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Abstract

The objective of this paper is to develop a non-destructive methodology for remote monitor-
ing of fatigue induced by mechanical load in fibre reinforced plastics. The approach is based
on mode conversion of air-coupled ultrasound to flexural waves. Variations in flexural wave
velocity and attenuation are used as indicators of fatigue state. Glass fibre reinforced non-
crimp fabric plastic specimens were stepwise fatigued and measured in a single sided access
configuration. The experiments conducted demonstrate that accumulated fatigue is accompa-
nied by decrease in velocity and increase in attenuation of the flexural wave. The change in
wave velocity throughout fatigue is shown to correlate closely with measurements of stiffness
degradation of the composite. This parameter is found to be different for different fatigue
loading protocols. The propagation of flexural waves is affected by internal interfaces such as
cracks due to scattering. Hence, attenuation can be used as a measure of an increase in crack
density caused by fatigue. The combination of wave velocity and attenuation is considered to
be a distinctive parameter, which enables to determine whether the composite is fatigued in
tension-tension or compression-tension mode.

Introduction

The volume of fibre reinforced plastics (FRP) in various applications (aircraft industry, wind
energy engineering, etc) has been rising enormously for the last decade. The performance of
FRP components is affected by structural degradation resulting from many factors, like envi-
ronmental conditions, manufacturing defects, damage due to impact or/and fatigue. Fatigue
damage is particularly important in high-risk applications where the components encounter
many load cycles during their lifetime. Cyclic loading may lead to internal accumulation of
damage in the composite resulting in a reduced residual strength [1] and eventually in a catas-
trophic failure. The non-destructive detection of fatigue induced defects, which degrade the
structural integrity, is pursued to reduce the disadvantage of the complicated failure mecha-
nism of FRP compared to metals. Innovative methodologies are needed to monitor composite
degradation in operation to guarantee functionality and avoid unnecessary replacement of
components.

Several techniques (acoustic emission, electric resistivity, optical fibres etc.) have been pro-
posed for detection and characterization of fatigue damage in FRP caused by cyclic loading.
Each of the techniques comes along with its drawbacks such as expensive sensors for struc-
tural health monitoring using smart structures or challenging application in industrial envi-



ronment. One of the approaches is based on the correlation between fatigue damage and stiff-
ness change of composite structures. It has been reported [1-3] that FRP exhibits stiffness
degradation in direction of loading accompanied by an increasing crack density. These fea-
tures provide useful information on the structural integrity of composites. However, both
stiffness and crack density are difficult to determine in industrial environment.

Conventional ultrasonic technique for probing material stiffness involves direct measurements
of bulk wave velocities. For plate-like composite components the major loading direction is
in-plane. However, ultrasonic testing of the in-plane stiffness is impeded by the availability of
a single propagation direction across the thickness of the specimen [4]. For out-of-plane stift-
ness, the correlation between fatigue and velocity/attenuation has been measured in transmis-
sion mode [5]. This configuration does not provide single-sided access and has not been
proven to be used in-situ. Furthermore, the data obtained in transmission mode are often not
applicable to fatigue monitoring in strongly heterogeneous composite materials.

Ultrasonic Lamb (guided or plate) waves offer a convenient method for recovering in-plane
elastic properties [6, 7]. The contact Lamb wave setups were found to be applicable to moni-
toring fatigue and thermal damage [8-10]. It was shown that the guided wave attenuation is
sensitive to cracking induced by fatigue for a circumferential wave propagating in a hollow
FRP cylinder [11].

Air-coupled ultrasound (ACU) has been increasingly used for inspection of plate-like compo-
nents in recent years due to its advantage of being a non-contact and no-immersion methodol-
ogy [12]. The conventional normal transmission mode has been modified to provide mode
conversion of air-coupled ultrasound to Lamb waves for remote non-destructive evaluation in
a single-sided access configuration [13]. A similar technique was recently applied to measur-
ing phase velocity and attenuation for testing the moisture content and the micro cracking in
carbon fibre reinforced plastic [14].

In this paper, the ACU mode conversion is applied to the study of wave velocity and attenua-
tion in cyclic loaded non-crimp fibre (NCF) composite. It is shown that these parameters cor-
relate with stiffness degradation and crack density. That enables to use this technique for
monitoring of fatigue in NCF induced by mechanical loads.

