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Abstract

Fatigue failure of composites is an important aspect for characterizing the fatigue strength of components
and structures. Despite the efforts in seeking a robust failure criterion, the failure definitions are often
described as a percentage of stiffness degradation. Delaminations and microcracks are widely present
in the specimen by the time the stiffness reduction reaches the aimed level. Therefore, a zero damage
tolerance specification cannot be applied for designing composite components for fatigue. A testing
campaign is carried out to study the damage development in a component with ply drop-offs undergoing
vibration fatigue. This manuscript shows the evidence of a clean critical event in the fatigue life of
the component, suggesting a novel failure criterion to be used for vibration fatigue testing. The critical
event is captured from a sudden change in dynamic parameters of the structure. The exploitation of
resonance conditions enables a very sensitive monitoring of the structural degradation of the specimen.
The decrease in stiffness can still be measurable from the resonance frequency, but it is found to be too
coarse for capturing the occurrence of the critical event during the vibration fatigue testing. To conclude,
the dynamic VCCT is applied to a 2D model to validate the definition of initiation as the critical event.

1. Introduction

The definition of damage initiation is a discussed topics in fatigue behaviour of components. It is widely
agreed that the nucleation of damage in a pristine component can be a large part of its total fatigue life,
but unfortunately it is the most difficult part to understand and therefore predict. For this reason, even
applying discretion, the crack initiation is always related to a subjective critical crack dimension [1, 2].

For composites, damage is identified by the complex status of the material rather than by a single crack.
From the first studies of Reifsnider [3] it was clear that the damage development comprised a series of
interacting phenomena, leading to continuous structural degradation and diffused damage. He proposed
the definition of the Characteristic Damage State (CDS), which somehow aimed to replace the single
crack in homogeneous materials. According to his sequence of damage development, the initiation
should be defined as the first crack nucleation, well before the CDS is reached. However, the definition
of initiation varies if considered at macroscopic level, where a crack nucleation may not affect the overall
strength of component.
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Figure 1. Rig setup.

A practical definition of initiation is the one given by Salkind [4] as “the time required to form a crack of
detectable size”. Lomov et al. [5] considered the damage initiation as the occurrence of a crack that can
be captured by an increase in the energy content of acoustic emissions. Quaresimin [6] set the limit to
0.3 mm for the crack to be considered detectable, justifying that small changes in the initial crack length
have a small effect on the fatigue life. Sims [7] identified the need for a failure criterion based on loss of
stiffness, as recommended by standard procedures [8], that could vary from 5% to 20%, depending on
applications. May and Hallett [9] carried out an extensive testing campaign to build the S-N curves to
initiation for mode I and mode II. In both cases they concluded that the damage initiation differed very
little from the separation of the specimen in two pieces, therefore there was not room for subjectivity on
the definition of failure.

The aim of the article is to provide a more sensitive method for monitoring structural degradation and
damage initiation by means of resonance vibration. Use of resonance vibration for fatigue testing and
in-situ monitoring of damage is not new [10-13]. Since the first studies in the 50’s [14], the vibration
fatigue testing method has become commonplace [11, 15], exploiting the resonance conditions to perform
quick tests to a high degree of accuracy, even in the Very High Cycle Fatigue (VHCF) regime, up to the
gigacycle [16].

In this manuscript, experiments are shown and described, and the framework is validated by a dynamic
VCCT (Virtual Crack Closure Technique). Here, damage initiation is defined as a critical event that
changes the rate of structural degradation for a given excitation level. In other words, an event that can
abruptly change the distribution of internal forces within the component under fatigue loading conditions.

2. Changing the testing method

The testing setup adopted was presented in Ref. [17]. For ease of reading, it is summarised here. Figure 1
shows a steel fixture clamping the component and connected to the shaker head. In order to minimize
friction and to avoid nonlinear boundary conditions, the fixture constrains the component along a line
by means of two cylindrical rods. The component is a rectangular specimen 100 mm X 260 mm, made
with 20 pre-preg plies of IM7/8552, 4 of which are interrupted plies 100 mm x 130 mm. The stacking
sequence is [0, 0grop, 904rop, (0,90)3, 0], and the ply-drop is 20 mm away from the clamp, in the middle
of the specimen. The ply-drops are introduced to move the maximum stressed area away from the clamp,
and to replicate a common feature of most of the composite components.

The test used to be run at the first bending mode, at constant vibration amplitude and constant resonance
phase in order to keep the excitation on the peak of resonance. As a consequence, the more the component
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Figure 2. Experimental data of resonant frequency, base acceleration and maximum temperature of a
single test run at constant vibration amplitude and resonant phase. The dotted line indicates the initiation
of delamination captured by the thermal camera.

got damaged, the higher was the stiffness reduction and the resonant frequency reduction. The vibration
was controlled by a LabView software which processed the feedback signals from a Laser Doppler
Vibrometer (LDV) and an accelerometer.

