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Abstract

Wrinkles, (also known as out-of-plane waviness) are, unfortunately, a common
phenomenon that has caused some wind-turbine blades to unexpectedly fail in service.
Being able to detect the wrinkles while in the factory will reduce the risk of catastrophic
failure and characterising the wrinkles would minimise the repaired area, thus
increasing the efficiency of the repair and the design. This work compares the
effectiveness of three different ultrasound techniques. for detecting and characterising
out-of-plane wrinkles in the typical glass-carbon hybrid laminates that are used for
wind-turbine blades. The tests samples were manufactured so that the laminates and the
defects are representative of those used in the wind-turbine industry. Basic mechanical
tests were performed to check the drop in‘mechanical properties due to wrinkling. The
ideal probe frequency was determined as the resonance frequency of the plies using an
analytical ultrasonic-propagation model. The three different ultrasound techniques used
are: full-matrix capture (FMC) with the total focusing method (TFM), a commercial
phased-array instrument and an immersion test with a raster-scanned single-element
focused probe. When possible, severity parameters of the wrinkle were measured on the
ultrasonic images and compared with the measurements of the actual sample in order to
determine which method best characterises such wrinkles and which would be more
appropriate to implement in an industrial environment. Not all of the techniques allowed
full characterisation of out-of-plane waviness on the specimens. The FMC/TFM method
gave better results whilst phased-array technology and single-element immersion testing
presented -more challenges. An additional enhancement to the TFM imaging was
achieved using an Adapted-TFM method with an angle-dependent velocity correction.
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1. Introduction

The development and utilization of wind power for energy generation has increased
worldwide since the energy crisis in 1970 mainly because it is now a mature green
technology. Nowadays, giant wind turbines are being developed" with enormous
turbine blades that are designed using thick carbon- and glass-fibre laminates in order to
withstand the large bending moments that appear at the root of those parts.
Unfortunately, during the manufacturing process of such laminates, misalignment in
fibre orientation is a common defect that seriously degrades the mechanical properties
@ When such defects are not detected during the manufacturing process, the blades
may unexpectedly fail in service, which forces wind-farm operators to repair the blades
in-situ if the failure has not destroyed the whole turbine. These kinds of repairs are
expensive and inconvenient . In order to reduce the risk of catastrophic failure, the



designers over-engineer by adding even more plies, and weight, to the blades. If fibre or
ply misalignment were detectable during the manufacturing process, the blades could be
repaired before leaving the factory, which would avoid expensive in-situ repairs and
would allow the designers to refine the laminates. Hence, it is important that the
increasingly large parts manufactured by the industry are fully characterised.

Misalignments in fibre orientation (out-of-plane and in-plane waviness) are inherent to
the manufacturing process generally chosen for making turbine blades. The formation of
wrinkles (out-of-plane waviness) during the manufacture of the blades is a complex
process that results from local buckling, lamination residual stresses, an incorrect curing
procedure, unintended foreign bodies or inserts, etc. @ Due to the manufacturing
process and the dimensions of the blades, the wrinkles that appear in these thick
laminates have a specific geometry. In the literature, several parameters have been used
to characterise the misalignment with respect to loading direction (Figure 1): maximum
amplitude (H) ¥, severity © or maximum angle ”. The geometry of wrinkles found in
case-study blades and the parameters chosen are shown in Figure 1. L is defined as a
wrinkle wavelength so the ‘severity’ of the wrinkle (A/L) is consistent with the

literature®.

Figure 1: Wrinkle parameters

In order to detect any defect that may have appeared during the manufacturing process
before the blades are installed in the wind farms, several non-destructive testing
techniques are already in use? although not every technique allows the detection of
wrinkles. Even though Micro-focus X-Ray Computed Tomography (Micro-CT) is the
technique that provides the most detailed information for 3D characterisation of fibre
orientation on small components; it is expensive and it is not a practical technique for
large components(lo’“) due to the trade-off between resolution and component size. In
components as large as turbine blades Micro-CT does not achieve sufficient resolution
of ply boundaries (requires 20 pm voxel size or less) and, therefore, wrinkles, so other
techniques must be considered. For CFRP blades, eddy-current imaging enables
detection of some kinds of surface and subsurface damage 12 Some experiments have
been done with cross-ply laminates trying to detect surface waviness and subsurface in-
plane waviness using a rectangular race-track coil™®'. The results showed that this
technique can detect and characterise the size and shape of surface waviness with
adequate accuracy whereas it significantly underestimated the size of the subsurface
waviness. In addition, this eddy-current imaging method does not work on GFRP blades
nor can it detect in-plane waviness when the direction of the carbon fibre plies with
waviness is perpendicular to the long sides of the rectangular driver coil. For CFRP
samples, circular probes would be required to use the electrical anisotropy of the
material and avoid this limitation'?. For the glass-carbon hybrid laminates commonly
used on turbine blades, eddy-current imaging is not a suitable technique for detecting



sub-surface wrinkles. Ultrasonic techniques are commonly used for composite-material
inspection. This technique provides an easy detection of delamination and porosity
embedded in the laminate because those kinds of defects provoke either a high
reflection or high attenuation of normal-incidence ultrasonic signals, respectively.
Ultrasonic techniques providing an acceptable detail level for 3D characterisation of
fibre orientation can be used on large components and allow the inspection of both glass
and carbon fibre. The ply lay-up of composite materials can be imaged through the 3D
ultrasonic full-waveform scans of the samples(15'17). However, unlike Micro-CT, the raw
datasets from an ultrasonic inspection do not automatically reveal the ply lay-up using
the common 'gate' method of signal analysis. Current research shows how the depths of
the resin layers can be tracked using the instantaneous amplitude, phaseand frequency
of the ultrasonic response in 3D scans, allowing out-of-plane wrinkles to be mapped
within the structure '*', These instantaneous parameters are defined via the following
equation for the analytic signalm):

% () = A(D)e'?® M
where A(t) is the instantaneous amplitude and ¢(?) is the instantaneous phase at time .
The imaginary part of the analytic signal is calculated by applying a Hilbert transform to
the measured (real) waveform®”. The instantaneous frequency, f(t) is the rate of change
of phase at time 7 in the response at the measurement location and is given®" by:

1 dé

f(t) =-— (2

2m dt’
The instantaneous amplitude, A(?), is the magnitude, or envelope, of the signal.

