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Abstract. Carbon fiber laminate composites offer advantages including a good strength to weight ratio for aerospace
structures. However, manufacturing imperfections and impact during the operation and servicing of the aircraft can lead
to barely visible and difficult to detect damage. Incorrect ply lay-up during the manufacturing process can result in fiber
misalignment or in-plane and out-of-plane waviness. Impact, such as bird strike, during the service life can lead to
delamination and cracking, reducing the load carrying capacity of the structure. Both ultrasonic and X-ray techniques
have a good track record for the nondestructive testing of composite structures; for the latter, phase-based approaches
provide additional advantages due to their enhanced sensitivity. Bulk and guided ultrasonic waves propagating in the
composite panel were employed for defect imaging. Ultrasonic immersion C-scans of a composite panel with barely
visible impact damage were taken to characterize the size and shape of damage (delamination). The first antisymmetric
Ao Lamb wave mode was excited experimentally using piezoelectric transducers and measured using a laser vibrometer.
X-ray phase-contrast and dark field imaging, implemented through the edge-illumination (EI) approach, were used for the
detailed visualization of the damages in the composite material. The Edge-illumination approach is multi-modal and
provides three representations of the sample: absorption, differential phase and dark-field. The latter is of particular
interest to detect cracks and voids of dimensions that are smaller than the actual spatial resolution of the imaging system.
Application examples for carbon fiber composite plates with barely visible impact damage are shown.

INTRODUCTION

In the aerospace industry composite materials are widely used as they offer beneficial strength to weight
capacity. However, impact loading can lead to barely visible damage [1]. Hidden failure modes such as matrix
cracks, fiber damage, and delaminations can reduce the integrity and load bearing capacity of the structure [2]. A
range of non-destructive testing methods are utilized for post-manufacture and in-service inspection and monitoring
of composite components [3, 4]. Bulk wave ultrasound has been demonstrated to have good sensitivity for the
detection of out-of-plane ply wrinkling, in-plane fiber orientation and porosity in composites [5]. Ultrasonic
immersion C-scans allow for accurate measurements of the location and size of damage, especially for
delaminations [6-8]. Guided ultrasonic waves can be employed for efficient monitoring of large structures [9]. High
frequency guided waves have been successfully used to detect damage such as fatigue cracks in metallic structures
[10, 11]. The propagation of guided ultrasonic waves in composite plates is direction dependent due to the
anisotropic material properties [12]. Coupled with high attenuation values for composite materials, inspection using
higher guided wave modes is difficult. Employing a single guided wave mode at low frequency has been found to be
advantageous to avoid complications. The capacity of guided ultrasonic waves for delamination detection [13, 14] in
composite structures was demonstrated. The scattering of the first anti-symmetric guided wave mode (Ao) at impact
damage in composite panels was measured experimentally and compared to Finite Element simulations [15].
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X-ray methods have been employed successfully for the detection of internal defects [16], often using dye
penetrant to overcome the limited X-ray contrast in carbon fiber composites [17]. 3D visualization and
characterization of composite damage, including voids and micro cracking, was achieved using Micro CT scans
[18]. Detailed 3D models of damaged composite components were developed using C-scan and CT scan data [19].
Conventional radiography can be extended using X-ray phase-contrast imaging (XPCI) methods for applications
where low-contrast details have to be observed non-destructively [20]. Recent reviews on the subject provide details
of the imaging methods, developments and their applications [21]. Edge-illumination (EI) and its area-imaging
implementation sometimes referred to as “coded-aperture” [22], are XPCI techniques enabling quantitative
amplitude and phase retrieval [23], as well as “dark-field” approaches [24], which are particularly well suited to the
detection of inhomogeneities on the microscopic scale, like those that could be created by an impact on a previously
homogeneous material. EI can be adapted for use with rotating anode [22] and microfocal [25] X-ray tubes, notably,
making it particularly attractive for use with compact, laboratory-scale equipment.

