002199839202601105
http://dx.doi.org/10.1016/j.compscitech.2017.03.013
http://dx.doi.org/10.1106/7RN1-PFBN-XQR9-3KDK


Materials 2020, 13, 2820 17 of 18

14. Takeda, N.; Ogihara, S. Initiation and growth of delamination from the tips of transverse cracks in cfrp
cross-ply laminates. Compos. Sci. Technol. 1994, 52, 309–318. [CrossRef]

15. Golos, K.; Ellyin, F. A Total Strain Energy Density Theory for Cumulative Fatigue Damage. J. Press.
Vessel. Technol. 1988, 110, 36–41. [CrossRef]

16. Pakdel, H.; Mohammadi, B. Stiffness degradation of composite lamintates due to matrix cracking and
induced delamintion during tension-tension fatigue. Eng. Fract. Mech. 2019, 216, 1–11. [CrossRef]

17. Dharan, C.K.H.; Tan, T.F. A hysteresis-based damage parameter for notched composite laminates subjected
to cyclic loading. J. Mater. Sci. 2007, 42, 2204–2207. [CrossRef]

18. Natarajan, V.; GangaRao, H.V.S.; Shekar, V. Fatigue response of fabric-reinforced polymeric composites.
J. Compos. Mater. 2005, 39, 1541–1559. [CrossRef]

19. Varvani-Farahani, A.; Haftchenari, H.; Panbechi, M. An energy-based fatigue damage parameter for off-axis
unidirectional FRP composites. Compos. Struct. 2007, 79, 381–389. [CrossRef]

20. Plumtree, A.; Cheng, G.X. A fatigue damage parameter for off-axisunidirectional fiber-reinforced composites.
Int. J. Fatigue 1999, 21, 849–856. [CrossRef]

21. Behera, A.; Dupare, P.; Thawre, M.M.; Ballal, A.R. Effect of fatigue loading on stiffness degradation, energy
dissipation, and matrix cracking damage of CFRP [+/−45](3S) composite laminate. Fatigue Fract. Eng.
Mater. Struct. 2019, 42, 2302–2314. [CrossRef]

22. Liu, H.; Cui, H.; Wen, W.; Kang, H. Fatigue characterization of T300/924 polymer composites with voids
under tension-tension and compression-compression cyclic loading. Fatigue Fract. Eng. Mater. Struct. 2018,
41, 597–610. [CrossRef]

23. Tsamtsakis, D.; Wevers, M.; De Meester, P. Acoustic emission of CFRP laminates during fatigue loading.
J. Reinf. Plast. Compos. 1998, 17, 1185–1201. [CrossRef]

24. Unnthorsson, R.; Runarsson, T.P.; Jonsson, M.T. AE entropy for the conditionmonitoring of CFRP subjected
to cyclic fatigue. J. Acoust. Emiss. 2008, 26, 262–269.

25. Bourchaka, M.; Farrowa, I.R.; Bonda, I.P.; Rowland, C.W.; Menana, F. Acoustic emission energy as a fatigue
damage parameter for CFRP composites. Int. J. Fatigue 2007, 29, 457–470. [CrossRef]

26. Shukla, A.; Agarwal, B.D.; Bhushan, B. Determination of stress intensity factor in orthotropic composite
materials using strain gages. Author links open overlay panel. Eng. Fract. Mech. 1989, 32, 469–477.
[CrossRef]

27. Périé, J.N.; Calloch, S.; Cluzel, C.; Hild, F. Analysis of a multiaxial test on a C/C composite by using digital
image correlation and a damage model. Exp. Mech. 2002, 42, 318–328. [CrossRef]

28. Goidescu, C.; Welemane, H.; Garnier, C.; Fazzini, M.; Brault, R.; Peronnet, E.; Mistou, S. Damage
investigation in CFRP composites using fullfield measurement techchniques: Combination of digital
image stereo-correlation, infrared thermography and X-ray tomography. Compos. Part B Eng. 2013, 48,
95–105. [CrossRef]