In the present work, three samples with out-of-plane wrinkles in thick carbon/glass
laminates, similar to those that appear at the root of turbine blades, were manufactured
and are described in Section 2. The coupons were mechanically tested to determine the
real detriment in mechanical properties that such wrinkles can cause and results are
given in Section 3. The ultrasonic testing is modelled in Section 4 and, in Section 5,
three different ultrasonic data-acquisition techniques are compared - full-matrix capture
(FMC) with total-focusing method (TFM) reconstruction, phased-array ultrasound and
an immersion test with a raster-scanned single-element probe. Finally, in Section 6, a
new adapted-TFM method, which corrects for anisotropic material properties using an
angle-dependent velocity, is compared with the other methods and with the modelled
results.

2. Sample-manufacturing Procedure

A total of five thick composite samples were made. The lay-ups, defect shapes and sizes
were chosen based on lay-ups, defect shapes and sizes observed in the manufacture of
real turbine blades. Two prepreg materials were used for the manufacture of the parts:
epoxy resin reinforced with either unidirectional carbon fibre with a nominal ply
thickness of 0.6 mm and fibres in the 0° or load direction; or woven +/- 45 glass fibre
with a nominal woven-ply thickness of 0.44 mm. Two different lay-ups are used for the
experiments: 1) one woven glass ply every six plies (one glass ply followed by five
carbon plies) (Specimens B and C and Pristine 1) and 2) all carbon fibre except the first
and last plies, which were of woven glass fibre (Specimen D and Pristine 2). All the
carbon plies had fibres in the same direction — the load direction. Two test samples
named Pristine 1 and Pristine 2, one for each lay-up, were manufactured with flat plies
and without defects and are considered the ‘pristine’ references for the mechanical tests.
Three test samples named B, C and D (see Figure 2: Samples B (left), C (middle) and D



(right)Figure 2: Samples B (left), C (middle) and D (right).) were made in a two-step
process with internal wrinkles.

Figure 2: Samples B (left), C (middle) and D (right). Images not scaled equally.

All the samples were measured for total thickness, wrinkle maximum height, H,
"severity", A/L and wrinkle angle, 8. The wrinkle angle was measured from the slope of
the tangent to the curve at the point where it intersects with the imaginary in-plane line
at a distance A from the flat part of the wrinkle — see Figure 1. A summary of the values
measured for the panels are given in Table 1 and should be interpreted with reference to
Figure 1. The nominal fibre volume fraction was not measured but 60% is considered
for the non-wrinkles areas because images indicate good ply consolidation. Nominal
inter-ply resin-layer thickness is considered to be 0.01 mm in the ultrasonic model.

Table 1: Characteristics of the Test Specimens

Specimen Pristine 1 ‘ B ‘ C Pristine 2 D

Lay-up 1 x glass woven, 5 x carbon UD | Carbon UD except front &
back in woven glass

Thickness 25 mm 27mm | 26 mm |22 mm 23 mm

Number of Plies 49 49 49 42 42

Wrinkle Maximum | O mm 3 mm 6 mm 0 mm 3 mm

height H

Wrinkle “Severity” | 0 0.030 0.090 0 0.030

A/L

Wrinkle Angle 6 0° 8.5° 24° 0° 8.5°

The samples with internal wrinkles were designed to have a wrinkle of cosine geometry
in the middle. Firstly two aluminium male tools were manufactured with the chosen
protruding cosine wrinkle geometry so that the samples would have a middle ply with a
known maximum wrinkle amplitude. For each sample, half of the plies were manually
stacked such that fibres follow the defect profile, and cured in a hot plate press. During
this process the consolidation of the plies over the defect was not perfect and the
severity of the wrinkle obtained in the cured part was not as great as the severity of the
cosine geometry of the tool, causing a deviation from the intended shape (see Figure 3).
This was caused by the stiffness of the carbon and glass fibres that made it difficult to
get the pre-preg to adapt to the tool shape. Then, the aluminium tool was removed and
the remaining layers were manually stacked using the cured half laminate as a tool. The
intended top flat geometry is assured by the hot plate press. Figure 3 shows a diagram of
the two steps of the manufacturing process. Again, it was difficult to force the pre-preg
into the concave geometry and specimen C (the specimen with the most severe wrinkle)
has a thick resin-rich layer with voids caused by the resistance of the fibres to bend —
sometimes called a ‘bridging’ defect. The number of plies of each sample assures that
the wrinkle affects the full width of the parts.

The lateral dimensions of the manufactured panels were 300mm x 300mm. Mechanical
testing samples were cut from half of the panel, orthogonal to the wrinkles and parallel



to the 0° direction, such that carbon fibers ran along the loading axis. The remaining
part of the panel was used for the ultrasonic experiments.

B HotPlates B Hot Plates
B Uncured composite I Uncured composite
Aluminium Tool I Cured composite (used as tool)

Figure 3: Diagram of the two steps of the manufacturing process (first step on the left, second step
on the right). Aluminium tool used during the manufacture of the specimens with half of the plies
stacked on it before curing (Top left). The effect where the layers do not conform to the geometry of
the tool can be seen clearly (Top).

3. Mechanical testing

In order to determine the degradation that these particular wrinkles had caused in the
mechanical properties of the material, comprehensive tensile and compression tests
were carried out. Ten coupons (five compression coupons, five tensile coupons) were
tested for each sample. Tests were conducted at room temperature 24 °C and average
humidity of 55% under atmospheric pressure.

For the tensile properties the UNE-EN ISO 527®% standard test conditions for
unidirectional composite reinforced plastics have been followed. The tests of the
pristine samples were conducted according to respective standards using a testing
machine MTS 810 equipped with a 100 k-N load cell and a 25 mm extensometer. The
coupons of samples B, C, and D were cut with the same dimensions as the coupons of
the pristine samples so that the results are comparable. The dimensions of the coupons
were 250 mm long and 4 mm width, except for the pristine specimens without induced
wrinkling, whose nominal width was reduced by half (2 mm) following the
recommendations given by UNE-EN ISO 527, due to the high required loads. The other
dimension of the cross section was given by the thickness of the laminate, given at
Table 1. The width was adjusted with a machining process. Tests were conducted at a
crosshead displacement speed of 2 + 0.5 mm / min.
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Figure 4: Tensile Strength (MPa) of samples Pristine 1, B, C, Pristine 2, and D.