This contribution presents the complimentary imaging results for a cross-ply composite plate with barely visible
impact damage using ultrasonic immersion C-scans, guided ultrasonic waves, and EI differential phase and dark-
field methods for the visualization of defects [26]. The sample, the ultrasonic C-scan and guided wave setup and the
phase-based X-ray imaging system are described. The images obtained by means of such systems are presented and
compared to show the complementarity of these techniques.

EXPERIMENTS

Composite Specimen

The specimen had been manufactured and previously investigated by the Composite Systems Innovation Centre,
University of Sheffield [1]. The composite component (size: 990 mm x 110 mm) was fabricated with unidirectional
pre-pregs using autoclave cure of Cytec 977-2/ Tenax HTS cross-ply laminates. The plate consists of 8 pre-preg
layers with a symmetric layup sequence of [0/90]x, giving a thickness of 2 mm. Using standard drop weight impact
procedures, the specimen was subjected to a 7.4 J impact damage using a hemispherical 15 mm impactor head. A
small degree of fiber fracture and indentation on the surface of the plate can be seen marked in Fig. 1.

Ultrasonic Immersion C-scan

Immersion ultrasonic C-scans were performed to obtain information about the impact damage in the defective
composite plates. The plate was cut to 200 mm length, keeping the 110 mm width. A 10 MHz unfocused ultrasonic
transducer with quarter inch diameter was mounted perpendicular to the surface of the plate on a computer-
controlled scanning rig. The scanned area was 80 mm x 40 mm with a step size of 1 mm in both directions. The
pulse-echo signal for each scan point was acquired using a digital oscilloscope (500 time points, sampling frequency
100 MHz) and analyzed using MATLAB. A double-through transmission scan was performed with time-gate set
around the pulse reflected at a 12 mm thick steel plate, placed 5 mm below the composite plate in the water bath,
and the maximum amplitude for each scan point extracted. Another C-scan was conducted to record the negative
minimum amplitude that corresponds to the ultrasonic pulse reflected within the composite specimen with
appropriate time gating.

FIGURE 1. Photograph of composite specimen with barely visible impact damage marked.
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Guided Ultrasonic Waves

The scattered guided ultrasonic wave field around the impact damage location on the composite specimen was
measured experimentally. A piezoelectric transducer (piezoelectric disc of 5 mm diameter and 2 mm thickness,
brass backing mass of 5 mm diameter and 6 mm thickness) was bonded to the plate approximately 50 mm from the
center of the impact damage. The first anti-symmetrical (Ao) guided wave mode was excited as a 5-cycle Hanning
windowed tone-burst with a center frequency of 100 kHz, generated by a programmable function generator. The
wave propagation was recorded using a heterodyne laser vibrometer fixed to a scanning rig and moved parallel to
the specimen. The scanned area was 80 mm x 40 mm with a step size of 1 mm in both directions. The time traces of
the received signals were filtered using a band pass filter (75 — 125 kHz) and were recorded and averaged (20
averages) using a digital storage oscilloscope. All signals were transferred to a PC and analyzed using Matlab. The
maximum amplitude at each measurement point was extracted using the Hilbert transform.

X-ray Imaging

The experimental set-up for an EI phase-based x-ray imaging system consists of an X-ray source, a sample mask
that shapes the beam before it interacts with the sample, a second mask used as a beam “analyzer” and a digital
detector [22]. Detailed parameters used for this experiment are given in reference [26]. The setup had a geometrical
magnification of 1.25. The source was a molybdenum target, rotating anode X-ray tube. A description of image
formation for a typical laboratory set-up is given in reference [23]. The measured intensity at the detector can be
seen as the convolution between the sample and the system “illumination function”, obtained by scanning one mask
with respect to the other in the absence of a sample. This function describes how the detected X-ray intensity
changes as a function of the lateral shift between the two masks: it is maximum when the sample and the detector
aperture are perfectly aligned and it gradually decreases as the lateral shift between the two apertures becomes
larger. In order to retrieve the sample properties from the convolution equation, the parameters describing the
sample are iteratively refined, and corrected for the inaccuracies arising from the masks’ imperfections [27]. This
allows the calculation of images characterizing the absorption, refraction, and dark-field related to changes in the
specimen properties.

