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Abstract

Non-destructive evaluation of compressed cracks is a major challenge. A quantitative study of the
effect of crack-tip closure on the pulse-echo ultrasonic sizing of delaminations in fibre-reinforced
polymer-matrix composites (FRP) is presented. In particular, this study focuses on the interaction of
ultrasound with a closed crack or kissing disbond, and their effect on the ultrasonic inspectability of
FRP laminates consisting of carbon and glass plies. The compression of laminar cracks in these two
different laminate types is clearly detectable via both pulse-echo and through-transmission
ultrasonic measurements, but the reflected ultrasonic pulses in the two material types exhibit
markedly different behaviour. The glass-fibre laminates show a drop in the reflected signal for crack
openings up to approximately half the crack growth load, whereas the corresponding carbon-fibre
laminates show the expected increase in the reflected signal as the crack opens. The origins of the
observed effect of crack closure on the reflection and transmission of ultrasound are analysed in

detail to ascertain possible mechanisms responsible for these effects.
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1 Introduction

Fibre-reinforced polymer (FRP) composites can be manufactured using a variety of raw materials
that have anisotropic properties, configurations, and processes, making them a challenging subject
for quantitative ultrasonic measurements. An understanding of the general applicability of various
techniques for defect detection in FRP materials is well established, via ultrasonic inspection and
many other methods [1-8]. In many cases, FRP materials are treated as simplistic homogeneous
structures for the purposes of ultrasonic inspection, and thus inspected at low frequency and high
power to overcome the high specific acoustic impedance in order to search for gross internal defects
such as large voids and delaminations. However, defects arising in FRP are much more complex than
their metallic counterparts, involving both matrix- and fibre-dominated cracking that depend
strongly on the laminate structure, as well as residual stresses resultant from thermal and
mechanical loading. One of the most prevalent and potentially critical types of damage is the
separation (“delamination”) of plies, leading to a significant reduction in local mechanical properties
such as stiffness and load-carrying capacity, and can act as an initiation site for extensive further
damage during operation. Delamination can arise in a range of scenarios, with foreign object impact
being the main concern as its location depends on the service conditions, which makes it generally

unpredictable at the design stage.

The highly anisotropic and inhomogeneous properties in the thickness direction cause a high degree
of attenuation of acoustic waves, direction-dependent wave speeds, complex internal reflections,
and mode conversions due to fibre-matrix interfaces and ply interface layers. In recent years, greater
attention has been paid to the understanding of the interaction of ultrasound with the laminate

components in order to perform thorough 3-D characterisation of FRP laminates [9].

The sensitivity of ultrasonic inspection to internal composite structure depends on the transmission
and reflection of ultrasound at each interlaminar interface, which may be determined via the

acoustic reflection coefficient for normal incidence, R = (z, — z,)/(z, + z;), where zy is the



specific acoustic impedance of each layer thick enough (comparable to the wavelength of the
interrogating ultrasound) to interact with the transmitted ultrasonic compression wave, and is itself
determined via measurements of the material parameters of density, p, and sound velocity, v, via

z = p xv.While an ultrasonic inspection may be performed in a variety of physical configurations,
the most straightforward and practical of these is the single-sided technique of contact pulse-echo
inspection. In this case, a single piezoelectric transducer is placed above the inspection area at
normal incidence and transmits a beam of compression waves into the specimen, then receives the

reflected waves from the structure.

The presence of residual or built stress on in-service structures can force the closure of

cracks [10,11], resulting in a reduction of the area over which a change in acoustic impedance
reflects the ultrasound beam, and hence reducing the reflection response. This closure effect acts to
mask the crack tip from the interrogating ultrasound wave, introducing a reduction in sizing
accuracy, and can lead to the unfortunate error of underestimating the size and severity of the
damage. This effect of this phenomenon on ultrasonic crack response signals has been
demonstrated for metallic components used in high-end safety-critical applications such as aircraft
or rail wheelsets [12,13]. In some cases, the problem can be mitigated by the application of
appropriately directed loads in order to open cracks during an inspection, though this is generally

impractical in many applications.