Figure 4 shows a comparative study between the five samples. As can be observed the
presence of the wrinkle in the laminates degrades severely the tensile properties. The
presence of the internal woven glass-layers in Pristine 1, which is the only difference
between Pristine 1 and Pristine 2, degraded the tensile strength by up to 30%. The
woven glass layers are added in order to reduce the manufacturing costs but the blades
thus manufactured meet all the mechanical requirements of the structure. The tensile
strengths of specimens B and C were respectively 37% and 58% of the tensile strength
of Pristine 1. The tensile strength was approximately 63% lower in specimen D than in
Pristine 2.

For the compression properties, the ASTM D695 modified version of ISO 14126:
1999 was followed. This method was chosen from among the many different
methods for composite material because of the configuration of the specimens. Also, the
modification of the tool was done in such a way that the compression load is transmitted
to the material by direct load on one of the ends, thus fulfilling the condition that the
final break of the specimen takes place with a flexural deformation below 10%. The
tests of the pristine samples were conducted according to respective standards using a
testing machine (INSTRON 4202) equipped with a 100 k-N load cell. The coupons of
samples B, C,.and D were cut with the same dimensions as the coupons of the pristine
samples so. that the results are comparable. The required dimensions of the specimens
were 80 mm in length and 4 mm in width. The thickness of the specimen is conditioned
by the thickness of the laminate. Tests were conducted at a crosshead displacement
speed of 1'+/- 0.5 mm / min.
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Figure 5: Compression Strength (MPa) of samples Pristine 1, B, C Pristine 2 and D.



Figure 5 shows a comparative study between the five samples. It should be noted that
the presence of the internal woven-glass layers again adversely affect the mechanical
properties (causing a 38% decrease in compression strength). The compression
strengths of specimens B and C were respectively 37% and 60% of the compression
strength of Pristine 1. The compression strength was approximately 63% lower in
specimen D than in Pristine 2. Thus the wrinkle has approximately the same influence
on the compression properties as the tensile properties.

4. Ultrasonic analytical modelling

In order to visualize the wrinkles with an ultrasonic inspection, it is_necessary to
enhance the reflections from the thin resin layer located in-between plies in the
composite stack. This is achieved close to the resonance frequency of the plies. This is
why the ply resonance frequency determines the ideal probe frequency and bandwidth
of the ultrasonic inspections(zs). Smith®® has developed a one-dimensional normal-
incidence analytical model that can be used to simulate the response of a composite
laminate for a normal-incidence plane wave based on the thickness, density and
compression modulus of each layer. In this one-dimensional model, wrinkles can be
modelled by gradually changing the layer properties.

This is a recursive frequency-domain model that calculates the pulse-echo frequency
response of the laminate and convolves it with the frequency-domain input signal. If a
water stand-off is used, the frequency-dependent attenuation in the water is not
accounted for because the input pulse is assumed to be defined at the front surface.
Effective-medium properties are calculated for each composite layer using Hashin
mixture rules”?’?). The specimens are modelled in immersion (with both upper and
lower surfaces of the laminate connected to water). The compression modulus and
density figures for the resin, carbon and glass fibres that are built into the model are as
follows in Table 2.

Table 2: Material properties of component materials used with the Hashin*"*® mixture rules.
Compression Density | Attenuation Coefficient Poisson
Modulus, M;; (GPa) | (kg/m’) (dB/mm/MHz) Ratio
Water 2.05 998 n/a (see text) 0.5
Epoxy resin 10.7 1270 0.15 0.37
Carbon Fibre 16.0 1690 0 0.28
E-glass 80.2 2570 0 0.20

The model had been coded in Matlab and initially 18-ply non-wrinkled laminates were
simulated in both e-glass and carbon fibre. On this first approach, 18-layer laminates
were used because the number of layers is not critical for the determination of the
resonance frequency of the plies and the simulation of laminates with 42-49 layers
increased needlessly the calculation time. The resonance frequencies of a 0.6 mm
carbon-fibre ply and a 0.44 mm glass-fibre ply can be determined from the reflection-
coefficient frequency spectrum of those laminates (see Figure 6).
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Figure 6: Reflection coefficient of an 18 layers carbon fibre laminate with a 0.6 mm ply spacing
(left) and of an 18 layers e-glass fibre laminate with a 0.44 mm ply spacing (right).

The model shows that, for the carbon-fibre composite the fundamental resonance
frequency, Fr;. is 2.3MHz and the second-harmonic resonance, Fg,, is 4.7MHz for a 0.6
mm ply spacing. For the glass-fibre composite, the fundamental resonance frequency
was 3.8 MHz (Fr;) for a 0.44 mm ply spacing.

Additionally, the fundamental resonance frequency is a function of the ply thickness
which changes considerably inside a wrinkle and also varies within the wrinkle region.
The ply spacing decreases above the wrinkle where the layers are compacting causing
an increase in the resonance frequency; and increases where the layers are expanding,
causing a decrease in the resonance frequency. As an example, in the carbon-fibre
laminate, a 3 mm amplitude wrinkle causes the ply thickness to decrease from 0.6 mm
down to 0.43 mm at the point of highest amplitude of the wrinkle with an associated
increase in the resonance frequency from 2.3 MHz up to 3.0 MHz. For this reason, the
ideal probe needed to have a bandwidth that covers the range of resonance frequencies
within the wrinkle.

