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A B S T R A C T

The investigation of the carbon fibre reinforced plastic components under vibration fatigue testing is known to
be challenging; as it involves the analyses of both the mechanical response and the inherent self-heating be-
haviour which emerges due to the high-frequency testing. The paper will firstly address an open question about
the so-called critical event, which is a sudden change in one of the dynamic parameters measured during the
fatigue test. Past experiments showed that such a change is associated with delamination, but its onset and early
growth were not clarified. Therefore, a set of interrupted fatigue tests and CT scan measurements will show the
onset of delaminations and how these are correlated with the vibration parameters. The second objective is to
investigate the failure behaviour under vibration fatigue and elevated environmental temperatures. The research
will present both the experimental set-up for achieving fatigue under environmental conditions and the vibration
data obtained from testing samples at many severity levels; both in terms of applied mechanical vibrations and
thermal loads. The paper will investigate how the inherent self-heating behaviour and the applied thermal load
will affect the time to failure of composites. The relationship between fatigue behaviour and environmental
temperature conditions are presented in two forms. The first one is a typical S-N curve, whereas the second one,
the relationship between the response phase and hot-spot temperature data. Both relationships will show how
relevant is the environmental temperature in terms of fatigue behaviour for the type of components presented in
this paper.

1. Introduction

There are many applications of composite materials in the trans-
portation sector, thanks to their substantial strength stiffness and low
mass properties. The aerospace industry is a sector where the use of
composite material applications is constantly increasing. As a con-
sequence, there is an increasing need for concise characterisation of
composites under a wide range of loading conditions, as well as of their
exposure to complex environmental conditions.

This research stems from a need to investigate fatigue behaviour of
composite blades for aero-engine systems. Such structures are typically
exposed to vibration conditions which can be source of fatigue. As it is
often the case that the behaviour of composites under cyclic loading is
studied at low frequencies (≤10 Hz) [1–3], to avoid endogenous
heating and meet the limitations of hydraulic machines (in the range of
up to 50 Hz). It can, therefore, be readily understood that test can be
time-consuming and costly, but also not carryed out with a

representative loading enviroment. However, recent studies introduced
testing methods to overcome these limitations [4,5]. Thus, the fatigue
tests were performed at high frequencies and resonance conditions;
drawing from the knowledge developed for metals [6]. One of the most
significant challenges investigated in [4] was about an excitation
method capable of delivering enough excitation force to reach the
lowest fatigue threshold. A contactless excitation system based on
compressed pulsed jets delivered the right force for achieving vibration
fatigue. The excitation method was not tuneable for a definitive study
of failure criteria. In a later study, Magi further investigated some of the
insights gathered from [4] to the study the fatigue behaviour of tapered
Carbon Fibre Reinforced Polymers (CFRP) composite components [5].
The latter presents, as the most significant scientific novelty, a change
from tracking the resonance frequency to track, instead, the response
phase. He excited the coupons at the 1st bending mode, close to its
resonance frequency with constant vibration amplitude and frequency
while monitoring the dynamic parameters (e.g. the response phase) of
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the laminates. He reported that by fixing the excitation frequency, one
could observe more precisely through the response phase changes of the
global stiffness distribution; noting that either the frequency or re-
sponse phase can be used to monitor modal stiffness. Finally, the test
proposed in [5] enabled the identification of a failure criterion, named
Critical Event, that describes “an abrupt change in the dynamic para-
meters of the system”.

On the other hand, the viscoelastic nature of composites gives rise to
complex thermomechanical loads scenarios when the components are
excited at high frequencies. It is this reason that led Katunin to perform
extensive research on the self-heating temperature, associated with the
fatigue life of FRPs [7–10]. Initially, he introduced an expression which
describes the internal heat, emerging under cyclic loading, and he used
it to simulate the self-heating behaviour [7]. Additionally, he studied
the effect at both high and low excitation frequencies. In his later re-
search, he performed low-frequency vibration tests in order to char-
acterise the evolution of self-heating temperature [8,9]. He concluded
that the self-heating temperature is split into three phases. The heat
dissipation mainly governs the first phase while in the second phase,
the mechanical degradation of the specimen drives the increase in the
viscoelastic temperature. The third phase is characterised by a rapid
growth in the temperature which is the result of a combination of
frictional and self-heating due to the initiation of the crack. In his most
recent study, Katunin studied the influence of air cooling on the fatigue
and residual life of composite and reported an extension on the residual
life of tested specimens [10].

Moreover, it can be understood that the effects of ambient tem-
perature can play a relevant role in the fatigue life of composite com-
ponents. For this reason, Charalambous et al. studied the fatigue be-
haviour of composites under different ambient temperature; employing
a four-point bending testing technique at low oscillation cycles [11,12].
The authors reported that the Interlaminar Fracture Toughness ex-
perienced a significant increase at elevated ambient temperatures. Also,
they concluded that the delamination growth rate could be strongly
affected by environmental conditions. Important research work was
presented recently by Gibhardt et al. [13]. The authors investigated the
influence of moisture in the fatigue life of composites, and they re-
ported that the stiffness degradation of specimens during fatigue could
be split into three phases. Thus, their observations for the mechanical
response of specimens resemble Katunin’s observations for the thermal
response of composites.

This brief literature review on the fatigue life of composites has il-
lustrated that various damage mechanisms can affect their behaviour
under cyclic loading. Environmental temperature conditions can also
govern the fatigue response of laminates while their viscoelastic nature
should not be neglected. This study will mainly focus on understanding
how the connection between the mechanical vibrations and applied
thermal loads will affect the fatigue behaviour of the CFRP specimens
used for this research. Furthermore, the so-called Critical Event de-
scribed in [5] will be indetified by interrupted test and X-ray measur-
ments. The paper is divided into three main parts presented as follows.
Hence, the first part is focussed on the design of experiments, the
second part will present the interrupted vibration tests with the X-ray
measurements, and the final part will present the fatigue behaviour
under environmental temperature conditions.

2. Design of experiment

2.1. Background

The development of the proposed vibration testing had started in
early 2010 when various testing techniques available from the litera-
ture were attempted on CFRP components provided by Rolls-Royce,
which sponsored the research. The early research investigated the use
of an Electro-Magnetic (EM) shaker which proved unsuccessful to
produce fatigue for the given components, and it eventually focused on

a contactless excitation method to carry out endurance testing as re-
ported in [14]. The contactless exciter used compressed pulsed air jets
to excite the composite component, and such excitation method
eliminated any impedance mismatched between the exciter and the test
sample maximising the vibration response. The exciter was improved as
much as possible. Unfortunately, the improvements did not lead to
satisfactory results in terms of testing for the identification of failure
criteria. The excitation system provided a lot of excitation force. The
exciter was difficult to control and did not allow frequency tracking;
therefore, the research was again focussed on a standard electro-
magnetic shaker for testing because of its finer frequency adjustment, as
reported in [4]. Eventually, the development of a component featuring
ply-drops enabled evident onset delamination. The early delamination
growth could be observed by tracking the response phase (between
input and output) by driving a component at constant vibration am-
plitude and frequency. The experimental approach allowed the char-
acterisation of the stiffness degradation by the change of dynamic
parameters such as the response phase and the base acceleration, in-
stead of the resonant frequency during cyclic loading, as reported in
[5].