Fatigue-induced cracking in metallic beam or plate structures typically occurs in the orthogonal
plane to the applied stress along the surface of the structure (Figure 1a), whereas in FRP laminates,
macro-scale cracking is generally manifested as an interlaminar separation between successive plies
in the lateral plane (Figure 1b). Added to this different crack geometry, the highly orthotropic

properties of the plies complicates the propagation of ultrasound in the laminates.
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Figure 1. Schematic diagram depicting the crack closure problem in (a) a metallic beam, and (b) a
composite laminate. Here, the loading due to gravity (mg) or other forces causes a compressive force

F to act on the crack, resulting in closure.

In metallic alloys, the crack tip is generally well-defined when open, and provides a clear diffraction
point for compression waves at ultrasonic frequencies. Interlaminar crack growth in FRP laminates is
often characterised by fibre-bridging in the crack wake, between the two crack faces [14]. These
bridging fibres give rise to a nonlinear spring-like behaviour that transmits different degrees of
tensile and compressive loads in the through-thickness direction. In FRP structures such as curve
beams and T-joints, the through-thickness (normal to ply interfaces) compressive stress may arise
from built-in loads or static external loads, which cause delamination cracks to close. This closure
would effectively turn part or possibly all of a delamination into a zero-volume kissing disbond: bond

surfaces are in close contact but can transmit very little or zero tensile load.

There is also an inherent uncertainty in delamination or crack tip measurement irrespective of the
material due to the physical dimensions of ultrasonic transducer elements. During practical

inspection, the tip is defined as the point at which the ultrasonic echo from the back wall of the



specimen is half the amplitude due to scattering by the crack [15]. However, the 6 dB rule is often
not able to size a delamination accurately, due to the presence of crossed-over fibres and uncracked
ligaments of the matrix that may partially transmit ultrasonic waves. The potential effects of the
unloading/reloading process in damaged composites on NDT methods was previously raised by Chen
et al. [16], in which a full-field acoustography technique was applied to the real-time, in-situ
monitoring of delamination growth in carbon/epoxy FRP laminates subjected to fatigue loading.
While they were able to monitor the growth of delaminations under single-axis loading, this study

did not provide insights into the effect of the applied loads on the inspection technique.

In this paper, we study the reflected and transmitted ultrasonic waves at the tip of a delamination in
unidirectional carbon and glass FRP laminates, while applying a varying tensile load to open the
delamination. Unidirectional laminates, while less representative of realistic structures than quasi-
isotropic composites, were selected in order to reduce the complexity of laminate orthotropy with
multiple fibre angles. The results demonstrate the effect of crack-closure on both the reflected and

transmitted ultrasonic wave in glass- and carbon-fibre reinforced composites.

2 Experimental Method

2.1 Specimen fabrication

Carbon/epoxy and glass/epoxy laminates were fabricated using VTM264/HS-200 UD prepreg and
MTM57/1062-300 E-glass UD prepreg respectively. The carbon/epoxy prepreg sheet was 200 gsm,
with a fibre weight fraction of 0.62 and volume fraction of 0.53. The glass/epoxy prepreg ply was
300 gsm, having a fibre weight fraction of 0.65 and volume fraction of 0.49. Composite laminates
consisting of 50 unidirectional plies were autoclave-cured at a temperature of 120°C and pressure of
90 psi. The resultant laminates were approximately 10 mm (carbon) and 13 mm (glass) thick. Hence
their respective ply thicknesses were approximately 0.2 mm and 0.26 mm. Crack-starters were

introduced at one end of the laminate by inserting a PTFE layer at the midplane of the laminate.
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2.2 |Initial crack growth

The composite laminates were cut into suitable test specimens using a diamond-tipped saw and
prepared for crack growth under static loading. The specimens were oriented such that the fibre
direction was aligned along the length of the specimen so that the crack would grow along the fibre
direction. Five carbon/epoxy (C1 — C5) and six glass/epoxy specimens (G1 — G6) were manufactured
and used in the experiments. The initial crack was further grown into the specimens via a double
cantilever beam (DCB) test configuration to a length of approximately either 110 mm, or 115 mm,
resulting in a crosshead-to-crack tip length of approximately 98 + 1 mm or 103 £ 1 mm respectively.
Testing was performed in accordance with the ASTM test standard for Mode | interlaminar fracture
toughness [17]. Figure 2 shows a carbon-fibre specimen undergoing crack growth measurements in
the test machine. Despite the varying material properties of the carbon/epoxy and glass/epoxy
specimens, the load required to propagate the initial crack along the beam was similar, being

240+ 10 N.

Figure 2. Carbon/epoxy laminate specimen undergoing static crack growth via DCB testing. The

dimensions of the specimen are approximately 220 x25 10 mm.