In accordance with these first simulation results, two frequencies were considered for
the experiments. On one hand, a 2.25 MHz broad-band probe with a 2.25 MHz pulse-
echo bandwidth centred on the fundamental resonance of the unwrinkled carbon plies
whilst including the glass-fibre ply-resonance frequency of 3.8 MHz. On the other hand,
a 5 MHz narrow-band probe with a 2.5 MHz pulse-echo bandwidth centred on the
fundamental glass-plies resonance that also enhances the reflection of the carbon plies at
their second-harmonic frequency. In order to check the suitability of the considered
probes, a 36 carbon-ply laminate (carbon-fibre plies of thickness 0.59 mm with 0.01
mm resin layers) with a 3 mm amplitude wrinkle in the middle was simulated. This
laminate was used because the study samples are mainly carbon fibre, to see if the
selected probes are capable to cover the thickness changes within the wrinkle but
without considering yet the change of material. The simulated responses are shown in
Figure 7 for both probe options.

As expected, the instantaneous phase increases by 2x radians for each ply traversed in
the bulk of the material that is excited by the fundamental ply resonance and by 4=n
radians with an input-pulse that corresponds to the second harmonic"'”. This makes
interpretation considerably easier for the 2.25 MHz probe, which excites the
fundamental ply resonance of the non-wrinkle area and the whole range of ply
thicknesses of the wrinkle are within the bandwidth of the probe. By contrast, the
second harmonic of the plies is excited by the 5 MHz probe except in the zone of the
wrinkle where the plies become thinner. Also, at 5 MHz, interpretation is more difficult
because a single layer corresponds to 2 phase cycles in the non-wrinkle area. Also
because the fundamental resonance frequency of the plies in the zone above the wrinkle
increases until it dominates over the second harmonic and the phase only increases by
21 radians per ply so, in that area, a single layer corresponds to 1 phase cycle. The



simulated responses show that the wrinkle is tracked by both probe options in both
amplitude and phase. Note that the amplitude peaks are always at the resin layers
between plies, independent of frequency of probe. The amplitude response in the
squashed-ply region above the wrinkle is different for the two probes. In this region the
plies have approximately halved in thickness, pushing the fundamental resonance to
about 5 MHz and the minimum spectral response to 2.5 MHz; this is an anti-resonance
that is always at half the fundamental resonance. Thus, the 5 MHz probe response is a
maximum amplitude (fundamental resonance) whilst the 2.25 MHz probe response is a
minimum amplitude (anti-resonance).
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Figure 7. Simulated instantaneous amplitude (top) and phase (bottom) for 36 carbon-fibre plies of
thickness 0.59 mm with 0.01 mm resin layers and a 3 mm amplitude wrinkle at the centre. 2.25
MHz centre frequency and 2.25 MHz bandwidth (left) and 5 MHz centre frequency and 2.5 MHz
bandwidth (right).

Finally, mixed carbon/glass hybrid composites have been modelled (carbon-fibre plies
of thickness 0.59 mm and 0.01 mm resin layers but with a 0.44 mm thick glass-fibre).
The simulations with 2.25 MHz are shown in Figure 8. The glass-fibre woven plies are
highly reflective and dominate the responses, making them much more complex. The
higher reflection coefficient is at the glass-ply to resin-layer interface, due to the higher
transverse stiffness of glass than carbon fibres, causing the resin-layer itself to be more
reflective than the carbon-fibre equivalent. The reflection coefficient of the resin layer
also depends on its thickness, which is approximately 0.01 mm in these samples. In



both amplitude and phase-response images, as well as the weaker reflections from
carbon-fibre plies, the primary reflections from deeper glass plies are interfering with
the multiple reflections from the earlier glass plies. The latter multiple reflections have
erroneously exaggerated wrinkle angles, thus creating a very complicated interference
pattern. The pattern in the real experiment may not be as complicated because the model
assumes plane waves and infinite flat plies but of different spacings as the wrinkle is
traversed. The experimental multiple reflections are expected to be at significantly
lower amplitudes because the real laminate has angled plies in the wrinkle area.
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Figure 8. Simulated responses using a 2.25 MHz centre frequency and 2.25 MHz bandwidth for
carbon-fibre plies of thickness 0.59 mm and 0.01 mm resin layers but with a 0.44 mm thick glass-
fibre ply every 6™ ply of a total 36 plies with a 3 mm wrinkle in the middle. Lay-up diagram (left),

instantaneous amplitude (middle) and instantaneous phase (right).
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In order to understand the superimposition of phases from multiple reflections in a
wrinkled glass/carbon hybrid, it is proposed to first observe the instantaneous amplitude
and phase response from a wrinkled component with much lower reflection coefficients
and plies of several wavelengths thickness. An example would be the 6-MHz response
of 1.5 mm carbon-fibre composite plies separated by 0.2-mm resin layers as in Figure 9.
The amplitudes of any multiple reflections are very low but still sufficient to show up in
the phase as there is no noise simulated in the modelled data. This effect should be
taken into account when analyzing the actual inspections.

Instantaneous Amplitude Instantaneous Phase (rad.) Instantaneous Phase (rad.)
2 4 6 8 10 12 2 0 B -2 0 2

0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
Location (mm) Location (mm) Location (mm)

Figure 9. Simulated response from six 1.5 mm thick plies separated by (0.2 mm resin layers. (left)
Instantaneous amplitude. (middle) Instantaneous phase. (right) Instantaneous phase in colour
moderated by amplitude in brightness.



It should be noted that this one-dimensional analytical model does not simulate the
effects of the highly anisotropic in-plane stiffness properties because it assumes normal
incidence plane-wave ultrasound where only the transverse (to the fibres) compression
modulus is required. It also ssumes flat in-plane plies and resin layers. A two- or three-
dimensional model would be required to model the effects of this anisotropy and the
geometrical complexity and the true geometrical distortions of the plies in order to
predict the kind of imaging that is seen in the following experimental section of the
paper. On-going work by the authors to implement and validate finite-element
modelling in 2D and 3D will be reported in future publications.

5. Experimental ultrasonic testing results

5.1. Data-acquisition methods

Three inspections using different focusing methods were compared: full-matrix capture
(FMC)®” with reconstruction of B-scan slices using the total focusing method
(TFM)®”, commercial phase-array technology and an immersion test with a raster-
scanned single-element probe.