Following the successful experimental investigation and the appre-
ciation that the response phase can detect the onset delamination of
composites under vibration fatigue under room temperature, the cur-
rent experimental study exploited and further extended the investiga-
tion of the failure criteria smaller CFRP specimens under environmental
temperature conditions. Fig. 1 shows the component in its clamping
conditions. The investigation of various internal and external thermal
loads is essential since composite components may experience a wide
range of mechanical and thermal loads during operation. Additionally,
the current research will attempt to combine fundamental mechanisms
of mechanical vibrations, self-heating and ambient temperature, in an
attempt to observe how both self-heating and the ambient offset tem-
perature can affect the fatigue of composite components.

2.2. Specimen geometry and material specifications

The rectangular coupons consisted of cross-directional plies, made
of IM7/8552 (Table 1) which is an aerospace-grade Carbon Fibre Re-
inforced Polymer; provided by Hexcel. Composite plates were prepared
from pre – preg sheets and cured according to Hexcel’s regulations [15].
The stacking sequence was [0, 0cut, 90cut, (0, 90)3, 0]S; where cut in-
dicates the terminated plies. Fig. 2 shows the micrograph of the
stacking sequence. The cross-ply stacking sequence was preferred to
avoid any fibre-bridging, which could be present for unidirectional set-
ups when delamination opens and grows. Ply-drop were introduced in
the specimens in order to accelerate the development of damage and
simulate more accurately a real-life scenario as they are a common
feature for numerous composite components, with tapered geometries,

Fig. 1. Specimen clamped for testing.
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such as the fan blade roots. The ply-drop size was
6 mm × 50 mm × 0.125 mm. CFRP samples were excited at the 1st
bending mode, and they were clamped along their centre of mass
during endurance testing. The coupons, as presented in Fig. 3, were
185 mm × 50 mm × 2.5 mm to 2 mm; leading to a 1st bending re-
sonance frequency of approx. 395 Hz. The manufacturing process was
tightly controlled to ensure the repeatability of the tests. Through a
range of measurements, it was established that coupons with dimen-
sional deviations greater than ± 1 mm and orthogonal deviations
greater than ±1 degree angle lead to uncertainty in the dynamic re-
sponse. By controlling the dimensional tolerances, the same deflection
shape could be ensured across all the specimens tested, and thus re-
ducing much of the vibration response uncertainty.

2.3. Experimental Set-Up

The first objective of the experimental set-up was to achieve a
constant environmental temperature by regulating the heat input load
during the vibration fatigue testing. Fig. 1 presents the fixture holding a

specimen and Fig. 4 presents the full test set-up comprising of the SLDV,
the Infrared Thermal Camera (IRC) camera, the environmental
chamber, the Electromagnetic (EM) shaker and the sample fixture in-
side the chamber. A metallic cubicle was assembled around the elec-
tromagnetic shaker to support the SLDV and IR Camera. The Infrared
Thermal Camera (IRC) was used to capture thermal images from the
specimen’s surface, with a sensitivity of 0.05 °C, while a Scanning Laser
Vibrometer (SLDV) was employed to measure the peak displacement of
the specimen under vibration loading. The base acceleration was cap-
tured by an accelerometer attached to the base of the fixture. It is,
therefore, possible to extract other dynamic parameters of the system,
such as the vibration velocity, acceleration and the response phase.

The environmental chamber is a standard one used for mechanical
testing which presents two openings at its top and bottom side to allow
tensile/compressive machine operation. The bottom hole was used to

Table 1
Physical and Mechanical Properties of UD laminate of IM7/8552.

E1 (GPa) E2 = E3
(GPa)

υ12 = υ13 υ23 G12 = G13

(GPa)
G23 (GPa) ρ (kg/m3)

164 10 0.3 0.45 5.56 3.45 1571

Fig. 2. Micrograph of the stacking sequence.

Fig. 3. Side & Top View of specimen.

Fig. 4. Test Set Up.
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have the shaker fixture through it, whereas the top hole offered the
optical access to both IRC and the SLDV to acquire the experimental
data. The camera and the SLDV were attached from the metallic cubicle
and at a safe distance from the chamber. That arrangement avoided that
the heat loss, due to the opening in the insulation, could influence the
equipment functionality. Furthermore, both the cubicle and the acqui-
sition systems were not physically connected to the shaker; thus, am-
bient vibrations could not have any effect on their operation.
Verification of the room temperature and humidity, near the acquisition
systems, was performed on multiple occasions. An air humidity meter,
thermocouples and an infrared thermometer measured the environ-
mental conditions of the laboratory which, because of its isolated un-
derground location, presented a constant room temperature of 19 °C
and humidity of 35%, were maintained regardless of the time of the
day.

A fixture was manufactured to fit into the chamber and hold the
samples into position during the test. The area around the fixture was
insulated using insulation rubber and wool. Perfect insulation of the
chamber can be difficult to achieve. However, the following sections
will discuss how the constant heat loss due to imperfect insulation can
be neutralised by choosing an appropriate heat input value. None of the
presented apparatus was moved or changed throughout the test cam-
paign to ensure the repeatability of the tests. Strain gauges were in-
stalled on the top surface of composite samples to measure the strain
level (Fig. 3). The gauges were always installed at the same location. It
was 67 mm from the front edge (of the thin section) of the specimen and
25 mm from the side edge. Finally, a short test campaign was also
carried out to study the effect of localised cooling. For this experimental
investigation, the test set up was modified with the addition of an air
pipe, fitted from the lower end of the chamber, which acted as a cooling
source.

2.3.1. Measurement of settling temperature (no vibration)
The environmental chamber is a critical piece of equipment for this

experimental study since it controls and maintains the ambient tem-
perature surrounding the specimen. Although a coolant (e.g. CO2) was
required for temperatures below 25 °C, the chamber was able to
maintain temperatures higher than 25 °C. Due to the underground lo-
cation of the lab, the use of coolants was considered a health hazard;
thus, this study only focuses on the effects of the elevated temperature
conditions (> 25 °C).

The capacity of heat absorption of the composite's components was
verified. Some test were conducted by having specimens inside the
environmental chamber, and their thermal responses were captured
under different ambient temperature conditions or different heat
transfer rates without vibrational load. A higher or lower heat transfer
rate between the coupon and its environment could be achieved by

controlling the chamber’s heat input value. Fig. 5 presents the results
captured by the IR Camera for different specimens but at the same heat
input rate of 65 °C and 75 °C. The measurements are coherent with
different samples, with a variation of less than 0.5 °C, all of them fol-
lowing a similar behaviour. Even though the data consistency is lower
for the higher ambient temperature case (e.g. 75 °C), the surface tem-
perature increases quickly in the first 100 mins in both cases. From this
point on to the rest of the test, the temperature does not rise by more
than 2 °C.