2.3 Ultrasonic characterisation of the initial crack
An ultrasonic inspection was performed on each specimen using a 5 MHz transducer (details given in
Section 0) to characterise the tip region of the initial crack. Figure 3 shows a schematic diagram of

the inspection setup and a detailed cross-section (‘B-scan’) of the ultrasonic echoes around the crack



tip, received from within a typical carbon/epoxy specimen. The specimen was not under any load
during this initial inspection. The length of the crack shown in the image is approximately 25 mm,
and the region of interest for the closed crack inspection is bounded by the dashed line at the tip of

the visible part of the crack.
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Figure 3. (a) Schematic diagram of the inspection performed at the crack tip, and (b) Typical cross-

section (“B-scan”) of the ultrasonic echoes detected from the specimen, relative strength shown on
the graded colour palette. Notice the reduction in back wall echo strength over the crack region. The
dashed box shows an approximate region of interest for this study, beyond the clearly identifiable

reflection.

2.4 Ultrasonic inspection of the crack tip

Once the initial characterisation had been performed for each specimen, further measurements
were made using Olympus/Panametrics V201 6 mm-diameter element, unfocused contact
transducers. The transducers had a notional resonant frequency of 5 MHz. The crack tip was defined

using the standard 6 dB drop method, at which a 50% reduction in signal amplitude occurred.

Once the crack tip location had been determined with the specimen in the unloaded state, the
transducer was spring-clamped to the surface to ensure it remained in position. The specimen was
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then returned to the test machine in the same static loading configuration as was used to grow the
initial cracks, and the crack progressively opened in order to measure changes to the ultrasonic
reflection from the crack tip. The opening load was gradually increased to a maximum of
approximately 80% of the load required to propagate the crack, ensuring no further crack
growthduring the ultrasonic measurements. The test machine crosshead was used to parameterise
the opening of the crack, which was done in 0.5 mm increments. The micromechanical effect at the
crack tip at each crosshead opening was not determined. Ultrasonic measurements were made both
in pulse-echo (single-sided) and through-transmission (send and receive transducers on opposite
sides of the specimen) modes. Material properties relevant to the ultrasonic inspection are given in
Table 1. The annotation follows the convention of Smith [18], in which the 3-axis is defined as the

longitudinal fibre direction, and the 1 and 2 axes are orthogonal.

Table 1. Principal stiffness constants and characteristic specific acoustic impedance for typical carbon

and glass FRP components. Acoustic impedance values determined in-house.

Component c11 (GPa) ¢ (GPa) ¢33 (GPa) Zo (x10° N.s/m?)
Carbon/epoxy [19] 13.22 13.22 155.17 5
E-Glass/epoxy [20] 17 17 45 11
Epoxy (neat) [21] 3.93 3.93 3.93 3

The carbon/epoxy laminate can be considered as transversely isotropic and has far higher stiffness
than glass/epoxy in the fibre direction (Table 1), but in the through-thickness direction the
glass/epoxy laminate has much higher stiffness owing to the far higher transverse modulus of glass
fibres (L50 GPa) compared to carbon fibres (LIL5 GPa). This higher transverse stiffness in the
direction of ultrasound propagation, combined with the thin epoxy resin layer at the interface region

between adjacent plies, results in a greater acoustic impedance mismatch in glass/epoxy laminates



than carbon/epoxy laminates. Hence, the power required to penetrate the same depth of glass-fibre
composites is typically an order of magnitude greater than that for carbon-fibre composites,

contributing to the difficulties in quantitative ultrasonic diagnosis of glass-fibre composites.

The combination of composite ply and the resin-rich interface layer between plies results in a half-
wavelength-per-ply (half-wave) resonance [22], visible as minor echoes in the waveform. The greater
stiffness gradient at the interface between the glass/epoxy ply and the resin interface layer also

causes a marked increase in the prominence of the minor echoes in these laminates.

3 Results

3.1 Ultrasonic probe signal

The typical ultrasonic pulse incident on the laminate specimens (measured in water) is given in
Figure 4a. The transducer is designed to produce a broadband response in order to limit the amount
of ring-down at each interface, thus increasing the lateral resolution (ability to discriminate between
closely spaced through-thickness layers). The signal shown was produced and measured by a
broadband 5 MHz unfocused contact transducer, chosen to minimise ‘ring-down’ of the signal.
Figure 4b shows the frequency spectrum of the signal, indicating a bandwidth of approximately

7 MHz, and a centre-frequency of 6.2 MHz.
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Figure 4. (a) Typical ultrasonic signal emitted by the piezoelectric transducers used in the study, as

measured in water. (b) Frequency spectrum of the transducer signal, (red line — FWHM bandwidth).