In the presented work, one substantial modification to the described testing method is made to enhance
the critical event, avoiding a controller action. In Figure 2, which shows data of a coupon tested with that
methodology, the critical event is captured by the temperature rise around 1.5 M cycles. The temperature
increase resulting from the delamination onset was about 0.5°C, a relatively small value compared to the
sensitivity of the thermal camera and the signal to noise ratio. Nevertheless, focussing on the acceleration
curve, a very steep change in slope can be observed at the same number of cycle. For that test, the Phase
Lock Loop (PLL) was controlling the excitation frequency, causing drop-offs both in frequency and
acceleration traces. By excluding these drop-offs, the acceleration profile would have a smooth trend
that changes abruptly as soon as the delamination onset. The same profile was observed for other tests
as shown in Figure3.

3. The critical event

In the light of these observations, a new testing campaign was carried out at constant frequency and
constant vibration amplitude. The excitation frequency was chosen to be at the right hand side of the
transmissibility response in order to have a decrease in the transmissibility factor for an increase of
structural degradation.

A clean critical event was observed in the fatigue of the components as an abrupt change of dynamic
parameters, such as base acceleration and resonant phase. In Figure 4 critical events are depicted by
steep changes in the resonant phase. For all the cases, that step-change occurred at the moment of the
sharp increase in temperature. By plotting the strain versus time to failure (or number of cycles) one
obtains the S-N curve shown in Figure 5.
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Figure 3. Experimental data of resonant frequency and base acceleration of a single test run at constant
vibration amplitude and resonant phase. The dotted line indicates the initiation of delamination captured
by the thermal camera. It can be seen that the drop in frequency starts after the initiation of delamination.
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Figure 4. Experimental data at different increasing severities. T1 refers to the lowest severity and T7
refers to the highest severity.
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Figure 5. SN curve by means of strains up to the critical event.

4. FE analysis

In order to verify the possibility of simulating the critical event with an FE model, a dynamic VCCT
is carried out in a 2D analysis, using ABAQUS. It is demonstrated, assuming the overall structural
degradation as a consequence of a single and well-defined crack, that the increase in ERR drives a fast
delamination after a certain number of cycle of stable propagation.

The 2D model is built and meshed starting from a micrograph, in order to have a high fidelity represen-
tation of the component cross section. The specimen is an assembly of three parts, bonded together by
tie constrains but in the areas affected by delamination. These three areas represent the transverse crack,
the crack in the thick section and the one in the thin section, as shown in Figure 6.

For the pristine case the nodes that the tree parts have in common are connected by massless spring
elements. In a dynamic simulation this approach allows to extract the forces at the nodes without con-
sidering the inertial effects.

The transverse crack is extremely fast due to the weak interface and the high stress concentration, hence
it can be considered already open in the pristine case. Therefore the crack tips to be propagated are two,
one in the thick section and one in the thin section, at the interface between the outer ply and the second
ply (Figure 7). Other possible directions are neglected considering the experimental outcomes, where, in
all the cases, the delamination occurred between the first two plies.

Spring elements are removed one by one, both to the thick section and to the thin section, according to
the Paris’ law using the rules of mixture as follows:

ey
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where C,, and n,, are calculated from Cj;, Cyj, n; and nj; (Table 1) and considering the mode mixity as
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Figure 6. Zoom of the side of 2D model showing the three parts and the interfaces where the crack is
propagated: the transverse crack is opened from bottom to top, the crack in the thick section from right
to left and the crack in the thin section from left to right.
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Figure 7. Details of 2D model around the ply-drop. Image shows the local mode shape that is used for
the calculation of the SERR, while the crack is propagating only towards the thick section.

weight factor:
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The final results is shown in Figure 8. Despite a very small change in resonance frequency, the structure
undergoes a sharp change in phase response.

5. Conclusions

Data from fatigue testing campaign are analysed and a new method for carrying out vibration fatigue
testing is described. The first conclusion concerns the cost-effectiveness of the presented method. As-
suming that the critical event is acceptable as the failure criterion, the testing time is reduced. It would be
not necessary to wait until the resonant frequency change reaches a 10% reduction to define a component
as failed.

Further to that, critical events are well detectable in a vibration fatigue testing. These events are points
of discontinuity in the slope of some dynamic parameters (e.g. base acceleration, phase). It is shown that
critical events divide the fatigue life of the component in two parts, each of those governed by a different
ratio of change of the dynamic parameters. Therefore one can consider the critical event as the failure
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Table 1. Fracture mechanics properties for IM7/8552.
Gie Cy ny Gie Cn ny
(N/m)  (mfcycle) (N/m)  (m/cycle)
208 [18] 6.51e-6 [18] 5.29[18] 1334[18] 6.69¢e-5[19] 9.6[19]
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Figure 8. Phase change in the response of 2D model with a crack propagated by means of VCCT.

criterion since it marks a well defined change in the structural degradation rate. Up to that point there are
not obvious structural consequences for the tested component.

One last remark on the presented work is that the described critical event occurs while the resonant
frequency change is less than 0.5%, or in other words the bending stiffness reduction is about 1%.
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