This behaviour indicates that the specimen reaches equilibrium with
its environment in about 100 mins for the current temperature range
and heat transfer rate. It is therefore apparent that the current heat
transfer value was able to develop a temperature equilibrium in the
system while counteracting any imperfections in the insulation. In light
of these observations, a settling period of 100 min was permitted. This
value was chosen for practical reasons since increasing the transient
period further could lead to extensive testing times while having just a
small impact on the actual settling temperature.

It must be addressed that under a higher heat transfer rate the
surface temperature of a specimen will reach the desired value in a
shorter period of time, but the internal temperature of the specimen
will not be able to follow this rate due to the high heat transfer coef-
ficient of CFRP. Fig. 5 shows a temperature profile measured over a
long time noticing a small increment from 100 to 450 min. The settling
temperature (at 100 min. on the graph) varies from the temperature
that was set on the chamber by ≈ 5 °C. It implies that when the surface
settling temperature is 70 °C, the chamber’s temperature is set on 65 °C
(or 80 °C when the chamber is set at 75 °C). This behaviour was mainly
observed for the current temperature range between 25 °C and 75 °C.

2.4. Vibration testing method

Throughout the test campaign, several tests were performed to ad-
dress various challenges. Difficulties occurred for two reasons, (i)
keeping the samples at constant environmental temperatures and (ii)
the challenges associated with the much higher excitation frequency
than the one used in the past research (from 250 Hz to 400 Hz).
Although the content of the current paper is kept to a subset of high-
quality tests, the actual number of tests executed during the full re-
search activity was in the range of 250. Capitalising on the experience
gained, the fatigue test sequence adopted in here is presented as fol-
lows:

1. Initiate IRC recording.
2. Initiate the environmental chamber/reach thermal equilibrium. (25

°C, 50 °C, 65 °C, 75 °C).
3. Perform modal test by stepped sine method. (pristine condition).

Fig. 5. Surface Temperature of specimens exposed to 65 °C (left) and 75 °C (right) – no vibration load.
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4. Create vibration displacement over strain curve – choose vibration
displacement.

5. Initiate auto amplitude control & Phase Lock Loop (PLL) for a brief
period until the resonant conditions are reached.

6. Conduct vibration fatigue test (at constant excitation frequency and
vibration amplitude).

7. Complete the endurance test, when either of the termination criteria
are met (Critical Event or 107 cycles).

8. Perform modal test by stepped sine method. (fatigued condition).

The experimental data generated from the test sequence presented
above are the followings: temeprature hot-spot curve, temeprature full-
field picture (every second), Frequency Response Function, response
phase curve, base acceleration curve, vibration amplitude curve (con-
stant) and excitation frequency curve (constant). As already introduced
earlier, the tracing of the response phase rather than the resonance
frequency allowed an accurate observation of the component dynamics
as the fatigue developed. Therefore, by locking the excitation fre-
quency, the stiffness variation can be better measured by the response
phase than by the change in resonant conditions. Note that the phase
diagram is a steep straight-line in the resonance region [5], and
therefore very sensitive to stiffness changes. Fig. 6 depicts the typical
phase and acceleration responses of a specimen which is excited by the
aforementioned experimental technique. It can be observed that the
response phase traces a constant slope decay up to a sudden change,
defined as the “Critical Event” in [5], and which describes the opening
of delamination (fatigue failure). Similar behaviour, but in this case
mirrored, can be observed from the base acceleration trace. Never-
theless, for practical reasons, throughout the current study, the re-
sponse phase was preferred over the acceleration for analysing the
experimental result, and noting that the response phase was scaled to 1.
This scaling was due to overcoming small variations of the initial phase
during the vibration testing, which made comparisons between dif-
ferent samples confusing.

In the current study, a fatigue test was terminated when the Critical
Event was observed or when 107 cycles were reached. Thus, the number
of cycles accumulated at the moment of the Critical Event can be
plotted against the applied strain of the respective test, and an S-N
curve can be generated at environmental temperature conditions. It is
worth stressing here that the SN Curves were not developed to char-
acterise the material but rather to aid the current scientific investiga-
tion.

As already carried out in the past research [16], the target vibration
displacement for the fatigue test was selected after the calibration be-
tween strain and vibration amplitude was achieved. A swept sine test
was carried out where both the displacement-frequency and strain-
frequency curves were measured at once. The correlation was the result
achieved by plotting both data in one plot in the form of displacement
Vs. strain. Thus, during the endurance test, a constant strain level was
achieved by maintaining a fixed vibration amplitude. Since neither the
fixture nor the specimen is altered during testing, it can be assumed that

the correlation between the two remains unaffected. Note that the re-
lationship is verified for small delamination sizes, approximately 1% of
the total area of the specimen. However, by carrying out a test under
various environmental temperature, it was essential to evaluate the
variation at higher temperature since the room temperature never
posed any concerns. Hence, it is worth discussing the effects of ambient
temperatures on the measurement of strains. Table 2 reports the mean
value and the standard deviation (σ) of the coefficients for calibrating
vibration amplitude (displacement) to strain; for all the specimens
tested during the entirety of this test campaign. The standard deviation
gets larger at higher environmental temperatures, and it was sensible to
keep the ambient temepratures between 25 °C and 75 °C.

3. Experimental results and discussions

This section will present the results and discussions of the entire test
campaign. It is divided into several sub-sections, each of which will
discuss results in terms of damage initiation, fatigue curve and self-
heating behaviour under various environmental temperature condi-
tions.

From the early stages of the test campaign, it became apparent that
the response phase and the self – heating temperature of the specimens
follow an almost mirrored behaviour. Fig. 7 presents the typical self –
heating temperature and phase behaviours of composite specimens
during resonance testing. It was noticed that the vibration phase follows
a constant slope decay until the Critical Event where a sudden change
occurs. At that point, one can notice a hot-spot indicating that the
temperature is increased because of the ply-by-ply rubbing caused by
delamination.

Fig. 8 illustrates the progression of the temperature distribution
along specimen, at different times during an experiment. The thermal
images were captured at 0.2 × 106, 1.4 × 106 and 3.3 × 106, re-
spectively, and they correspond to the experimental data that were
introduced with Fig. 8; which took place at 25 °C. Fig. 8 captures the
top side of the specimen, and the top clamping rod of the fixture is also
visible. A region of higher surface temperature characterises the ply
drop, and the maximum temperature is indicated by an (x). The thermal
camera’s field of vision is focussed on the ply – drop region.