3.2 Ultrasonic crack tip reflections

Typical ultrasonic reflections obtained at the crack tip for a single-element pulse-echo inspection are
shown in Figure 5, for the typical carbon and glass laminates tested. The large echo at the
composite-crack interface is due to the correspondingly large acoustic impedance mismatch
between the composite material and air. A distinct difference in the response from the crack tip
region, and the frequency content for the glass/epoxy and carbon/epoxy laminates is obvious, with
much more significant internal response occurring throughout the thickness of the glass/epoxy

specimen.
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Figure 5. Typical signals obtained from pulse-echo inspection over the crack tip in the unidirectional

(a) carbon/epoxy specimen C2 and (b) glass/epoxy specimen G4. Specimens were not under load.

3.3 Effect of composite crack closure on ultrasonic measurements

The anticipated outcome of the pulse-echo measurements is a gradual increase in the reflected
crack tip signal as the crack is opened. Bridging fibres will gradually lose their load-carrying capacity

so that the full impedance mismatch of the composite-air interface will be realised. In through-
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transmission inspections, the expected result is a gradual decrease in transmitted sound energy, due

to the increased reflection from the crack.

Results showing the effect of crack opening/closure on the ultrasonic transmission through carbon
and glass composites using the experimental method presented in 0 are shown in Figure 6, for a
number of incremental 0.5 mm crosshead openings. The signal has been truncated to show only the
waveform corresponding to the reflection from the region close to the crack tip. The consecutive
increments of crack opening were linear, and designed such that the test machine crosshead-to-
crack tip displacement would be the same for each test specimen. The amplitude scale for the Figure
was set arbitrarily, given the significant increase in ultrasonic energy required to penetrate
glass/epoxy laminates compared to carbon/epoxy, and the relative difference in ensuing echo

strengths.
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Figure 6. Typical ultrasonic transmission measured during opening of the laboratory-grown

interlaminar crack in (a) carbon/epoxy specimen C2 and (b) glass/epoxy specimen G4. The amplitude

scales for the two types of composite have been arbitrarily chosen for convenience of comparison.

Similar qualitative behaviour was measured for both material systems, in which the magnitude of
the increments gradually decreased as the crack reached a maximum opening (limited by the load at
which further crack growth would ensue). There is an immediate effect on the amplitude of the
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transmitted signal due to the opening of the crack, whereby the amplitude of the signal is reduced
over several increments of crosshead displacement/opening. At higher loads, the probe tilt between
the two transducers may become significant enough to noticeably reduce the transmission
coefficient and thus the transmitted signal. The amplitude profiles for the two types of composite
are shown in Figure 7, where each laminate type is normalised to a value of 100% at zero load. The
scatter in the results obtained during the measurements was plotted as the uncertainty limits
surrounding the mean values for the carbon and glass laminates in Figure 7 (shaded zones). This
indicates a clear and repeatable crack closure effect on the ultrasonic signal transmission over a
crack tip for both the carbon/epoxy and glass/epoxy laminates, which decreases gradually with crack

opening.
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Figure 7. Reduction in ultrasonic transmission through the complete series of unidirectional
carbon/epoxy and glass/epoxy laminate specimens. Average values are plotted in each case, with the

extrema plotted in the shaded zones.

After performing pulse-echo measurements on the same set of specimens, a curious result was

immediately obvious (Figure 8). In the carbon/epoxy laminates, the magnitude of the reflected wave
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increases immediately upon opening the crack. However, in the case of glass/epoxy laminates, the

magnitude of the reflected wave unexpectedly decreased initially, until the crack opening reached

approximately 60% of the peak value, and then increased as shown in Figure 9. This effect was
observed over a range of test frequencies on all the glass/epoxy laminate specimens. To our

knowledge, such behaviour has not previously been reported.
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175 |

150

125

100

Reflection Amplitude (a. u.)
~
(6]
T

al
o
T

N
ol
T

—Glass

0 1 2 3 4 5 6 7 8
Crosshead Opening

14



Figure 9. Relative ultrasonic pulse-echo response from the crack tip during crack closure/opening for
the complete series of carbon/epoxy and glass/epoxy composites. The expected closure effect occurs
for the carbon composite, whereas an opposite effect of a reduction in reflected ultrasound occurs

initially in the glass composite, prior to being overtaken by the air-backed layer.