ULTRASONIC C-SCAN

The amplitudes of the double-through transmission and reflection C-scans of the composite specimen are shown
in Fig. 2. The impact center was at approximately 50 mm in the x-direction and 20 mm in the y-direction. For the
double-through transmission (Fig. 2 top) an area with distinctive low amplitude (dark blue) can be identified,
extending about 60 mm in the x-direction and 25 mm in the y-direction. This indicates the delamination area, as the
amplitude of the ultrasonic pulse transmitted twice across the delamination is significantly reduced. In the area
around the delamination a pattern of higher amplitudes (yellow) can be observed. This pattern is linked to the
specimen surface and internal structure, leading to variations in the ultrasonic transmission and reflection. Lines of
low amplitude can be identified at 35 and 50 mm in the x-direction and about 35 mm in the y-direction, which could
be linked to damage extending along the cross-ply fiber directions.

Figure 2 bottom shows the reflected amplitude (negative) of the second C-scan from the composite plate. The
size and shape of the area of large negative amplitude matches well with the delamination observed for the double-
through transmission above. The area of lower (negative) amplitude around 55 mm in the x-direction and 25 mm in
the y-direction corresponds to a small indent visible from the drop-weight impact location (Fig. 1). It can be clearly
observed that the delamination area is not symmetric around the center of the impact, extending significantly further
to the left along the x-axis. The observed delamination shape exhibits a less regular pattern than previously found in
literature [19]. Due to the chosen ultrasonic center frequency at 10 MHz, insufficient resolution in the thickness
direction was available to obtain accurate depth information of the delamination damage. The area around the
delamination again shows a pattern corresponding to the composite plate structure, with larger negative amplitude
(40 - 70 mm in x-direction) potentially corresponding to different composite damage mechanisms.
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FIGURE 2. Ultrasonic C-scan images of damage in composite specimen; maximum amplitude of time-gated
signal, 10 MHz immersion transducer, | mm step size; top: double-through transmission; bottom: pulse reflection.

GUIDED ULTRASONIC WAVE IMAGING

The amplitude of the guided ultrasonic wave field is shown in Fig. 3. Please note that the x- and y-directions are
swapped as compared to Fig. 2. The fixed excitation transducer is placed at -30 mm in the negative x-direction, so
that the incident wave is propagating in the positive x-direction. The guided wave measurements use a different
experimental configuration compared to the immersion C-Scan, with a fixed excitation transducer and a laser head
scanned over a grid with the same resolution, but centered on the impact location, to record the signal amplitude at
each measurement point.
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FIGURE 3. Amplitude of guided ultrasonic wave field scattered at impact damage in composite specimen, 100 kHz
excitation, transducer at -30 mm in negative x-direction (incident wave propagation in positive x-direction), 1 mm
step size, maximum amplitude of time trace at each scan position.

The incident wave field shows higher amplitude along the fiber direction (around x = 0 mm, y = 20 mm) as
expected for an anisotropic composite plate. At the center of the impact damage (x = 20 mm, y = 10-30 mm) very
high amplitudes can be observed. This is the area where visually the small indent from the drop weight was
observed and where the reflection immersion C-scan showed a change in the reflected ultrasonic amplitude. In
addition to the delamination caused by the impact, further damage of the composite structure appears to have
occurred. In literature, matrix cracking and fiber breakage at the impact center has been reported. An area with
increased amplitude can be observed from approximately 10 to 32 mm in the x-direction and 0 to 30 mm in the y-
direction. While no specific registration relative to the immersion C-scan measurements was done, this
approximately coincides with the delamination area observed in Fig. 2 (rotated by 90 degrees). In the guided wave
propagation direction behind the defect (from about x = 30 mm) lower amplitude of the guided wave can be
observed. This is due to the scattering of the guided wave at the impact damage with limited energy propagated past
the damage location. In general, good agreement of the damage extent with the immersion ultrasonic C-scans was
observed. However, even though both are ultrasonic methods, the wave propagation direction and characteristics are
different, so the two methods are sensitive to different aspects of the impact damage in composite structures.