Specimen Preparation and Fatigue Loading Protocol

A quadraxial NCF made of glass fibres was infiltrated with an epoxy resin. The composite
was manufactured by a resin transfer moulding process to 2mm thick plates. The NCF con-
sists of eight layers (0°/45°/90°/-45°/45°/90°/-45°/0°). The plies contain different amount of
fibres (49% in 0°, 23% in 45°, 23% in -45 and 5% in 90°). A part of the virgin composite
plate can be seen in the light transmission image in Fig. 2. The fibres are not visible but the
binding yarn of the fabric is shown.

The produced plates were reinforced with FRP/aluminium edge flanges for loading grips and
cut by a diamond blade into dimensions of 250mm in length and 25 or 50mm width. The fa-
tigue tests were performed on servo hydraulic actuators using a frequency of /~6Hz for cyclic
loading. The stress ratio R is defined as the relation between the minimum and the maximum
stress during one cycle. That means that R=0.1 is in the tensile regime and R=-1 contains ten-
sile and compressive loads in one cycle. The Young’s modulus in load direction was calcu-



lated from the geometry of the specimens and the strain measured by the servo hydraulic ac-
tuators.

The typical patterns of stiffness degradation and increase in crack density throughout a fatigue
cycle are shown in Fig. 1 and clearly represent three phases of fatigue state in a FRP. In the
first test trial, five narrow (25 mm wide) specimens were loaded at a stress ratio of R=0.1 at a
maximum stress of o;,,= 360 MPa. For each specimen, the ACU measurements were made
before the load application and successively after 50, 300, 1000 and 3500 cycles. Due to a
premature failure of flanges occurred during loading test, the measurements were interrupted
in the second phase of fatigue.
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Fig. 1: Evolution of stiffness (left) and crack density (right) in composites during fatigue.

In the second test, the wider specimens (50 mm) were fatigued at different load levels in
R=0.1 and R=-1 modes into the second phase of fatigue to provide a homogeneous crack dis-
tribution in the material. The ACU measurements were conducted only before and after cyclic
loading. The crack pattern for a specimen fatigued at R=0.1 is shown in Fig. 2. The cracks
were formed in the £45° and 90° layers accompanied by edge delaminations (planar cracks
parallel to the surface). The cracks in different oriented layers influence each other and create
further delaminations.
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Fig. 2: Light transmission image of the intact (top) and the specimen after fatigue in R=0.1
cyclic mode (bottom).

In R=-1 cyclic mode the crack pattern developed similarly (Fig. 3); some additional cracks
along the load bearing fibres (0° direction) also occurred.
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Fig. 3: Transmission image of the crack pattern after fatigue in R=-1 cyclic mode.

Experimental Methodology

The mode conversion of ACU is based on resonance excitation of plate (Lamb) waves in
oblique incidence if the angle @ satisfies the relation [15]:

sind=V,/V,, (1)

where V, is the phase velocity of ultrasound in air and V), is the phase velocity of the plate
wave mode. This relation also defines the angles of the re-radiation of ultrasound in air from
both sides of the specimen by the propagating wave. In particular, it enables to use a single
sided configuration (Fig. 4) where the values of € correspond to the maximum output signal
obtainable by varying the angular positions of the transducers.

The efficiency of excitation/reception also depends on the plate wave mode; the maximum
coupling between ACU and plate wave is provided for the zero-order antisymmetric mode
(ap) with predominately out-of-plane polarization [16]. In the experiments, commercial
200kHz air-coupled transducers with a circular aperture of 8mm diameter were used. For
small values of 6 (10°-15%), the size of excitation area was of the order of only (1-2) wave-
lengths for the ap-mode, so that excitation/reception was observed within a certain range of
angles of incidence (~5°). That enabled to use the same settings for a variety of specimens of
slightly different thickness and stiffness, which makes the method applicable in-situ.

Scan

b
>

Trans-

mitter Receiver

|

Fig. 4: Single-sided air-coupled configuration.



To measure the plate wave velocity and attenuation, the receiver is moved stepwise along the
propagation path of the wave [17]. The Discrete Fourier Transformation (DFT) of the output
signal is used to obtain the amplitude and phase at each step, which needs to be rather small.
These values as functions of the distance between the transducers are used to calculate the
plate wave velocity and attenuation.