5.1.1 Full-matrix capture (FMC) with total-focusing method (TFM)

The FMC/TFM method is the current state of the art in imaging because every point
reconstructed in the B-scan image uses a customised set of focal-law time delays to
focus the responses from a large number of elements onto that point. There is an
additional benefit in terms of signal-to-noise because the TFM algorithm combines
multiple waveforms captured at different times, so the usual benefits of averaging are
seen — a reduction in incoherent (temporal) noise that is inversely proportional to the
square-root of the number of waveforms combined @9 The FMC/TEM data acquisition
was accomplished with 2.5 MHz and 5 MHz array probes connected to a Diagnostic
Sonar ‘FIToolbox’ array controller. The Matlab-based BRAIN software developed at
the University of Bristol G was used to reconstruct B-Scan slices of instantaneous
amplitude and phase using the TFM software. Not all waveforms in the FMC array were
used in the reconstruction algorithm because benefit has been shown®? from limiting
the angle of incidence to avoid side-lobes in the directional response. The angle limit in
this case was 30° from normal incidence. All inspections were performed with the probe
mounted directly on the surface of the sample, without a stand-off or wedge but coupled
with gel.

However, FMC with TFM may not be needed to characterise the wrinkles. The more
commercial Phase-array technology may also be adequate.

5.1.2 Commercial phased-array technology

Phased-array technology has been commercially available for non-destructive
inspections for nearly twenty years and offers speed and imaging improvements over
single-element probe scanning. Focal-law time delays are also used in this technology
but they are applied in hardware to either the transmitted or received signals, or both.
For this reason, only one focal depth can be used for each scan, although it would be
possible to repeat the scan with a different focal depth. Some systems allow multiple
focal depths to be used by consecutive acquisitions at each probe location. As a single



waveform acquisition is used, phased-array imaging does not have the same signal-to-
noise benefits of the FMC/TFM method.

The wrinkled specimens were inspected using 2.25 MHz and 5 MHz phased-array
probes and the OmniScan MX2 with a 16:64 Phased Array Unit — see Figure 10:
Inspection setup. The instantaneous phase of the receiving wave is not provided by the
OmniScan, so Matlab was used to process the received data. A coarse "instantaneous
phase" was obtained, which just shows whether the real waveform (RF) is positive
(black) or negative (white) — ie black for a phase ¢ of -n/2 < ¢ < n/2 and white for a
phase m/2 < ¢ < 3n/2. With no stand-off, there was a significant dead zone at the top of
the sample so the probes were used on a wedge stand-off. A 20-mm thick rexolite
wedge was used with the 5 MHz probe and a 25-mm thick rexolite wedge was used
with the 2.25 MHz probe.

Figure 10: Inspection setup

Phased-array probes (2.25L.32-A5 probe with the SA5-OL-25MM wedge of thickness
25 mm and 5L64-NW1 probe with the SNWI1-OL wedge of thickness 20 mm) were
used for the experiments.

The back-surface echo is expected at 16.6 us for specimen D and at 18.8 us for
specimens B and C; the compression-wave pulse-echo time-of-flight for the 25 mm-
thick wedge (for the 2.25 MHz probe) is 21.5 ps and for the 20 mm-thick wedge (for the
5 MHz probe)is 17.2 us. Therefore, at 5 MHz for specimens B and C, the multiple of
the stand-off occurs before the back-surface echo. In addition, these wedges are solid
and support shear-wave propagation, so mode-conversion between compression wave
and shear wave can occur at the boundaries. This can cause a ‘ghost’ image of the front
surface at approximately half of the wedge time of flight after the front-surface signal,
due to either the outward or return signal being a shear wave.

5.1.3 Single-element immersion scanning with a spherically focused probe

Traditionally, composites are inspected after manufacture using single-element
ultrasonic probes, which may be planar or focused and used in through-transmission or
pulse-echo modes. In general, the intention is to measure the full-thickness ultrasonic
attenuation and to detect any defects that reflect ultrasound. For characterising wrinkles,
a focused probe with a focal depth set at the mid-plane of the material has been shown
to be optimal'”. Whilst the phased-array and FMC/TFM methods using linear arrays
were only cylindrically focusing (in one plane), the single-element probe has a spherical



focus and this may offer some advantages, although the anisotropy of the material may
make this a disadvantage.

The wrinkled specimens were finally inspected using an Ultrasonic Sciences Ltd full-
waveform capture immersion scanning tank at the University of Bristol. The two
immersion probes used for the experiments had spherically shaped focusing elements
instead of planar elements. The characteristics of the probes used are summarised. at
Table 3.

Table 3: Characteristics of the immersion probes.

Frequency (f) 2.25 MHz | 5 MHz
Element size (D) 9.525 mm | 12.7 mm
Focal Length in water (F) 254 mm | 38.1 mm
Maximum focal length in composite | 12 mm 19 mm
Near Field Distance in water (N) 34.48 mm | 136.22 mm
Normalized Focal Length (Sf) 0.74 0.28

Focal zone (Fz) 27.35 mm | 18.70 mm
Beam Diameter (BD) 1.80 mm | 0.91 mm

In an immersion test the ultrasonic beam propagates in two different media: water and
the material (carbon and glass fibre). When the beam is generated in one medium and
then coupled into another, the focal depth and the whole beam shape change. The new
focal depth is calculated using the ratio of the acoustic velocities of the two media to
adjust the portion of the beam in the second medium®”. For the best imaging, the
inspection requires that the distance between the probe and the sample is adjusted such
that the ultrasonic beam is focused at the chosen depth inside the sample (usually the
mid-plane). The distance between the probe and the front surface of the sample, the
water path, was calculated using equation (3).

Water Path = F — x » Smaterial 3)

Cwater

where ¢y qeerand Cpgreriar are the sound velocities in water and the material
respectively, F is the focal length of the probe in water and x is the distance between the
front wall of the sample and the focal plane of the beam — ideally at the mid-plane of the
sample. However, it was not possible to focus the 2.25 MHz probe at the mid-plane
because the samples were too thick (see Table 1), so a depth of 5 mm was used.

5.2. Qualitative comparison of ply-tracking ability

B-scan cross-sectional images are shown in Figures 11 to 14 for all the specimens, data-
acquisition techniques and frequencies used. They have been scaled in depth as well as
possible for these figures to allow comparison but the horizontal scaling is arbitrary.