An oval temperature distribution shape appears along with the
specimen, which is the result of the combination of the strain energy
and airflow around the specimen. Even though, the shape appears un-
affected as the self – heating temperature increases (from Fig. 8a to

Fig. 6. Typical evolution of dynamic parameters of the specimen (test at 25 °C).

Table 2
Mean and standard deviation of the coefficients for calibrating displacement to
strain for various enviromental temepratures.

Ambient Temperature 25 °C 50 °C 65 °C 75 °C

Mean 0.753 0.733 0.694 0.598
σ(%) 3.878 6.154 12.82 20.3

Fig. 7. Response Phase and Self – Heating Temperature evolutions during fa-
tigue testing.
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Fig. 8b), a hot – spot is visible when the Critical Even is reached
(Fig. 8c), and from that moment the self – heating temperature is a
contribution of the viscoelastic and the frictional heat. Additionally, the
results suggest that the viscoelastic heat is dominant before the Critical
Event while the frictional heat is more dominant after that. The tem-
perature hot-spot area should not be confused with the delamination
area, which was assessed by X-ray measurements.

As evident in Fig. 7, the thermal and mechanical responses will
follow an inverse behaviour; regardless of the ambient temperature
level and the applied strain. Regarding Fig. 9, one can observe that both
the self – generated temperature and the response phase can be sepa-
rated into three distinct regions, A, B and C, respectively. Region A is
where the sample reaches its hysteretic equilibrium behaviour as the
input force is dissipated by heat without developing fatigue if the ap-
plied strain is below the fatigue threshold. Region B is where the sample
shows stiffness degradation caused by fatigue while the temperature is
increased according to the strain energy produced as the cracks de-
velop. The slope of the region B depends on the applied strains; the
higher, the steeper. Region C is where the delamination has reached a
critical size which enables the ply rubbing and therefore the friction
heat dissipation. Region C is also characterised by much rapid crack
growth. Therefore, it was decided that interrupted tests will be con-
ducted in an effort to analyse the fatigue damage development during
endurance testing as well as to understand the difference between the
three quasi – linear stages. The experiments were interrupted at about
every 2.5 × 105 cycles (about 1 °C increase of the self – heating tem-
perature). At this point, it is worth noting that even though the tests
were conducted using identical specimens, the applied strain and am-
bient temperatures were closely monitored to ensure the repeatability
of the results. The specimens were then analysed by means of X-Ray
scans (Computed Thermography-CT Scan). Thermal Images indicated
that fatigue damage would develop only in the ply drop region during
endurance (Fig. 8).

For this reason, the coupons tested were trimmed down to smaller
than the size of the ply drop (48 mm × 6 mm × 2.5 mm). The small

size of the coupons was necessary to allow the dye to penetrate suc-
cessfully though the thickness of the sample since the only available
entry point was the edges. The outcome of these tests will be discussed
in the following sections while reflecting over the different stages of the
viscoelastic temperature and phase evolution.

3.1. Crack growth investigation by interrupted tests and X-ray
measurements

It was clear from earlier researches that the so-called Critical Event
was associated with the appearance of delamination because of the
Computed Tomography (CT) Scan and micrographs executed after the
test. However, it was unclear when the onset delamination occurred
and why the temperature increased linearly up to the appearance of a
hot-spot. Therefore the following section discusses the experimental
investigation carried out by interrupting the fatigue tests, where the
cut-outs of the test samples were then CT scanned to quantify the de-
lamination size up to that interruption.

Before the initiation of each test, the thermal equilibrium between
the specimen and the ambient temperature has been achieved.
However, it can be noticed that throughout the first stage of an en-
durance test (Region A – Fig. 9) the phase experiences a substantial
decrease which is followed by a rise in the endogenous temperature of
the component; until an equilibrium is reached (Fig. 9 – point A). This
stage corresponds to the transient state of an experiment where the
sudden load input forces the thermal and mechanical responses to
change rapidly. Although damage might be present during this stage of
the test, it can be very challenging to capture using a CT Scan due to its
small size. Furthermore, this stage only lasts for just a few minutes
which is arguably a very short time when compared to the entirety of a
fatigue life test (approx. 9 h at the 395 Hz).

3.1.1. Test results and discussions
The interrupted test with the shortest life – span was arrested during

the initial moments of Region B (see Fig. 9). Fig. 10 presents the self –
heating and phase progressions of this interrupted test as well as its
corresponding CT scan images. The Frequency Lock Loop requires a
finite time to reach the specified phase; noting the method is used only

Fig. 8. Thermal Images of a specimen during fatigue testing (Top View) cor-
respond to Fig. 7/Typical evolution of the temperature distribution.

Fig. 9. The three distinct regions of the phase and self – heating temperature
evolutions.

Fig. 10. Top – Thermal and Dynamic Responses of the 1st interrupted test (at
1.9 x105 cycles)/Middle – Top View of the respective CT Scan/Bottom – Side
View of the respective CT Scan.
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at the start of the test and not thereafter. Since the behaviour is tran-
sient in this period, the first 50 s of response phase corresponding to this
stage has been removed. Nevertheless, it shows that this test was ar-
rested extremely close to Region A. Additionally, Fig. 10 presents the
top and side ply-drop views of the CT Scan sample. It is apparent than
no visible damage has been developed at this stage. The circular imprint
that appears on these images is due to the small plastic leg used to
stabilise the sample during the scan.

Furthermore, one could observe that the zero and ninety degree
plies appear as lighter and darker lines, respectively. In some cases, the
cut plies and the resin pocket can also be seen in the side view. This side
permits more accurate observations of the damage propagation.

The next interrupted test is displayed in Fig. 11. This experiment
was extended by an additional of 2.5 × 105 cycles; compared to the
first test (Fig. 10). In this case, fatigue damage was captured by the CT
scan. Two types of damage can be observed from the top view of the
specimen while a quick examination through the width of the sample
can reveal the identity of these types.

The long white line corresponds to a transverse crack between the
resin pocket of the ply drop and the two cut plies. It is known that weak
interphase bonds characterise this region and it is, therefore, safe to
assume that the damage will initiate in this area. Moreover, the second
type of damage forms a circular shape, and it is associated with the
opening of the delamination towards the thick side of the ply drop.
Unfortunately, Fig. 11 also shows that excessive dye penetrant (labelled
as residue) in the outer surfaces of the sample could induce false
reading. Nevertheless, false readings can be identified by correlating
the data from the top and the side views and also from high dye con-
centration in specific regions. The analysis mentioned above was em-
ployed again, within Region B, to study the development of damage
when approaching the Critical Event. The next interrupted test was
terminated at 9 × 105 cycles, and it is featured in Fig. 12.

CT scan data suggest that the transverse crack did not extend very
far from the previous test. The delamination has now propagated both
towards the thick and the thin side of the specimen. Fig. 13 displays the
final investigation that was conducted within Region B, and it was
terminated close to the Critical Event.