29. Toubal, L.; Karama, M.; Lorrain, B. Damage evolution and infrared thermography in woven composite
laminates under fatigue loading. Int. J. Fatigue 2006, 28, 1867–1872. [CrossRef]

30. Montesano, F.; Fawaz, Z.; Bougherara, H. Use of infrared thermography to investigate the fatigue behavior
of a carbon fiber reinforced polymer composite b. Compos. Struct. 2013, 97, 76–83. [CrossRef]

31. De Finis, R.; Palumbo, D.; Ancona, F.; Galietti, U. Fatigue Limit Evaluation of Various Martensitic Stainless
Steels with New Robust Thermographic Data Analysis. Int. J Fatigue 2015, 74, 88–96. [CrossRef]

32. Sarker, M.; Ali Hadigheh, S.; Dias-da-Costaa, D. A performance-based characterization of CFRP composite
deterioration using active infrared thermography. Compos. Struct. 2020, 241, 112134. [CrossRef]

33. Emery, T.R.; Dulieu-Barton, J.M. Thermoelastic Stress Analysis of damage mechanisms in composite materials.
Compos. Part A 2010, 41, 1729–1742. [CrossRef]

34. Shiozawa, D.; Sakagami, T.; Nakamura, Y.; Nonaka, S.; Hamada, K. Fatigue Damage Evaluation of Short
Carbon Fiber Reinforced Plastics Based on Phase Information of Thermoelastic Temperature Change. Sensors
2017, 17, 2824. [CrossRef] [PubMed]

35. De Finis, R.; Palumbo, D.; Galietti, U. A multianalysis thermography-based approach for fatigue and damage
investigations of ASTM A182 F6NM steel at two stress ratios. Fatigue Fract. Eng. Mater. Struct. 2019, 42,
267–283. [CrossRef]

36. Palumbo, D.; De Finis, R.; Demelio, G.P.; Galietti, U. A new rapid thermographic method to assess the fatigue
limit in GFRP composites. Compos. Part B Eng. 2016, 103, 60–67. [CrossRef]

http://dx.doi.org/10.1016/0266-3538(94)90166-X
http://dx.doi.org/10.1115/1.3265565
http://dx.doi.org/10.1016/j.engfracmech.2019.106489
http://dx.doi.org/10.1007/s10853-007-1498-9
http://dx.doi.org/10.1177/0021998305051084
http://dx.doi.org/10.1016/j.compstruct.2006.02.013
http://dx.doi.org/10.1016/S0142-1123(99)00026-2
http://dx.doi.org/10.1111/ffe.13065
http://dx.doi.org/10.1111/ffe.12721
http://dx.doi.org/10.1177/073168449801701304
http://dx.doi.org/10.1016/j.ijfatigue.2006.05.009
http://dx.doi.org/10.1016/0013-7944(89)90318-4
http://dx.doi.org/10.1007/BF02410989
http://dx.doi.org/10.1016/j.compositesb.2012.11.016
http://dx.doi.org/10.1016/j.ijfatigue.2006.01.013
http://dx.doi.org/10.1016/j.compstruct.2012.09.046
http://dx.doi.org/10.1016/j.ijfatigue.2014.12.010
http://dx.doi.org/10.1016/j.compstruct.2020.112134
http://dx.doi.org/10.1016/j.compositesa.2009.08.015
http://dx.doi.org/10.3390/s17122824
http://www.ncbi.nlm.nih.gov/pubmed/29210985
http://dx.doi.org/10.1111/ffe.12903
http://dx.doi.org/10.1016/j.compositesb.2016.08.007


Materials 2020, 13, 2820 18 of 18

37. De Finis, R.; Palumbo, D.; Galietti, U. Fatigue damage analysis of composite materials using
thermography-based techniques. Procedia Struct. Integr. 2019, 18, 781–791. [CrossRef]