X-RAY EDGE ILLUMINATION PHASE-BASED IMAGING

The different images obtained from the EI X-ray phase contrast imaging are shown in Fig. 4, where conventional
radiography (top), differential phase image (center) and dark-field image (bottom) are compared. Left and right
columns show the composite specimen rotated by 90° as the EI X-ray phase contrast imaging is sensitive to the
orientation of the damage relative to the masks’ apertures, which are effectively long slits. The conventional
radiography images (Fig. 4 top) show some of the inner structure of the composite specimen, but damage is not
visible. It should be noted that no dye penetrant was used. Damage of the plate structure, close to the impact location
center, can be seen in the dark-field images (Fig. 4 bottom) and is pointed out by the red arrows. Different damage
extent along the respective fiber directions can be observed in the two dark-field images, which were acquired by
rotating the specimen by 90° around the X-ray beam axis.
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FIGURE 4. X-ray images of damage in composite specimen; top: conventional radiography; center: differential
phase; bottom: dark-field image; left: horizontal; right: vertical rotation of specimen around X-ray beam axis.
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This demonstrates the various damage orientations along the direction of the fibers in the cross-ply structure,
both in the width and length direction of the specimen. The EI imaging technique has the property that the signal
appears modulated by the angle between specific sample features and the relative orientation of the optical mask
apertures. Maximum signal is obtained when these are aligned, with minimum signal when orthogonal. The
dependence of the sensitivity to the damage orientation could be further exploited to improve the characterization
and modelling of the impact damage in composite plates. For different lay-up configuration, e.g., a quasi-isotropic
plate, further measurements could easily be conducted in the +/- 45° fiber directions.

The longer damage is also visible in the differential phase image (Fig. 4 center), illustrated by the arrows. The
visibility from the images is not as clear as for the dark-field images (Fig. 4 bottom) for this case of impact damage,
and only features aligned with the direction of the aperture are visible. The X-ray EI images, especially the dark-
field imaging, are sensitive to damage along the fiber directions aligned with the system aperture and typically on a
smaller length scale than the ultrasonic images, which are to some degree limited by the ultrasonic wavelength.

CONCLUSIONS

Impact damage in composite structures leads to a range of damage mechanism over different length scales,
ranging from matrix cracks and fiber debonding to delaminations. Nondestructive testing is essential for aerospace
components to detect and quantify manufacturing and in-service damage and to ensure safe operation. This
contribution compared three methods based on conventional immersion ultrasound C-scans, guided ultrasonic waves
and phase-based X-ray imaging implemented via the Edge Illumination approach. For a cross-ply composite
specimen with barely visible impact damage, the double-through immersion C-scan showed good sensitivity to
quantify the delamination size and shape. From an additional immersion C-scan based on reflected amplitude at
features within the specimen, both the delamination and additional internal damage and structure of the composite
specimen could be observed. Guided ultrasonic wave measurements conducted at a significantly lower excitation
frequency and thus larger ultrasonic wavelength showed high amplitudes within the damaged area and a significant
amplitude drop behind the defect. In general, a good correlation of the observed damage extent to the immersion C-
scans was found. The X-ray Edge Illumination phase-based imaging is sensitive to damage on a smaller scale and
has a direction-dependent sensitivity for the orientation of the sample with respect to the X-ray system and masks.
Small scale damage extending along the fiber directions could be clearly observed, especially in the dark-field
images. The complementary nondestructive testing and imaging methods allowed for a good characterization of the
impact damage in the cross-ply composite specimen. Further measurements for different levels of impact severity
and composite specimens with improved image registration would allow for a better quantification of defect types
and the respective sensitivity of the nondestructive testing methods.
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