The damage detected is now covering the whole width of the
sample. Delamination has propagated extensively towards both sides,
and this image shows a clear T-shape between the vertical and the
transverse cracks. Finally, the delamination size, at this stage, is
2 mm × 1 mm; while the transverse crack is two plies deep. In con-
clusion, the CT scan investigation revealed, for the first time, that fa-
tigue damage is developed before the Critical Event. Data indicated that
the damage would initially develop at the weak interface between the

Fig. 11. Top – Thermal and Dynamic Responses of the 2nd interrupted test (at
5.6 x105 cycles)/Middle – Top View of the respective CT Scan/Bottom – Side
View of the respective CT Scan.

Fig. 12. Top – Thermal and Dynamic Responses of the 3rd interrupted test (at 9
x105 cycles)/Middle – Top View of the respective CT Scan/Bottom – Side View
of the respective CT Scan.

Fig. 13. Top – Thermal and Dynamic Responses of the 4th interrupted test (at
1.15 x106 cycles)/Middle – Top View of the respective CT Scan/Bottom – Side
View of the respective CT Scan.
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resin pocket and the dropped plies. Then, it will develop towards the
thick side of the specimen. It is worth noting that this behaviour was
explained by Khan [17] who suggested that the damage will propagate
first towards the thick side of the ply – drop since it is the region of high
shear stresses. As a result, CT Scan data showed that the damage would
propagate towards both the thick and the thin side. Finally, the trans-
verse crack will develop along the whole width of the sample, and the
delamination will reach a Critical Damage Size just before the Critical
Event. It is, therefore, safe to assume that the linear decline in the re-
sponse phase, observed at this stage, is the result of stiffness degrada-
tion in the composite laminate. Additionally, the self – heating tem-
perature experiences a steady increase at this stage until the Critical
Event is reached.

It became apparent that damage is present long before the Critical
Event. Nevertheless, the Critical Event occurs at Point C (Fig. 9). CT
scan results (Fig. 14) revealed that delamination is even more sig-
nificant; in both the thick and the thin side. In this case, damage can
also be captured from the rapid increase in the surface temperature
(Fig. 14), which indicates an increasing damage size. Moreover, the
rapid increase in the acceleration of the system (Fig. 6) implies the
application of an increasing excitation force is necessary in order for the
system to maintain a constant vibration amplitude, and it indicates that

the delamination requires more energy to open. These sets of CT scan
show how the delamination opens and develops during a vibration fa-
tigue test; as this was not achieved in the previous research [5].

As for the self-heating, the CT scan shows two competing phe-
nomena. One is due to the strain energy in the system, which is sup-
posed to increase as the material gives away strength and the other one
is due to the friction heat caused by the fully reverse loading cycle. This
latter, however, is not so dominant until the delamination surfaces
reach a specific area that enables plies to create a relevant frictional
heat.

3.2. Vibration fatigue tests, results and discussions

The interrupted tests allowed a better understanding of how the
delamination initiates and grows. Although that test was carried out at
25 °C, there is no reason to believe a different pattern at a higher
temperature. This sub-section will focus on the fatigue test carried out
at various severity levels and environmental temperatures, 25 °C, 50 °C,
65 °C and 75 °C, respectively. The experimental investigation at 75 °C
proved to be the most challenging in terms of repeatability, and it ex-
pected that tests at even higher temperature levels might require a
dedicated research focus.

Table 3 presents a statistical analysis of the fatigue life results ac-
quired throughout the current experimental investigation. In particular,
the table holds the mean value and the Relative Standard Deviation of
the cycles to failure at different ambient temperatures and severity le-
vels. The deviation of the results is in the range of 10%, with a few cases
just below 20%. The results show a reasonable degree of consistency
and repeatability. The strains identify the severity level and are corre-
lated to the vibration displacements by the calibration curves. The base
accelerations measured are reported in the appendix for some selected
components.

The best results of the test campaign are presented in Fig. 15. Each
line describes the response phase and the self – heating temperature
acquired from different specimens, respectively. A quick screening of
the experimental data reveals the influence of the severity level over the
self – heating temperature since the results are colour coded according
to their severity level. As it is evident from the test data, the tem-
peratures at points A and C (e.g. beginning of Regions A and C) are
almost insensitive to the severity level (also confirmed by the experi-
mental data presented from Tables 4–7). It naturally follows that higher
environmental temperatures lead to higher surface temperatures.
However, the data acquired within the same ambient temperature level
suggest that the temperature of specimens at points A and C, respec-
tively, do not vary by more than ± 1 °C. By looking at the self –
heating temperature of region B, one can see that the temperature raise
follows the decline of the response phase when a higher severity level is
considered. Hence, three distinct regions can be observed at any en-
vironmental temperature and severity level in both the response phase
and temperature traces. The environmental temperature plays an im-
portant role in the development of the critical event, or delamination

Fig. 14. Top – Thermal and Dynamic Responses of the 5th interrupted test (at
1.7 x106 cycles)/Middle – Top View of the respective CT Scan/Bottom – Side
View of the respective CT Scan.

Table 3
Relative Standard Deviation (%) and Mean value of Cycles to Failure at different ambient Temperature and Severity Levels of all the test acquired throughout the
testing campaign.

25 °C 50 °C 65 °C 75 °C

Strain Mean σ (%) Mean σ (%) Mean σ (%) Mean σ (%)

2.50 × 10 –3 – – – – 8.42 × 106 4.23 3.85 × 106 2.99
2.52 × 10 –3 – – 5.89 × 106 13.71 – – 1.84 × 106 4.18
2.53 × 10 –3 – – 3.10 × 106 15.88 1.53 × 106 1.71 9.96 × 105 11.63
2.55 × 10 –3 6.30 × 106 11.79 1.55 × 106 10.74 9.26 × 105 19.67 3.73 × 105 7.17
2.60 × 10 –3 3.04 × 106 8.25 4.17 × 105 10.33 3.79 × 105 13.34 – –
2.80 × 10 –3 9.10 × 105 17.82 – – – – – –
2.95 × 10 –3 3.87 × 105 14.98 – – – – – –
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size, which appears earlier in time for the same response amplitude.
The response phase traces are qualitatively overlapping for the same
response amplitude, but it is easy to observe that the region B does not
always present a straight line slope, but it was not investigated further.
Table 8 presents the intial base accelrations set for the vibration tests.

Fig. 16 presents a more concise plot of the traces, where the re-
sponse phase was measured between 25 °C and 75 °C but at the same
strain level. The critical delamination size develops earlier at higher
surrounding temperatures compared to the room temperature, which
suggests that the establishment of microdamage and delamination in-
itiation starts at a much earlier stage. Note that the kink is more visible
when the curves are taken individually than in groups as reported in
Fig. 16, and therefore marked by a red arrow.