As expected from the analytical-model simulations, the results from the 2.5 MHz probe
were easier to interpret. At 5 MHz, the instantaneous phase increases by 4r radians for
each ply traversed in the bulk of the material that is excited by the second harmonic.
Also, increasing the frequency decreased the penetration of the signal in the material
causing only half the specimens to appear clearly represented in the images. In samples
B and C, the glass-fibre layers have a dampening effect that prevents strong back-wall
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echoes to be obtained. When inspecting those samples the use of the 2.25 MHz probe
with a wide bandwidth seems a simple solution.



TEM/FMC Phased Array Single-element Focused
2.5 MHz Inst. Amplitude 2.25 MHz RF 2.25 MHz RF

Specimen B (8.5° Carbon/Glass)

Specimen C (24° Carbon/Glass)

Specimen D (8.5° Carbon)

Figure 11. B-scan cross-sectional slices through the 2.25 MHz Amplitude / RF data
for each specimen and data-acquisition technique. The blue rectangles indicate the
depth of the artefact from the mixed-mode response of the phased-array stand-off.
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Figure 12. B-scan cross-se ntaneous-phase
data for each specimen and data-acquisition technique. Note the yellow ellipse
highlights the back-surface echo. The blue rectangles indicate the depth of the

artefact from the mixed-mode response of the phased-array stand-off.



TEM/FMC Phased Array Single-element Focused
5 MHz Inst. Amplitude 5 MHz RF

Specimen B (8.5° Carbon/Glass)

Specimen C (24° Carbon/Glass)

Specimen D (8.5° Carbon)

Figure 13. B-scan cross-sectional slices through the 5 MHz Amplitude / RF data
for each specimen and data-acquisition technique. Note the red ellipses highlight
the multiple echo from the stand-off. The blue rectangles indicate the depth of the
artefact from the mixed-mode response of the phased-array stand-off.



TFM/FMC Phased Array Single-element Focused
5 MHz Inst. Phase 5 MHz Inst. Phase

Specimen B (8.5° Carbon/Glass)

Specimen C (24° Carbon/Glass)

Specimen D (8.5° Carbon)

Figure 14. B-scan cross-sectional slices through the 5 MHz instantaneous-phase
data for each specimen and data-acquisition technique. Note the red ellipses
highlight the multiple echo from the stand-off and blue rectangles indicate the
depth of the artefact from the mixed-mode response of the phased-array stand-off.



Artefacts

Before analysing the images, it is important to understand two sources of artefacts, both
affecting just the phased-array images. The phased-array technique used solid stand-off
wedges. The one for the 5 MHz probe was not quite thick enough for specimens B and
C, so the multiple of the stand-off appears at around the same time-of-flight as the back
surface echo in those images. These are shown encircled by a red ellipse in the figures.
In addition, the hybrid compression-shear mode reflection from the front surface can be
seen superimposed on both the amplitude and phase 2.25-MHz images — just beyond
mid-way between the front and back surfaces. These are marked with a blue rectangle
on the right-hand side in the figures.

Back surface

A back-surface echo is visible with FMC/TFM on Specimen D, in both phase and
amplitude at 2.5 MHz, less strongly at 5 MHz but not at all for either of the other
samples at either frequency, except a trace in the 2.5 MHz phase image for Specimen B
(circled in yellow). This is presumed to be because Specimen D, containing only carbon
composite, is less attenuative. The phased-array results are similar in that the back
surface of Specimen D gives a stronger reflection than the other two specimens. The
single-element immersion method shows strong back-surface echoes for all specimens
and both frequencies, in amplitude and phase.

Ply imaging in flat regions

At the right and left edges of each image, the specimen has relatively flat, evenly spaced
plies. In this region, all the techniques produced both amplitude and phase images that
are relatively well locked to the plies of Specimen D, as predicted by the analytical
model in Figure 8. However, the interference effects due to the glass plies in Specimens
B and C are evident even in the flat-ply edge regions in the phase images, whilst the
amplitude and RF images clearly show the stronger glass-fibre ply reflections, as
predicted by the model in Figure 9.

Wrinkling

The imaging of wrinkles broadly agrees with the analytical-model simulations
illustrated in Figures 8 and 9. For Specimens B and C the instantaneous amplitude is
dominated by the glass-fibre plies every 6" ply and the instantaneous phase contains a
complex mix of carbon-fibre ply reflections superimposed on the strong glass-fibre ply
reflections and their multiple reflections which have erroneously exaggerated wrinkle
angles compared with the true wrinkling of the deeper plies themselves. For Specimen
D, with no internal glass-fibre plies, the response is dominated by the uniform
reflections of the resin layers between carbon-fibre plies. This explains why individual
plies are imaged better than for Specimens B and C. However, the wrinkle-formation
method appears to have left a very thick resin-rich layer in the middle of the specimen at
the peak of the wrinkle, caused by bridging where the second half of the specimen was
laid-up into the wrinkle formed by the tool in the first half of the specimen. This thick
resin layer is predicted by the analytical model to cause an increased reflection
coefficient, as explained above (reflection coefficient is approximately proportional to



the resin-layer thickness), and does indeed give an increased amplitude at this depth in
the experimental amplitude and RF images using all three techniques.

Some wrinkling is just apparent in the FMC/TFM instantaneous-amplitude images but it
is clearer in the RF images from the other two techniques, probably because the RF
waveform contains phase information and the wrinkling is much more obvious in the
instantaneous-phase images, as expected from the simulations in Figures 8 and 9.

In the wrinkle zone, when the thickness of the layers decreases significantly, it causes
an increase in the resonance frequency to approximately 5 MHz preventing the tracking
of every ply. This is most serious for Specimen D imaged at the lower frequency
(2.25/2.5 MHz) where the phase imaging in the thin-ply region above the wrinkle is
very poor (Figure 12). The bandwidth of the 2.25 MHz probes is insufficient for
imaging the thin plies caused by the amplitude of the wrinkle in Specimen D and the
probe centre frequency is at an anti-resonance, as discussed in the above modelling
section. The 5 MHz images are significantly better because the fundamental resonance
of the thin wrinkled plies as close to the second harmonic of the flat plies. For
Specimens B and C, the thin-ply problem is dwarfed by the interference patterns
produced by the glass-fibre plies, which dominate the response, allowing the wrinkles to
be imaged and the plies tracked at both frequencies.