38. Lisle, T.; Bouvet, C.; Pastor, M.L.; Margueres, P.; Corral, R.P. Damage analysis and fracture toughness
evaluation in a thin woven composite laminate under static tension using infrared thermography.
Compos. Part A 2013, 53, 75–87. [CrossRef]

39. Longbiao, L. A hysteresis dissipated energy-based damage parameter for lifeprediction of carbon
fiber-reinforced ceramic-matrix composites under fatigue loading. Compos. Part B 2015, 82, 108–128.
[CrossRef]

40. Sakagami, T.; Kubo, S.; Tamura, E.; Nishimura, T. Identification of plastic-zone based on double frequency
lock-in thermographic temperature measurement. In Proceedings of the International Conference of Fracture
(ICF11 2015), Catania, Italy, 20–25 March 2015.

41. Krapez, J.K.; Pacou, D.; Gardette, G. Lock-In Thermography and Fatigue Limit of Metals. In Proceedings of
the Quantitative Infrared Thermography (QIRT), Reims, France, 18–21 July 2000.

42. Enke, N. An enhanced theory for Thermographic stress analysis of isotropic materials. In Proceedings of
Stress and Vibration: Recent Developments in Industrial Measurement and Analysis, Proceedings of the
Sira/Stress and Vibration: Recent Developments in Measurement and Analysis, London, UK, 31 July 1989.

43. Wang, W.J.; Dulieu-Barton, J.M.; Li, Q. Assessment of Non-Adiabatic Behaviour in Thermoelastic Stress
Analysis of Small Scale Components. Exp. Mech. 2010, 50, 449–461. [CrossRef]

44. Belnoue, J.P.H.; Mesogitis, T. Understanding the buckling behaviour of steered tows in Automated Dry Fibre
Placement (ADFP) placement pre-preg laminates. Compos. Part A 2017, 102, 196–206. [CrossRef]

45. Belhaj, M.; Deleglise, M. Dry fiber automated placement of carbon fibrous preforms. Compos. Part. B 2013,
50, 107–111. [CrossRef]

46. IRTA- Manual. Diagnostic Engineering Solutions (DES srl); Des srl: Bari, Italy, 2015.
47. De Finis, R.; Palumbo, D.; Galietti, U. Mechanical behaviour of stainless steels under dynamic loading:

An investigation with thermal methods. J. Imaging 2016, 2, 32. [CrossRef]
48. Ospina Cadavid, M.; Al-Khudairi, O.; Hadavini, H.; Goodwin, D.; Liaghat, G.H. Experimental Studies of

Stiffness Degradation and Dissipated Energy in Glass Fibre Reinforced Polymer Composite under Fatigue
Loading. Polym. Polym. Compos. 2017, 25, 435–446.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.prostr.2019.08.227
http://dx.doi.org/10.1016/j.compositesa.2013.06.004
http://dx.doi.org/10.1016/j.compositesb.2015.08.026
http://dx.doi.org/10.1007/s11340-009-9249-2
http://dx.doi.org/10.1016/j.compositesa.2017.08.008
http://dx.doi.org/10.1016/j.compositesb.2013.01.014
http://dx.doi.org/10.3390/jimaging2040032
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Theory: Fatigue Energy Assessments in Composites 
	Total Energy Input 
	Second Amplitude Harmonic of the Thermal Signal 

	Material and Experimental Campaign 
	Data Processing 
	Hysteresis Loop Measurements (W) 
	Thermal Signal Analysis 

	Results 
	Area under Hysteresis Loop (W) and Evolution through Constant Amplitude Loadings 
	Second Harmonic Amplitude of the Temperature Signal Related to the Energy Dissipated 

	Discussion 
	Procedure to Assess a Damage State Parameter for the Specific Stress Level 
	Assessment of the Fatigue Curve by Means of Total Energy Input Estimations 

	Conclusions 
	References