3.4  Microscopic surface examination

To better understand the microstructural behaviour of the fractured composite at the crack tip, and
to provide a possible cause for the glass/epoxy laminate pulse-echo ultrasonic response, a detailed
examination of the crack surfaces in the unidirectional carbon- and glass-fibre composites was
performed using micro/nano-computed tomography (CT) and scanning electron microscopy (SEM).
The crack tips were examined using a GE Phoenix v[tome [x m-industrial CT scanner, with the
assistance of the Volume Graphics VGStudio Max analysis software. To facilitate sufficient x-ray
penetration and to improve the visualisation of the crack tips, small (~3 mm) sections of the fracture

surface were cut out of the bulk specimens.

Figure 10 shows an image of a crack in a carbon/epoxy composite laminate, without any load
applied, and a series of crack front images at various slices approaching the crack tip. The length of
the crack shown spans approximately 3 mm, the part of the crack that was covered by the

transducer face in the measurements made in this study.
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Figure 10. Nano-CT images of the crack in a carbon/epoxy laminate, viewed (a) along the length of
the crack approaching the tip, and (b) Corresponding orthogonal images of the crack tip for the four
slices shown along the crack. The crack length in (a) is approximately 3 mm, and the crack fronts in

(b) are approximately 1.5 mm in length.

The SEM examination was performed using a JEOL JSM-6490 instrument with an open crack surface
that was prepared by forcibly opening the specimen after the load testing was complete. Images of
the crack surfaces of the different composite laminates at an identical series of magnifications are
given in Figure 11. It is clear from the micrographs that a considerable difference exists in the degree
of disturbance of the fibres at the fracture surfaces, with the carbon fibres experiencing significant
fibre breakage and pull-out, and the glass/epoxy surface showing substantially lower surface

roughness.
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Figure 11. Electron micrographs acquired along the crack face in the (a) carbon/epoxy and

(b) glass/epoxy laminates. Magnification from left to right: x50, x100, x1000.

Figure 12 shows a nano-CT image of the fibre-resin interfaces through the plies in a glass/epoxy
laminate. For the specimens investigated in this study, the plies were laid up unidirectionally at 0°,

and hence there is some movement of the fibres between successive plies.

Figure 12. Nano-CT image of resin ply interface layers (horizontal) in a glass/epoxy laminate. Fibres
run perpendicular to the page. Approximately 3.2 mm of the crack is shown. However, due to the

unidirectional 0° layup, the distinction between successive plies is not always obvious.
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4 Analysis and Discussion

4.1  Analysis of the full waveform

A close examination of the full waveform travelling through the composite specimens, in particular
the uncracked laminate or the sub-laminate above the crack plane, reveals a noticeable change in
the internal reflectivity of the glass plies prior to the crack echo. Figure 13 shows a series of
reflection waveforms for a series of crack-opening displacements to a depth (time) pertaining to the
back face of the laminate. For carbon/epoxy laminates, the waveforms before the crack reflection
are closely superimposed, whereas the glass/epoxy waveform shows distinct differences from the
point of entry into the composite through to the crack reflection. Here, the amplitudes of the

internal reflections as well as the crack reflections decreased as the opening displacement increased.

In order for further analysis to be made on the waveform, the pre-crack signal was corrected by
removing the low-frequency transducer excitation, via a simple quadratic correction to the signal
amplitude. The combined effect of the material prior to the crack on the ultrasound beam was then
measured by integrating the area under the curve for the full-wave-rectified signal, under the

various loading conditions.
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Figure 13. (a) Complete reflection waveform for carbon/epoxy specimen C4. (b) Complete reflection
waveform for glass/epoxy specimen G6. The much larger variation in the early part of the waveform

(prior to the crack reflection) on loading is obvious.