Specimen C had a much higher maximum wrinkle angle (24°) than specimens B and D
(8.5°) and only the FMC/TFM method was able to image this steep angle well enough
to measure it, and with only a 10% underestimate.

5.3. Quantitative wrinkle analysis

The wrinkle metrics were measured with an electronic rule and protractor on the B-Scan
slices of instantaneous phase, as shown in Figure 1, which should be used to interpret
the parameters.

It is important to note that no correction was applied to the wrinkle parameters to allow
for the effect of changes in fibre volume fraction (FVF) on sound velocity. Inside a
wrinkle, the FVF varies considerably, and this effect could distort the measurement of
the amplitude, angle and "severity" @ This effect could be analysed in future work.

As expected from the analytical-model simulations, because sample D is all carbon
composite, it was possible to measure all the proposed wrinkle parameters. However,
specimen D was the only one that could be measured with the 5 MHz FMC/TFM or
phased-array techniques. For Specimens B and C, the ply-interface lines are not clear at
5 MHz and are difficult to follow. For that reason, the wrinkle maximum height (H) and
the angle 0 were not measurable.

Table 4 summarise the results obtained and Figure 1 should be used to interpret the
parameters.



Table 4: Comparison between the actual parameters of the wrinkles and those
obtained from the convex side of the specimens by each of the three inspections.

Specirpen EMC/TEM Phased Array Single-element
and wrinkle Actual focused
parameters. 2.5 5MHz ]2.25 SMHz |2.25 5

MHz MHz MHz MHz
B [H(mm) |3 3.6 3.15 3.1
L (mm) | 53 47 63 55
A/L 0.030 0.038 0.025 0.028
0 8.5° 9° 8.2° 7.5°
C |H(@mm) |6 6.5 4.1 4.0
L (mm) | 37 43 41 50
A/L 0.090 0.075 0.050 0.040
% 24° 22° 13° 14°
D |[H(@mm) |3 3.2 3.5 2.6 2.1 2.9 2.9
L (mm) | 53 49 44 52 33 48 50
A/L 0.030 0.033 0.040 0.025 0.020 0.030 0.029
0 8.5° 8.5° 10° 7.6° 6.7° 7.6° 7.4°

As the maximum wrinkle angle, 6, has been shown to be the key metric for determining
the compression strength of a wrinkled composite'”, this should be the parameter that is
used to compare the quantitative capabilities of the three experimental methods. As can
be seen in Figure 15, the single-element and phased-array methods both underestimated
the maximum wrinkle angle for all specimens but particularly for Specimen C, where
the underestimate was about 50%. The FMC/TFM method had an estimated error in
maximum wrinkle angle of approximately +10%.
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Figure 15. Graph showing a comparison of the measured and actual maximum wrinkle angles for
the three methods and for 2.25 MHz (solid symbols) and 5 MHz (open symbols). The line represents
where the measured angle equals the actual angle.



One of the major difficulties encountered in defining the wrinkle accurately was to
follow in the image the line of maximum amplitude of the wrinkle. In many images, the
area of the part where the maximum wrinkle angle is reached does not present a clear
image.

The FMC/TFM allows the characterisation of the wrinkles with a reasonable precision
using the instantaneous phase of the received signal and the resonant frequency as the
appropriate inspection frequency.

With Phased-array technology, it was not possible to measure the wrinkle from the 5
MHz inspections because there are too many interferences and the stand-off/wedge
mixed-mode front-surface echo appears across the maximum-wrinkle ply-interface line.

With single-element immersion scanning, the RF scans where used to measure samples
B and C whereas the instantaneous phase of the receive signal was used to measure
sample D, but only from the 2.25 MHz inspections. For the 5 MHz inspections, the ply-
interface lines are not clear on any of the images.

The high relative errors in the measurements of the wrinkle of part C with the 2.25MHz
probe suggests that one of the interference echoes that were predicted in the simulations
has been measured erroneously for phased-array technology. This highlights the
difficulty in discerning the main echoes in such complex patterns.

5.4. Comparison of results

The clear benefit demonstrated for the FMC/TFM method over both phased-array and
single-element focused methods can be explained by the ability of the TFM method to
focus the reconstructed ultrasonic beam on every point in the B-scan individually. This
appears to improve the imaging of instantaneous phase, which is the parameter that is
most sensitive to the wrinkle angle. However, the TFM reconstruction used in the above
analysis assumed isotropic stiffness properties and therefore an ultrasonic velocity that
is independent ‘of the propagation direction in the material. It is clear that each
waveform used to reconstruct the TFM image will have travelled in a different direction
in the material and the material is actually anisotropic. Li et al.®” have shown that an
improvement to the TFM imaging is possible if an angle-dependent velocity is used in
the TFM algorithm and this is the subject of the following section.

6. Adapted-TFM to account for anisotropic velocities

A recent study 2 has shown that a modification of the TEM reconstruction to account
for the directional dependence of ultrasonic velocity improved the imaging of side-
drilled holes in composite materials but did not optimise the method for imaging the
composite plies, which is required for improving the wrinkle imaging. In addition,
limiting the maximum incident angle of propagation has been shown to improve the
Signal-to-Noise Ratio (SNR) of a defect (32); this is due to a combination of the limited
directional response of the array elements and the increase in mode conversion to
transverse modes with increased angle. This section demonstrates the potential for a
modified-TFM algorithm with angle-dependent velocity and a limited range incident
angles to characterise wrinkles in the specimens studied. The TFM signal processing