The fatigue life curve, presented in Fig. 17, is built by using the
critical event failure criterion, for different ambient temperatures and
strain levels. As it was expected, both the environmental conditions and
the imposed strain contributes to the degradation of composite samples,
subject to high frequency vibration testing. Strain levels above
2.6 × 10–3 were investigated for 25 °C, leading to a very short testing
time (< 20 min). For this reason, it was decided that the behaviour at
elevated temperatures will be examined between 2.5 × 10–3 and
2.6 × 10–3 since higher strains levels would further reduce the testing
times.

Fig. 15. Thermal and Dynamic Responses of the test campaign at different ambient temperatures/Data are colour coded according to their strain level.
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3.2.1. Correlation between the response phase and the onset of delamination
size

This subsection will briefly discuss the slopes of the response phase
trace for Region B, which is the region before the appearance of the
critical event. As shown in Fig. 9, Region B and C can be approximated
by two straight lines of different slopes. Additionally, Fig. 15 shows that
the traces of the response phase present different slopes, according to
the applied strain. Thus, more severe tests correspond to steeper slopes.
This behaviour was also observed in [5], but at that time the authors
did not have any knowledge from the CT scan investigation. In Section
3.1, the CT scan measurements showed that the onset of delamination
and its size could be correlated to an amount of phase decay. It seemed
straightforward to correlate the delamination size, measured by CT
scans, and the magnitude of the phase change for the Region B. Fig. 18
plots the relationship between the damaged area and the respective
phase decay. The CT scan analysis revealed that the damage would
open along the length and the width of the specimen during endurance
testing; at the same time. For this reason, Fig. 18 presents the damaged
area instead of the crack length. The plot shows a linear relationship
between the delamination onset and the rate of decay of the phase. It,
therefore, suggests that, by measurements of the dφ

dN
, one could estimate

the in situ crack growth rate da
dN

during fatigue tests.
A similar analysis was carried out on all selected test data, and the

results are showed in Fig. 19. However, now, the rate of change of the
phase is plotted against the applied strain load for different environ-
mental temperatures. The plot confirms that there is a linear relation-
ship depending on the strain load applied that the slope of it depends on
the environmental temperature. Unfortunately, the actual delamination
sizes were not measured for those tests because this was not within the
scope of the research funding. Nevertheless, one can extrapolate on a
third axis, and following the relationship presented in Fig. 18, how the
crack growth rate would depend on the applied strain load and en-
vironmental temperature.

Region C also follows a similar linear trace, presenting different
slopes according to the applied strain load. However, most of the tests
were interrupted as soon as the critical event appeared, giving a small
amount of data to fit with a linear function. Qualitative inspection of
those slopes shows that the crack growth in the Region C would be
much faster than in the previous phase (Region B), where the delami-
nation reaches a much wider size as the CT scan indicated.

Table 4
Experimental Data at an Ambient Temeprature of 25 °C.

25 °C

Strain Normalised Equilibrium
Temperature(°C)

Normalised Critical Event
Temperature(°C)

Vibration
Amplitude (m)

Number of
Cycles

Frequency(Hz) Strain – Amplitude
Correlation Factor

Structural
Damping

2.50E−03 0.9824 0.9931 3.35E−03 1.00E+07 393.4 0.7550 3.81E−03
2.50E−03 0.9750 0.9829 3.39E−03 1.00E+07 395.3 0.7204 3.80E−03
2.55E−03 0.9832 1 3.47E−03 5.66E+06 399.7 0.7791 3.75E−03
2.55E−03 0.9764 0.9957 3.55E−03 5.93E+06 399.3 0.7865 3.76E−03
2.55E−03 0.9640 0.9931 3.55E−03 6.24E+06 399.4 0.7680 3.86E−03
2.60E−03 0.9891 1.0049 3.66E−03 2.75E+06 396.4 0.7857 3.50E−03
2.60E−03 0.9714 0.9821 3.48E−03 3.22E+06 399.7 0.7896 3.69E−03
2.60E−03 0.9832 0.9834 3.62E−03 3.16E+06 398.0 0.7426 3.63E−03
2.70E−03 0.9808 0.9233 3.67E−03 1.43E+06 398.4 0.7835 3.74E−03
2.80E−03 0.9735 0.9744 3.55E−03 1.02E+06 399.4 0.7470 3.61E−03
2.80E−03 0.9882 0.9642 3.64E−03 7.95E+05 396.3 0.7140 3.43E−03
2.95E−03 1 0.9719 3.43E−03 3.46E+05 397.4 0.7113 3.48E−03
2.95E−03 0.9971 0.9233 3.60E−03 4.28E+05 397.3 0.7409 3.66E−03

393.3 0.7208 3.82E−03
Mean 0.98 0.97 397.39 0.75 3.68E−03
σ 1.11% 2.88% 0.53% 3.87% 3.61%

Table 5
Experimental Data at an Ambient Temeprature of 50 °C.

50 °C

Strain Normalised Equilibrium
Temperature (°C)

Normalised Critical Event
Temperature(°C)

Vibration
Amplitude(m)

Number of
Cycles

Frequency(Hz) Strain – Amplitude
Correlation Factor

Structural
Damping

2.50E−03 0.9840 – 3.43E−03 1.00E+07 395.3 0.7268 3.88E−03
2.50E−03 0.9721 – 3.30E−03 1.00E+07 398.8 0.7381 3.55E−03
2.52E−03 0.9811 0.9945 3.49E−03 6.47E+06 397.1 0.6389 3.49E−03
2.52E−03 0.9787 0.9810 5.42E−03 5.32E+06 398.2 0.7433 3.63E−03
2.53E−03 0.9811 0.9847 3.51E−03 2.76E+06 395.3 0.7563 3.50E−03
2.53E−03 1 0.9991 3.46E−03 3.45E+06 392.7 0.7483 3.55E−03
2.55E−03 0.9981 0.9807 3.62E−03 1.73E+06 399.3 0.7439 3.64E−03
2.55E−03 0.9830 1 3.50E−03 1.40E+06 396.2 0.7648 3.61E−03
2.55E−03 0.9953 0.9790 3.81E−03 1.53E+06 394.3 0.7606 3.47E−03
2.60E−03 0.9960 0.9805 3.62E−03 3.70E+05 395.1 0.7563 3.48E−03
2.60E−03 0.9966 0.9796 3.62E−03 4.28E+05 396.4 0.7412 3.47E−03
2.60E−03 0.9787 0.9765 3.58E−03 4.54E+05 392.7 0.8228 3.42E−03

393.5 0.6648 3.52E−03
393.7 0.6766 3.47E−03
391.0 0.7137 3.51E−03
395.3

Mean 0.99 0.99 395.31 0.73 3.55E−03
σ 0.96% 0.90% 0.59% 6.16% 3.17%
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3.3. The linear relationship between self-heating and response phase

In the previous sections, it was discussed that the response phase
and self – heating temperature of a specimen that undergoes vibration
testing, can be related to the fatigue damage growth. Additionally, it
was shown that the thermal and mechanical responses seem to follow
an inverse behaviour during fatigue testing. These observations seem to
suggest that there is a connection between the thermal and mechanical
responses of a specimen. Therefore, the next logical step is to in-
vestigate the relation between the two responses.