The major contribution to the attenuation comes from damping (scattering and viscoelastic
effects) and diffraction losses due to a finite aperture of the plate wave beam. To find out the
impact of the diffraction, a C-scan of the wave field generated was carried out by moving only
the receiving transducer. The result (Fig. 5) shows that the beam divergence is rather small for
the propagation distance (x) in the far field zone (>(10-15)mm). Such behaviour indicates the
“self-focussing” effect for the plate wave in the NCF composite. The bundles or group of
bundles of fibres (Fig. 2) act as a waveguide focussing the wave field and thus supporting a
quasi-plane wave propagation. This effect reduces but does not exclude completely the dif-
fraction losses in the NCF. The amplitude variation of a quasi-plane plate wave can therefore
be approximated by an exponential decay:

A(x) = Age™ ¥, (2)

where « is the factor of attenuation caused by viscoelasticity and scattering. Two examples of
attenuation measurements in a NCF specimen before and after cyclic loading are shown in
Fig. 6. Some discrepancy between the measurement data and the exponential fit is obviously
seen; however, averaging of a few measurements over the width of each specimen has been
proven to lead to reasonable results.
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Fig. 5: C-scan image of the plate wave field in a 50mm wide NCF composite plate.
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Fig. 6: Measurements of plate wave attenuation in NCF specimen before (left) and after
(right) cyclic loading.



The plate wave velocity and attenuation measured along the axis of the cyclic load were then
used for the evaluation of fatigue state. Precise alignment of the receiver path parallel to the
specimen surface is crucial for measuring the plate wave velocity. For the specimens investi-
gated, a deviation from parallelism of 0.1 degrees leads to an inaccuracy of 0.5% in plate
wave velocity.

The relation between velocity of the ap-mode (V,0) and the material stiffness can be obtained
from the following equation [15]:

E
Vao~ﬂm NE-fed, (3)

where £ is the Young’s modulus, p is the density, v is the Poisson’s ratio, f'is the frequency
and d is the thickness of the plate. Equation (3) is derived for waves in isotropic plates con-
sidered acoustically thin (flexural wave), however, it can also be applied for waves in symme-
try directions of anisotropic materials [18]. Based on this approximation, the variation in ma-
terial stiffness (Young’s modulus) can be evaluated (assuming 1-v* = 1) from the measure-

ments of flexural wave velocities
4
Ey [V @
E, Vaoy

where the indices 0 and frefer to intact and fatigued specimens, respectively.

Results

The stiffness degradation and variation in flexural wave velocity caused by cyclic loading
were measured for the first group of 5 stepwise fatigued specimens. For the second group of
specimens (11 samples with a different fatigue state each), the measurements were comple-
mented by variation in attenuation for different cyclic loading modes.

For the stepwise fatigued specimens, the velocity of the flexural wave decreases rapidly
within the first few hundred cycles, as shown in Fig. 7. This corresponds to the first phase of
fatigue life, which can be characterised by exponential decline in stiffness, as illustrated in
Fig. 1 (left). The second phase of composite fatigue accompanied by moderate stiffness deg-
radation (Fig. 1) corresponds to a gradual decline in the wave velocity (Fig. 7). Inaccurate
alignment of the specimens is assumed to result in the rise of the velocity after 1000 load cy-
cles for specimen 2 and 3 in Fig. 7.

The experimental data for the stiffness variation through cyclic loading are illustrated in Fig. 8
for specimen 5. As expected, the stiffness measured by the servo hydraulic machine gradually
decreases; the interruptions at 300 and 1000 cycles are caused by the changes of clamping
after the specimens were removed from the testing machine for the ACU wave velocity meas-
urements. The lower curve in Fig. 8 shows the variation in stiffness calculated from the wave
velocity measurements based on Equation 4. A reasonable agreement between the two curves
illustrates the applicability of the approach used for evaluation of fatigue induced stiffness
degradation from the velocity measurements.
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Fig. 7: Flexural wave velocities as func- Fig. 8: Relative stiffness degradation and
tions of number of cycles in phase flexural wave velocity decline over
I/IT of fatigue. number of cycles (specimen 5).