was carried out using Brain (BRistol Array INspection) post-processing software ®. To
account for the angle-dependent velocity, the method first assumes that the material is
homogeneous but anisotropic, to allow the same angle-dependence to be used at all
locations. To determine the angle dependence, an experimental approach was used,
based on the Back-wall Reflection Method (BRM) as described in Ref. [32, 35]. This is
a quick and pragmatic method but requires the component to be flat with parallel front
and back surfaces. A known non-wrinkled and defect-free region of the specimen is
required to apply this method. A set of measured group velocities are then obtained for
a range of propagation angles and incorporated into the TFM algorithm using a third-
order polynomial fit to these points. Figure 16 shows the group velocity results as a
function of propagation angle obtained for each specimen using 2.5 MHz and 5 MHz
probes. As can be seen, the cubic fitting matches the velocity measurements well.
Normally the upper angle limit that the BRM can cover depends on the transducer
element pitch and specimen thickness. This highest angle is observed to be around 60
degrees for specimen C at 5 MHz (Fig.16e). However, values for higher angles can be
calculated by using the Through-Transmission Method (TTM) @9 The group velocities
range between 3000 m/s to 7750 m/s, suggesting a high anisotropy of the specimens, as
expected for carbon-fibre composite.
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Figure 16: Measured phase velocities profile obtained using Back-wall Reflection Method (BRM)
showing a third-order polynomial fit to the data. a) Specimen B at 2.5 MHz; b) Specimen C at 2.5
MHz; c¢) Specimen D at 2.5 MHz; d) Specimen B at 5 MHz; e) Specimen C at 5 MHz; f) Specimen D
at 5 MHz;

A study to determine the optimised maximum propagation angle 0,,,x was carried out to
reconstruct the FMC data set. For this, the signal-to-noise ratio (SNR) used in Ref. [32]
is not appropriate because their ‘noise’ included the very reflections from inter-ply
resin-layers that are required for the current study. So, for this study, noise is measured
as the standard deviation in the instantaneous amplitude response from a non-wrinkled
region. Thus, the SNR of the plies in the wrinkled region was calculated for the TFM
results as

SNR (dB) = 20 log;o ™ (4)

60



where I« is the maximum instantaneous amplitude in the reconstructed B-scan image
for a specific wrinkle (for Specimen B this will be at a glass-fibre ply) and o is the
standard deviation of the noise from a rectangular region near to the selected wrinkle
but in a region of roughly constant amplitude. Figure 17 depicts the SNR of specimen B
for 2.5 MHz as a function of the maximum propagation angle 6,,,x. One can observe that
the maximum of SNR is obtained for a maximum propagation angle of 35 degrees. This
observation is also consistent with the work by Li et al. (32), which proved that the use of
the optimum angle would help to improve the detectability of some reflectors or defects
in the composite material.
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Figure 17: Signal-to-Noise ratio for a wrinkle located half way through specimen B as a function of
the maximum propagation angle for TFM results.

The maximum propagation angle of 35 degrees is then used to reconstruct the TFM
images for the specimens studied using the adapted-TFM algorithm. Figure 18 shows
the" TFM 1nstantaneous-phase image obtained for specimen B at 2.5 MHz with a
maximum propagation angle of 35 degrees. In this figure, the normal TFM, adapted-
TFM and analytical model images are compared. It is observed that characterisation of
the wrinkles is better for the adapted-TFM, particularly at the higher ply angles, than for
the previous results obtained with the normal TFM algorithm. In particular, the
analytical-model predicted near-surface interference response from the glass and carbon
plies has been faithfully reproduced in the adapted-TFM image but is difficult to see in
the normal TFM image. Deeper in the structure, the interference of the glass-fibre plies
seems to diminish relative to the modelled prediction, probably due to the two-
dimensional nature of the experimental TFM method, which responds differently to
angled plies in a focused field, compared with the one-dimensional analytical model,
which assumes infinite in-plane interfaces and plane-wave ultrasound. The results
demonstrate the potential benefit of using an angle-dependent velocity in the TFM
method to image the crucial maximum-angle section of a wrinkle. The measured



maximum wrinkle angle is unaffected in this case because the improvement in imaging
was not required for this particular measurement, but is useful for proving that the
correct location of maximum angle has been identified.

Location (mm)

Figure 18: Comparison of the normal (isotropic) TFM algorithm (left) with the adapted-TFM
instantaneous-phase result (centre) for Specimen B for 2.5 MHz with a maximum propagation
angle of 35 degrees. These are compared with the analytical model results for Specimen B (right)
from Figure 8.

7. Conclusions

This paper compares three different ultrasound techniques that can be used to detect and
characterise wrinkles in thick-section glass-carbon hybrid laminates. The FMC/TFM
method gave better results whilst phased-array technology and single-element
immersion testing presented more challenges. This is explained by the superior focusing
of TFM where every point in the B-scan image is made a focal point for reconstruction.
To extend this further, an adapted-TFM algorithm was tested for the most complex
sample — with a glass-fibre ply every sixth ply - and was compared with the standard
TFM and the analytical model. There is a clear benefit in using the angle-dependent
velocity correction within the adapted-TFM method, resulting in enhanced
instantaneous-phase imaging of the whole wrinkle, particularly the steepest wrinkle
angle and good agreement with the analytical-model results. The complex interferences
in the experimental phase image diminish with depth whereas they increase with depth
in the analytical-model phase image. This can be explained by the limitations of the
one-dimensional, plane-wave, normal-incidence approximations of the analytical model
and future work will include 2D and 3D finite-element modelling to prove this.

Using the optimum inspection frequency (the ply-resonance frequency) is essential to
obtain images that are easy to interpret and use to measure wrinkle parameters. The
instantaneous-phase images proved best for visualising plies in the wrinkle. A stand-off
is required that is thick enough to put its multiple echo beyond the back-surface echo
and a liquid stand-off is preferred to avoid the mixed-mode reflection of the front
surface, which comes in the middle of the sample image.

Not all of the techniques allowed full characterisation of out-of-plane waviness on these
specimens. All the techniques allowed the characterisation of a wrinkle in a UD carbon



sample with a reasonable accuracy. For hybrid glass-carbon laminates, the glass layers
make the inspections more difficult, because of the high reflectivity of the glass layers
and the occurrence of a complex interference pattern. Phased-array technology
presented similar results to the immersion tests, but the experimental results still show
significant errors, probably due to artefacts caused by the solid stand-off wedge used.
The method that has been used to measure the wrinkles requires the presence in the
image of a clear line that tracks the maximum wrinkle amplitude. It is expected that less
demanding specimens would allow a better characterization of the defect regardless of
the inspection method.
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