Let us consider a single degree of freedom (SDOF) mass – spring –
damper system subjected to dynamic base excitation. This scenario is
similar to that of a specimen being excited by an electromagnetic shaker
under base excitation. In a base excitation, the response phase (φ) and
the transmissibility (Τ) are given by [18]:

=
− +

−φ ω tan mcω
k k ω m ωc

( )
( ) ( )

1
3

2 2 (1)

= =
+

− +
T ω X

X
k ωc

k ω m ωc
| ( )| | |

| |
( )

( ) ( )b

2 2

2 2 2 (2)

where φ is the response phase, ω is the excitation frequency, m is the
mass, c is the damping factor, k is the stiffness of the system, T is the
transmissibility X is the response in terms of displacement and Xb is the
displacement of the base. Furthermore, Eq. (1) can be approximated by
Taylor series expansion as follows:

O= + −
+

+ −−φ ω mω
c

m ω k mω
c cm ω

k mω( ) tan ( ) (( ) )1
2 2

3 2 2
2 2

(3)

where ω is the excitation frequency at the resonance. Eq. (3) implies
that the stiffness of the system is proportional to the phase since the
structural damping and mass of the system can be considered constant,
within the very small crack size investigated, and with constant the
excitation frequency. That relationship becomes a linear relationship
over the number of excitation cycles. If this SDOF system is assumed to
represent beam at its first bending axial mode of vibration, then the
stiffness can be written in this form =k ES

L , where E is the Young’s
modulus, S the cross-section and L its length [5].

Viscoelastic materials are commonly defined by their characteristic
phase lag between the applied stress and strain response. Under cyclic
loading, this hysteretic behaviour can be exploited for characterising

Table 6
Experimental Data at an Ambient Temeprature of 65°C.

65 °C

Strain Normalised Equilibrium
Temperature (°C)

Normalised Critical Event
Temperature(°C)

Vibration
Amplitude(m)

Number of
Cycles

Frequency(Hz) Strain – Amplitude
Correlation Factor

Structural
Damping

2.50E−03 0.9954 0.9993 3.34E−03 8.17E+06 390.4 0.7222 3.47E−03
2.50E−03 1 0.9987 3.47E−03 8.67E+06 395.7 0.7232 3.69E−03
2.52E−03 0.9939 0.9997 3.40E−03 3.32E+06 395.3 0.7170 3.48E−03
2.53E−03 0.9916 1 3.44E−03 1.55E+06 395.8 0.7320 3.47E−03
2.53E−03 0.9921 0.9914 3.48E−03 1.51E+06 397.0 0.7331 3.47E−03
2.55E−03 0.9898 0.9911 3.99E−03 7.04E+05 396.1 0.7284 3.64E−03
2.55E−03 0.9918 0.9949 3.34E−03 1.11E+06 393.6 0.7415 3.88E−03
2.55E−03 0.9903 0.9904 3.44E−03 8.56E+05 392.7 0.7401 3.52E−03
2.55E−03 0.9899 0.9888 3.44E−03 1.04E+06 395.5 0.7319 3.53E−03
2.60E−03 0.9905 0.9868 3.90E−03 4.15E+05 395.4 0.7498 3.75E−03
2.60E−03 0.9848 0.9941 3.91E−03 2.64E+05 393.8 0.6809 3.54E−03

399.1 0.4968 3.84E−03
395.0 0.4655 3.46E−03
397.8 0.6948 3.50E−03
392.7 0.7602 3.55E−03
395.1

Mean 0.99 0.99 395.06 0.69 3.59E−03
σ 0.38% 0.48% 0.53% 12.82% 3.91%

Table 7
Experimental Data at an Ambient Temperature of 75 °C.

75 °C

Strain Normalised Equilibrium
Temperature (°C)

Normalised Critical Event
Temperature (°C)

Vibration
Amplitude(m)

Number of
Cycles

Frequency(Hz) Strain – Amplitude
Correlation Factor

Structural
Damping

2.50E−03 0.9875 0.9997 3.18E−03 3.83E+06 391.5 0.7877 3.47E−03
2.50E−03 0.9918 0.9823 5.17E−03 3.97E+06 398.4 0.3420 3.46E−03
2.50E−03 0.9954 0.9958 5.21E−03 3.74E+06 391.0 0.6973 3.47E−03
2.52E−03 0.9941 0.9963 3.55E−03 1.80E+06 392.7 0.6890 3.42E−03
2.52E−03 0.9943 0.9976 3.56E−03 1.78E+06 398.7 0.6951 3.47E−03
2.52E−03 0.9916 0.9953 3.55E−03 1.92E+06 393.6 0.3169 3.77E−03
2.53E−03 0.9973 1 3.54E−03 9.14E+05 400.4 0.6572 3.43E−03
2.53E−03 0.9942 0.9938 5.66E−03 1.08E+06 395.4 0.4740 3.79E−03
2.55E−03 1 0.9987 3.36E−03 3.92E+05 393.0 0.4349 3.41E−03
2.55E−03 0.9949 0.9842 3.68E−03 3.54E+05 397.0 0.4813 3.42E−03

395.2 3.43E−03
3.42E−03
3.42E−03
3.54E−03
3.61E−03

Mean 0.99 0.99 395.17 0.56 3.50E−03
σ 0.34% 0.62% 0.79% 29.94% 3.58%
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the fatigue life of composite laminate. This non – reversible process
leads to an imbalance between the energy introduced during each
loading cycle and the energy returned during each unloading. Thus, the
load strain energy is not equal to the unload strain energy resulting in
energy loss in the form of heat transfer during each cycle. Hence, the
direct effect of the generation of heat in viscoelastic materials is the rise
on the specimen’s temperature (self – heating temperature). Therefore,
the energy loss, on a composite component subject to cyclic loading, is
related to the reversible strain energy (Umax) with a loss (damping)
factor:

=c U
U
Δ

max (4)

where ΔU is the energy loss and Umax is the maximum strain energy that
can be stored per unit volume which can then be approximated as
follows [19,20]:

=
−

U
σ σ

E2
2
2

1
2

(5)

where σ2, σ1 are the maximum and the minimum tension, respectively.
In order to capture the heat transfer within the system, the heat con-
vection equation can be utilised where heat is related to Temperature

Table 8
Base accelerations measured for some selected components.