The experimental data on the second group of 11 specimens are presented in Figs. 9-12. All
the specimens manifest 20-25% relative decline in stiffness (Fig. 9), which is basically inde-
pendent of the number of cycles. The stiffness degradation for the two cyclic modes (tension-
tension and compression-tension) is also virtually identical. That confirms a similarity in the
fatigue state (phase II) of all the specimens.

The measurements of the attenuation reveal an increase in dissipation in phase II of fatigue
(Fig. 10). Since the crack density stays constant in this phase (Fig. 1, right), the attenuation
due to scattering is not expected to vary either. Unfortunately, the variability of the data in
Fig. 10 is too large to make a tangible conclusion on the attenuation behaviour throughout
phase II of fatigue. For this purpose further experiments, which relate closely to the fatigue
history of each specimen, are in development.
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loading (phase II of fatigue). (phase II of fatigue).

As mentioned above, the measurements of Young’s modulus in the loading direction (Fig. 9)
indicate no difference between the fatigue damage induced in tension-tension and compres-
sion-tension cyclic modes. This difference, however, is noticeable in Fig. 11, where the data
on velocity variation are plotted as a function of the stiffness degradation. The tension-tension
results in the lower velocity variation than that for the compression-tension cyclic mode in the
same range of stiffness variation.

Since the information on in-plane degradation is difficult to retrieve in-situ, an alternative
approach can use the measurements of the flexural wave attenuation in combination with the



velocity. The data on increase in velocity are plotted as a function of the attenuation variation
(Fig. 12), which enables to distinguish between the fatigue caused by different cyclic modes
in-situ.
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Fig. 11: Relative decline in flexural wave Fig. 12: Relation between variation in
velocity as a function of stiffness velocity and attenuation for flex-
degradation. ural waves in NCF composite.

Discussion

The relation between the stiffness degradation and the flexural wave velocity for NCF com-
posite fatigued in tension-tension and compression-tension modes suggests further considera-
tions. The results show that a difference in flexural wave velocity is observed even when no
substantial variation in overall Young’s modulus in direction of the load is measured (Fig.
11). Generally, two major reasons for that can be indicated as discussed below.

The strain distribution in a plate caused by plate waves is a function of depth, so that the dis-
tinctive stiffness in each ply is relevant for the wave velocity. On the contrary, the stiffness
measured in the servo hydraulic machine is averaged over the thickness of the specimen. For
the NCF composite specimens studied, the maximum contribution to the bending stiffness,
which is crucial for the flexural wave velocity, is expected by the surface plies while the role
of the inner plies is diminished. Hence, the velocity measurements in the specimens fatigued
in compression-tension would reveal greater stiffness degradation induced in the 0 degree
plies at the surface than in the +45° and 90° plies. In tension-tension mode, the inner plies
would be more affected, while the overall stiffness degradation remains similar for both fa-
tigue modes.

Another reason could be traced back to internal material degradation between the plies, which
affects the stiffness parameters different from the Young’s modulus in load direction. For
example, the formation of delaminations at cross points of cracks between a 0° and a 45°
layer leads to a decrease in the out-of-plane Young’s modulus which is more pronounced if a
compressive load is present. However, the overall stiffness degradation measured in load di-
rection stays the same because delaminations and cracks parallel to the loading direction vir-
tually do not affect the stiffness.

Conclusions

A methodology for non-destructive evaluation of fatigue caused by mechanical loads in plate-
like NCF composite components has been proposed. A simple and inexpensive setup, based



on a single-sided access configuration of ACU, has been applied to remote monitoring stiff-
ness degradation in composites by measuring variation in flexural wave velocity. The change
in the velocity is found to be different for the tension-tension and compression-tension fatigue
modes. Internal degradation caused by cyclic loading has been detected by an increase in at-
tenuation of the flexural wave due to scattering on cracks. More experimental data is desirable
for evaluations whether the combination of both velocity and attenuation is a distinctive pa-
rameter to distinguish different loading protocols. Based on the preliminary results obtained,
depth-resolved monitoring of stiffness degradation due to fatigue is feasible by using plate
ultrasonic waves. This could contribute to a better understanding of the manner composites
degrade and fail due to different types of cyclic loads.
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