The cumulative areas under the reflection waveform curves for each of the loading states are shown
in Figure 14. For the glass/epoxy composite, the behaviour of the ultrasonic response mimics the
unexpected behaviour measured at the crack tip itself, in that the ‘closed’ state results in stronger
reflections than any of the open states. The behaviour continues consistently as the waves travel
through the composite. In the case of the carbon/epoxy specimens, the curves preceding the crack
plane are independent of the loading condition, and differences are only observed beyond the crack
tip depth. Hence, it can be deduced that this material effect is present throughout the loaded
glass/epoxy laminate, rather than a directly-resultant effect caused by the measurement at the crack
tip, and should be expected in glass-fibre laminates of similar construction. The material effect
appears significant enough to negate the expected influence of the opening of the crack tip, as
occurs for the carbon/epoxy composites. As the material effect occurs evenly in the through-
thickness direction, its ‘strength’, relative to that of the expected increase from an open crack will be
thickness-dependent. This issue will be particularly exacerbated in thick composite laminates, where

a defect may be buried beneath several dozen, or even hundred, composite plies.
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Figure 14. Cumulative area beneath the rectified (a) C4 carbon/epoxy and (b) G6 glass/epoxy
ultrasonic signals for the thickness through which ultrasound is transmitted. The arrows indicate the
point in time at which the crack signal appears. A clear variation between the glass/epoxy signals

occurs prior to the crack plane, whereas the carbon/epoxy signals are identical in this regime.

4.2  Frequency spectra

The frequency spectra of the reflected ultrasonic waveforms were analysed in order to investigate
the likelihood of the crack tip providing an energy storage mechanism in the early stages of crack
opening. Figure 15 shows the frequency spectra obtained for a series of crack openings in typical
carbon/epoxy and glass/epoxy laminates, and show a frequency response at the lower end of the
input signal range (Figure 4b) in both cases. The peak response of the carbon-fibre laminate is at
approximately 2.8 MHz, and at approximately 2.3 MHz in the glass-fibre laminate, both well below
the centre frequency of the input signal. Of particular interest is the skew in the glass composite
frequency response, possibly due to an unresolved higher harmonic peak that appears in the low
load stages of the glass/epoxy specimens, until the signal reduction effect has been overcome by the
significant opening of the crack tip, whereupon it weakens (see arrow indicating the location in

Figure 15b). The difference in frequency spectra may provide some explanation for the apparent
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difference in reflectance upon opening the crack in the glass laminate, and warrants further

investigation.
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Figure 15. Frequency spectra obtained via FFT for the crack reflection from two crack-opening series
of (a) carbon/epoxy specimen C4 and (b) glass/epoxy specimen G6. The arrow indicates a possible
higher-order effect in the glass laminate. The reverse amplitude increase in glass/epoxy is also clear

in this colour series.

4.3 Instantaneous amplitude and phase of ultrasonic waveforms

The phase behaviour of the waveforms was studied by construction of the analytic signal via the
application of the Hilbert transform to the real (acquired) waveform signal, following the approach
of other authors [23,24]. The instantaneous amplitude is given by Ae'? = Re(x) + i Im(x), where 4
is the instantaneous amplitude, ¢ is the instantaneous phase, and Re(x) is the real, measured
signal. The analytic signal of the echo response from the crack tip in a carbon/epoxy laminate is

shown in Figure 16, and provides insight into the true energy contained within the waveform.
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Figure 16. Real, imaginary and analytic signal for an ultrasonic pulse-echo response from

(a) carbon/epoxy specimen C4 and (b) glass/epoxy specimen G6. The large response from the crack

tip is at the centre of the waveforms.

Of particular interest is the real vs imaginary amplitude presentation, as shown in Figure 17. The
minor loops about the origin are not easily discernible when viewing the ultrasound through the
entire specimen in these realistic layups due to variations in the spacing and thickness of both the

ply and resin interface layers. The traces shown in the Figure are for the specimen with zero load.
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Figure 17. Normalised waveforms received from the (a) carbon/epoxy and (b) glass/epoxy composite
laminates shown in Figure 16. The waveform timebase includes the period from introduction into the

laminate through to the back wall, via a mid-plane crack, shown in a complex plane presentation.

Figure 18 shows a number of phase loops for crack-opening measurements made on carbon/epoxy
and glass/epoxy specimens. The loops shown here include the crack reflection signal only, and the
reverse amplitude behaviour between the carbon and glass composites is again obvious. The dashed
line in Figure 18b indicates the load case where the signal amplitude has passed through the
minimum value and increased to approximately the same level as for the closed crack (no load)

state.
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Figure 18. Normalised complex plane loops for the ultrasonic reflections for series of openings from

the crack in (a) carbon/epoxy specimen C4 and (b) glass/epoxy specimen G3.