25 °C 50 °C 65 °C 75 °C

Strain level Acceleration [m/s2] Strain level Acceleration [m/s2] Strain level Acceleration [m/s2] Strain level Acceleration [m/s2]

2.50E−03 201 2.50E−03 160.8 2.50E−03 145.6 2.50E−03 143.2
2.50E−03 172.4 2.50E−03 156.7 2.50E−03 156 2.50E−03 154.7
2.55E−03 136.8 2.52E−03 135.1 2.52E−03 168.2 2.50E−03 136.6
2.55E−03 158.9 2.52E−03 141.3 2.53E−03 150.7 2.52E−03 169.6
2.55E−03 140.1 2.53E−03 141.2 2.53E−03 150 2.52E−03 152.1
2.60E−03 149.5 2.53E−03 164.8 2.55E−03 186.8 2.52E−03 157.8
2.60E−03 134.9 2.55E−03 175.2 2.55E−03 174.9 2.53E−03 170.3
2.60E−03 143.5 2.55E−03 145 2.55E−03 174.7 2.53E−03 149.9
2.70E−03 152.8 2.55E−03 170.5 2.55E−03 172 2.55E−03 152.5
2.80E−03 203.3 2.60E−03 164 2.60E−03 180.6 2.55E−03 135.9
2.80E−03 198.8 2.60E−03 155 2.60E−03 199.8
2.95E−03 169.5 2.60E−03 174.7
2.95E−03 150.8
Mean 162.48 157.03 169.03 152.26
Standard deviation 15.19% 8.75% 10.06% 7.78%

Fig. 16. The occurrence of Critical Event at different ambient temperatures but
at the same strain level.

Fig. 17. Fatigue Life curves at different ambient temperatures.

Fig. 18. Damage Growth Rate against Response Phase Decay rate.

Fig. 19. Rate of Change of Phase at different ambient temperatures Before the
Critical Event (Region B).
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(T) by the following equation:

= ∙Q h TΔ (6)

where Q is the heat loss while h is the convection coefficient. Moreover,
ΔT is the difference between the ambient temperature (Ta) and the
object’s (Ts) temperature. Therefore, Eq. (5) and Eq. (6) can be com-
bined to form a relationship which describes the connection between
strain energy and Temperature, as it was presented by Lahuerta [21]:
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where E is Young’s Modulus, kT is the thermal conductivity and t is the
thickness of the laminate. Therefore, for a composite beam subject to
vibrations of fixed frequency and constant vibration amplitude, Eq. (3)
and Eq. (7) can be respectively formulated as:

= × +φ N A E B( ) (8)

= +T N C
k

D( )S (9)

where N is the number of excitation cycles and A, B, C, D are constants
that correspond to:
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=D Ta (13)

Both Eq. (8) and Eq. (9) suggest a linearly proportional relationship
over the number of excitation cycles. By plotting these two relation-
ships against each other, a new plot can be generated by linking the
mechanical and thermal response of the specimen under fatigue and
ambient temperature conditions. Fig. 20 contains the results acquired
for regions B and C (before and after the Critical Event) and for the
entirety of the test campaign; Region A is not included in here. The
results are also colour coded following the approach used for Fig. 15.
The experimental results seem following a similar behaviour, regardless
of the strain level, which is identified by the colour of the solid lines
inside the 5% error band. The data acquired for the same environmental
temperature traces an almost linear trend which remains unaffected by
the applied strain level; except for a small scatter of 5%. On top of that,
the rate of change of these linear trends becomes steeper with each
increasing testing temperature.

Following the insights given by the CT scan measurements and the
effect of the environmental temperatures, the crack growth seems
mostly dominated by the environmental temperature which should

affect the viscoelastic properties of the material by weakening its
strength. Fig. 15 shows that the range (start – end test) of the self-
heating temperature is between 5 and 16 degrees as opposed to a range
of 50 degrees (25 – 75 degrees) of the environmental temperature.
Hence, for a given excitation frequency (very high) and a given strain
load, the rate of growth of the onset delamination is much quicker at a
higher environmental temperature. It is not an exhaustive conclusion,
but a result of this experimental investigation based on one material
type and one layup configuration.

4. Suspension of fatigue damage

So far, the discussion focused on the way in which crack openings
accelerate due to the harsher ambient temperature conditions and the
deterioration this causes in the fatigue life of composite laminates. It
can, therefore, be anticipated that the opposite could occur through the
application of different thermal loads during endurance testing. Thus,
the crack propagation should be slowed when heat dissipation between
the component and the surrounding environment is accelerated.

In order to investigate this hypothesis, the experimental set up was
slightly altered. A small air pipe was introduced inside the environ-
mental chamber through its lower part (Fig. 3). As a result, it was
possible to lower the local temperature of the most stressed region (ply
– drop) during endurance testing. The air pressure had to be kept as low
as 0.5 bar, and it was controlled with the use of a pressure regulator
gauge. Furthermore, the tests were conducted at the same strain and
ambient temperature levels. The air was released when the specimens
reached the same self – heating temperature, and it was extended for
106 cycles. It was believed that the surface temperature of the com-
ponents could provide a more accurate indication of the damage size
before the Critical Event; following what was reported by the CT scan
analysis.

The experimental investigation is presented in Fig. 21. The graphs
present two “cooled” tests in comparison to a test where no additional
thermal load was applied. The fatigue life of the specimens was ex-
tended when exposed to cooled air. The time to failure difference be-
tween not cooled and the ones cooled in these experiments reaches
35%. Apart from that, the graphs also captured another interesting
piece of information. It can be observed that the rate of change of the
response phase is less pronounced when the specimen is being cooled
(see slopes of dashed lines 1, 2 and 3 in Fig. 21). As reported by Katunin
[10], the cooling effect has the significant benefit of extending the fa-
tigue life, potentially by halting the degradation of visco-elastic prop-
erties of the resin.

5. Conclusions

This research paper reports several research novelties about the
fatigue behaviour of composite components, featuring ply-drops, which

Fig. 20. The Mechanical Response over the Thermal Response at different
ambient temperatures for the entirety of the test campaign.

Fig. 21. Fatigue Damage Suspension Tests at the same ambient temperature
and strain levels/Top – Response Phase evolution of the Cooled Tests compared
to the original.
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were subjected to elevated environmental temperatures. The foremost
achievement was highlighted by the interrupted tests showing that
delamination is present before the so-called Critical Event.
Furthermore, this event seems to be associated with a Critical
Delamination Size that, once achieved, can suddenly reduce the global
stiffness (measured as response phase decay) of the component.
Additionally, the interrupted tests revealed a correlation between the
slopes of the phase decay curve and the measured delamination size.
The Critical Event is the criterion used for the generation of an S-N
curve, which displays how the vibration fatigue life under elevated
environmental temperatures is significantly reduced. Furthermore, the
experience gathered by the cooling attempt also showed that there are
competing mechanical and thermal behaviours which the viscoelastic
material undergoes during high cycle fatigue. This behaviour is well
captured by the correlation between the self-heating temperature and
response phase trace under different ambient temperatures.

Finally, a key conclusion from this work is that both the self-heating
and fatigue behaviours of composite materials can be investigated by
vibration testing and environmental temperature conditions. This ex-
perimental approach showed results for elevated temperatures, but
future researches must address the fatigue behaviour under sub-zero
temperature conditions.
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