Immediately obvious is the significant phase rotation occurring between the carbon and glass
composites, as well as the greater degree of variability in the phase rotation of the various load

conditions in the glass composite. The “Load5” state in the glass/epoxy laminate (Figure 18b) shows
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the case where the signal has returned to a similar amplitude to that of the specimen at rest, with a
very similar form in the complex plane. The phase response in the glass/epoxy specimens is what
would be expected from a normal resin layer under compression, as is the amplitude response, up to
the higher loads. The change in response suggests a loading mechanism that closes the crack during

the initial phases, although the exact nature of this behaviour has not yet been determined.

4.4  Destructive interference at the crack tip

A further mechanism that has relevance only at the crack tip may be the loss of sound energy due to
a destructive interference via averaging over the full diameter of the piezoelectric transducer crystal,
which was placed halfway over the visible part of the crack tip. The pulse-echo reflection from a
resin-layer interface is out of phase with the reflection from a delamination or back-surface echo by
TY2 [24], and the resin-layer reflection is significantly stronger in the glass/epoxy composite. Hence,
there is a possibility that the response of the gradually-opening crack beneath the outer half of the
beam interferes with the expected response from the open part of the crack. In the case of a phase
difference of Ttbetween a slightly open crack and a very open crack, such interference would be a
plausible explanation for the reduction in amplitude. This might be possible via the presence of an
evanescent wave occurring in the air gap at the crack tip. At a sound speed in air 1/10 of that in the
composite, a much smaller path length ([BO £m) is needed in order to contain one half wavelength.
The increased smoothness of the glass/epoxy laminate fracture surface (Figure 11) may also

contribute to this effect.

4.5 Thinning of the resin interface layer
A further mechanism that may contribute to the results obtained for the glass/epoxy laminates is

the possible change in thickness of the resin interface layers under compressive stress, given the far
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higher transverse stiffness of the glass fibres. The ultrasonic reflection coefficient shows an
approximately linear relationship with resin layer thickness over the practical ultrasonic inspection
frequency range, so a significant reduction in layer thickness would be required for this mechanism
to play a major role in the changes to the signal (above a factor of 2) observed here. The degree to
which this mechanism influences the signal may be verified by a stress analysis of the laminate in

typical loading conditions.

5 Conclusions and Further Work

This study presents the first measurements quantifying the effect of crack closure on ultrasonic
inspectability of delaminations in carbon/epoxy and glass/epoxy FRP laminates. For pulse-echo
ultrasonic inspection of unidirectional laminates, carbon/epoxy composites exhibit an increase in
reflection amplitude at the crack tip during crack opening. The glass/epoxy laminates studied
exhibited an opposite response to the behaviour expected during the opening of a crack. Possible
mechanisms have been identified, including the evanescent effect at the crack tip for small crack
openings, leading to non-linear behaviour energy, and changes in reflectivity of the ultrasound due
to the high stiffness gradient between the glass/epoxy composite and resin interface layers. Further
study is required to identify which mechanism is the principal cause of the initial decrease in
reflection amplitude during crack opening. The effects reported in this paper are of particular
relevance to the inspection of thick-section composite laminates in which defective regions may lie
beneath many dozens of plies, resulting in a multiplicative effect on detection and sizing errors for

deeply buried defects.

This initial study highlights a number of areas for further study via modelling and experimental
measurement, including: further examination of the behaviour in the closed portion of the crack tip
via the application of highly focused ultrasound beams, and a possible improvement in the definition
of the term ‘closed’, for the purposes of ultrasonic inspection; understanding the evanescent effect
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that likely exists in the air gap of the opening crack to determine the relationship between
transmitted/reflected energy and crack thickness; and a quantitative understanding of the
relationship between the crosshead opening and the state of the crack tip during loading under a
DCB configuration. Finally, a study of the effect of compressive stress on resin interface layers in
glass/epoxy laminates is an important next step to quantitatively explain the unusual material effect
within undamaged laminates, and to determine its influence in through-thickness ultrasonic

measurements of glass FRP materials.
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Highlights

e Crack closure in fibre-reinforced laminates affects ultrasonic delamination sizing
* Pulse-echo reflections in carbon/epoxy increase with crack opening

*  Pulse-echo reflections in glass/epoxy initially decrease with crack opening



